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Reservoir rock type (RRT) classification is commonly used for the fine characterization of strongly heterogeneous reservoirs. Many
research focused on proposing different RRT methods, while few studies focused on the relationship between micropore structure
and macroscopic seepage law of fluid transporting through different types of formation. Considering the different diagenesis
degrees of rock types in different sedimentary facies, the quadrant unit method and FZI method were applied to classify and
evaluate the strongly heterogeneous reservoirs. The corresponding capillary pressure curves and relative permeability curves for
different rock types could be obtained. A set of theoretical models that could describe the macroscopic seepage law are
proposed, and numerical simulation case studies were carried out to explore the superimposed seepage law in reservoirs under
different degrees of heterogeneity. Results show that water cut rises faster in poor-property RRT formation than in good-
property RRT formation, with a lower recovery factor under the same conditions. The water cut rising rate increases firstly and
then decreases with water cut and recovery degree increasing. The poorer the rock property is, the earlier and higher the peak
value of water cut rising rate is. Also, based on numerical simulation case studies, the superimposed seepage law is close to that
in the poor-property formation as the heterogeneity degree strengthens. The newly proposed method not only could provide a
reference for rock type classification based on micropore structure but also could expound the influence of micropore structure
on the change law of macroscopic water cut and elaborates the macroscopic change law after the superposition of different types
of reservoirs. The conventional normalization of relative permeability curves is only applicable to relatively homogeneous
reservoirs and not applicable to strongly heterogeneous reservoirs, especially when the permeability variation is higher than 0.7.
The newly proposed approach is capable of analyzing the effect of micropore structure on macroscopic seepage law and
improving the prediction accuracy of the production profile.

1. Introduction

At present, most of the reservoirs in the world are strongly
heterogeneous, and the permeability variation could be very
large with poor porosity-permeability relationship. In order
to improve production profile forecasting accuracy, RRT
classification is one of the most important reservoir charac-
terization processes, which is also essential for high accurate
dynamic simulation and reliable predictions. Many scholars
conducted extensive research on RRT classification and pro-

posed many methods such as the capillary pressure method,
Leverett dimensionless J-function method, Winland R35
method, reservoir quality factor (RQI) method, and flow
zone indicator (FZI) [1–3]. Although these studies provide
guidance for fine formation characterization, few research
has been carried out to study the relationship between micro-
pore structure and seepage law for different RRT, resulting in
unclear understanding of seepage law of strongly heteroge-
neous reservoirs and difficulties in making corresponding
adjustment measures in different development stages.
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There are several methods to study micropore structure,
including the capillary pressure curve method [4–6], image
analysis method [7, 8], three-dimensional pore structure sim-
ulation method [9–12], and well logging method [13–15].
For the capillary pressure curve method, capillary pressure
was experimented quantitatively through experiments to
judge pore throat size, distribution, connectivity, and so on.
Fractal dimension was sometimes incorporated to character-
ize micropore structure which could improve the quantita-
tive prediction. The image analysis method includes casting
thin section observation, Scanning Electron Microscopy
(SEM), and CT scan imaging, by which core samples and thin
sections could be observed directly to obtain characteristics
of micropores. But there are some limitations such as narrow
observation range and high cost. The three-dimensional pore
structure simulation method needs input of microstructure
characterization from image analysis. After that, a pore space
was reconstructed by using the Gaussian distribution method
[9], the simulated annealing method [10], the processing
method [11], and so on. However, the application range
was limited to high cost and simulation scale. The well log-
ging method could be used for micropore structure research
through nuclear magnetic resonance (NMR), resistivity well
logging, and acoustic well logging.

Based on the above-mentioned methods, micropore
structure could be characterized effectively through introduc-
ing parameters such as the pore-throat ratio, coordination
number, pore geometry factor, microhomogeneous factor,
threshold pressure, pore relative sorting coefficient, throat
relative sorting coefficient, and surface volume ratio. How-
ever, these parameters could characterize pore structure from
the microlevel and cannot completely reflect the real core
pore’s complexity and heterogeneity. Moreover, due to
numerous parameters, it is difficult to predict the production
profile from a macrolevel. Yet, the fractal geometry could
reflect the microscopic parameters to a certain extent, and
it is equivalent to integrating the above-mentioned micro-
scopic parameters, greatly reducing the number of parame-
ters, which lays the foundation for the analysis of
macroscopic seepage laws [16, 17]. Pfeifer and Avnir [18]
concluded that the pore size distribution was fractal by using
an adsorbent. Katz and Thompson [19] studied the relation-
ship between fractal dimension and conductivity. Krohn [20,
21] presented experimental evidence indicating that the pore
spaces of sandstone/shale/carbonate samples are fractal, and
the range of fractal dimension is from 2.27 to 2.89 with pore
radii 0.2~50μm. Angulo et al. [22] indicated that the numer-
ical values of fractal dimension of pore structure, pore-rock
interfaces, and pore bulk seemed to be particular with a quite
wide variation range. Jia et al. [16] proposed the lower limit
of fractal dimension for pore structure of sandstone. After-
wards, many scholars [16, 23, 24] obtained fractal dimen-
sions of pore structure for different lithology by combining
mercury injection data, SEM, and thin section; then, the res-
ervoir can be fine described.

By combining micropore structure and other geological
characteristics, the reservoir rock type can be defined [25–
27], which could be applied to constructing a fine geological
model. Micropore structure also can be used to characterize

areal heterogeneity and vertical heterogeneity [28] and then
further to predict interwell reservoir properties [24, 29],
define the remaining oil distribution and morphology,
explore its influence on the water flooding efficiency qualita-
tively [30, 31], and predict core scale drainage efficiency for
different micropore structures. Other scholars [32–37]
attempt to evaluate the impact of micropore structure on
oil production potential, recovery factor, and dynamic per-
formance from the point of micropore structure’s influence
on macrooilfield development rules. In summary, the
above-mentioned studies focused on qualitative analysis but
not on quantitative analysis. Wang et al. [38] studied change
rules of reservoir property and fractal dimensions and con-
cluded that the fractal dimensions were changing along with
water cut rising. Thus, dynamic performance of only increas-
ing the liquid production rate was not so good, with water
plugging, and profile control should simultaneously be con-
ducted to improve production performance. This paper did
not discuss the influence of different micropore structures
on macrseepage law.

Although reservoir numerical simulation is one of the
widely used methods for production profile prediction of a
heterogeneous reservoir, the time-consuming history match-
ing and heavy work load lead to some limitations during the
application process, especially while the history matching
results were not satisfied. The relative permeability curves
were often used for production profile forecast after normal-
ization. However, the normalized relative permeability curve
is only applicable to relatively homogeneous reservoirs and
not applicable to strongly heterogeneous reservoirs. Some
scholars discussed the solution for predicting the production
profile of strongly heterogeneous reservoirs through RRT
classification, but none of them has given the critical condi-
tions. In this paper, the reasons why the micropore structure
in different rock type reservoirs was quite different and the
characteristics of the capillary pressure and relative perme-
ability curves of different rock type reservoirs were further
analyzed. A set of theoretical models to quantitatively analyze
the seepage law of fluid transporting through different rock
types and the correspondence between macroscopic seepage
law and micropore structure were clarified. The influence
level of different RRT on macroscopic seepage flow law was
systematically analyzed, and the critical conditions for rela-
tive permeability classification were clarified. In addition,
the influence law and superposition effect of different RRT
on macroscopic seepage law were further discussed.

2. Theoretical Analysis and Analytical Models

The relative permeability curve is a bridge connecting the
microparameters with the macroscopic seepage law. Based
on the theoretical expression of the relative permeability
curve, the relationship between the micropore structure
parameters and the macroscopic seepage parameters was
established, and the macroscopic water cut, water cut rising
rate, dimensionless oil/fluid index, and theoretical model of
recovery efficiency were further derived theoretically, which
laid a foundation for the subsequent discussion on the
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influence of the micropore structure on the macroscopic
seepage law.

2.1. Water Cut Changing Theoretical Model. The oil-water
relative permeability curves could be expressed as follows:

Kro Sweð Þ = 1 − Swe − Swc
1 − Swc − Sor

� �2
⋅ 1 − Swe − Swc

1 − Swc − Sor

� � 3−Dhð Þ/ 3−Dcð Þ" #
,

ð1Þ

Krw Sweð Þ = Krw Sorð Þ Swe − Swc
1 − Swc − Sor

� � 3−Dhð Þ/ 3−Dcð Þð Þ+2
, ð2Þ

while

Swd =
Swe − Swi

1 − Swi − Sor
: ð3Þ

According to the fractional flow equation, the water cut
could be expressed as follows:

f w = 1
1 + μwBw/μoBoð Þ Kro/Krwð Þ : ð4Þ

Substitute Equations (1) and (2) into Equation (4).

Equation (5) is the theoretical calculation model of mac-
roscopic water cut varying with water saturation. It depends
on the oil-water viscosity ratio, relative permeability curve
(irreducible water saturation, residual oil saturation, and
maximum water phase relative permeability), and
micropore-throat structure parameters. A clear quantitative
relationship between water saturation and micropore struc-
ture was established for the first time.

The average water saturation could be expressed by
Equation (6) through theoretical derivation [39–41].

�Sw = ωSwe + 1 − ωð Þ 1 − Sorð Þ: ð6Þ

The recovery of recoverable reserves could be presented
as follows:

Rf =
�Sw − Swi

1 − Swi − Sor
= ωSwd + 1 − ωð Þ, ð7Þ

if

M = μoBoKrw Sorð Þ
μwBwKro Swið Þ , ð8Þ

λ = 3 −Dh
3 −Dc

: ð9Þ

Then, the relationship between water cut and the recov-
ery of recoverable reserves could be obtained:

f w = M Rf + ω − 1ð Þλ+2
1 − Rfð Þ2 ωλ − Rf + ω − 1ð Þλ

h i
+M Rf + ω − 1ð Þλ+2

:

ð10Þ

The quantitative function relationship between water sat-
uration and the recovery degree of recoverable reserves is
established in Equation (10) with the influence parameters
such as the oil-water viscosity ratio, Welge coefficient, and
micropore-throat structure parameters.

2.2. Water Cut Rising Rate Theoretical Model. The water cut
rising rate is defined as water cut rising amplitude producing
1% recoverable reserves [40]:

f w′ =
df w
dRf

: ð11Þ

The following equation can be obtained by the derivative
of Equation (10):

f w = 1
1 + μwBw/μoBoð Þ 1 − Swe − Swcð Þ/ 1 − Swc − Sorð Þð Þð Þ2 ⋅ 1 − Swe − Swcð Þ/1 − Swc − Sorð Þ 3−Dhð Þ/ 3−Dcð Þ

h i� �
/Krw Sorð Þ Swe − Swcð Þ/ 1 − Swc − Sorð Þð Þ 3−Dhð Þ/ 3−Dcð Þð Þ+2

� � :

ð5Þ

df w
dRf

=
M 1 − Rfð Þ Rf + ω − 1ð Þλ+1/ωλ+1

� �
λ/ωð Þ 1 − Rfð Þ + 2 − 2 Rf + ω − 1ð Þλ/ωλ

� �h i

1 − Rfð Þ2 − 1 − Rfð Þ2 Rf + ω − 1ð Þλ/ωλ
� �

+M Rf + ω − 1ð Þλ+2/ωλ
� �h i2 : ð12Þ
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The quantitative relationship between the water cut
increasing rate and the recovery degree of recoverable
reserves is established in Equation (12) and is influenced by
the oil-water viscosity ratio, Welge coefficient, and
micropore-throat structure parameters.

2.3. Dimensionless Oil Production Index and Liquid
Production Index. The dimensionless oil production index
refers to the ratio of the current oil productivity to the initial
oil productivity, i.e.,

JDO = Kro
Kro Swið Þ : ð13Þ

Substitute Equation (1) into Equation (13):

JDO = 1 − Swdð Þ2 ⋅ 1 − Sλwd
� �

: ð14Þ

It could be seen from Equation (14) that the relationship
between the dimensionless oil production index and the
water saturation is only influenced by the micropore struc-
ture. The dimensionless liquid production index refers to
the ratio of the current liquid productivity to the initial fluid
productivity, i.e.,

JDL =
Kro

Kro Swið Þ +
KrwBoμo

Kro Swið ÞBwμw
: ð15Þ

Substitute Equation (1) into Equation (15):

JDL = 1 − Swdð Þ2 ⋅ 1 − Sλwd
� �

+MSλ+2wd : ð16Þ

It can be seen from Equation (16) that the relationship
between the dimensionless liquid production index and the
water saturation is influenced by both the micropore struc-
ture and the oil-water viscosity ratio.

2.4. Recovery Degree Model. The recovery factor under geo-
logical reserves could be calculated [42]:

RfN = RfEAEZED: ð17Þ

The commonly used calculation methods of vertical and
areal sweep efficiency are as follows [7]:

EA = 1
a1 ln M + a2ð Þ + a3½ �f w + a4 ln M + a5ð Þ + a6 + 1 ,

ð18Þ

Y = b1E
b2
Z 1 − EZð Þb3 , ð19Þ

Y = WOR + 0:4ð Þ 18:948 − 2:499VKð Þ
M + 1:137 − 0:8094VKð Þ10f VKð Þ , ð20Þ

f VKð Þ = −0:6891 + 0:9735VK + 1:6453V2
K : ð21Þ

The displacement efficiency could be calculated as
follows:

ED = 1 − Sor − Swi
1 − Swi

, ð22Þ

where ai are coefficients related to the well pattern. For exam-
ple, values of ai are -0.2026, -0.0712, -0.511, 0.3048, 0.123,
and 0.4394, respectively, for the five-spot well pattern (values
for the nine-spot and line-drive well pattern could be
obtained in Reference [43]). Also, b1 = 3:334, b2 = 0:774,
and b3 = −1:226.

The relationship between the recovery degree and water
cut could be calculated through Equations (17)–(22).

3. Results and Discussions

The analytical models presenting the relationship between
micropore structure parameters and macroscopic seepage
law have been established through theoretical derivation.
The classification of capillary curves, relative permeability
curves of different RRT, and the macroscopic seepage law
could be discussed below taking the X carbonate oilfield in
the Middle East as an example.

3.1. Differences in Micropore Structures of Different Rock Type
Formation. The carbonate reservoir formation is featured
with diversifying pore types, complex micropore structures,
and poor porosity-permeability correlation, leading to strong
heterogeneity because of the diagenesis influence. Based on
microstructure characteristics, pore types, diagenesis, and
genetic mechanism analysis, the influence of multiple factors
is comprehensively taken into account, including inheritance
relationship between lithology and sedimentary facies belt,
modification effects of diagenesis, and differences in diagen-
esis degrees related to different rock types in various sedi-
mentary facies belts. The quadrant method was chosen to
classify the porous carbonate formation into 6 categories
(see Figure 1).

(i) Type I reservoir: bioclastic beach/reef facies grain-
stones with well-developed gnamma holes and mold
pore. Furthermore, the porosity and permeability
are higher than 22% and 100mD, respectively

(ii) Type II reservoir: bioclastic beach/reef facies grain-
stones with well-developed gnamma holes compara-
tively. In comparison with the type I reservoir,
dissolution here is relatively poor. Furthermore, the
porosity varies from 15% to 22%, with permeability
in the range of 10~100mD and higher than
100mD in a small amount of samples

(iii) Type III reservoir: shallow open marine facies pack-
stone with comparatively developed gnamma holes.
In spite of intense dissolution, the shaliness is higher
than that in type I reservoir due to the influence of
sedimentation. Moreover, the content of particles is
comparatively lower. Furthermore, the porosity
and permeability turn out to be 15~22% and
10~100mD, respectively
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(iv) Type IV reservoir: bioclastic beach facies grainstones
with lower developed pores. Under the influence of
cementation, not only have primary intergranular
pores been filled but also the reservoir physical prop-
erty is also rather poor. Furthermore, the porosity
and permeability are, respectively, lower than 15%
and 10mD

(v) Type V reservoir: shallow open marine facies pack-
stone with relatively poor developed pores. The type
V reservoir features poor dissolution and physical
property. Furthermore, the porosity and permeabil-
ity are lower than 15% and 10mD, respectively

(vi) Type VI reservoir: beach interact sea wackestone
with pores undeveloped. Under the influence of
strong dissolution, mold pores are locally developed,
and the pore connectivity here is rather poor. Fur-
thermore, the porosity and permeability are, respec-
tively, lower than 10% and 1mD

Based on geogenetic origin classification, the mercury
injection curves, pore-throat distribution curves, and logging
curves were further analyzed. Then, it could be concluded
that pore-throat characteristics and flow zone indicator
(FZI) of various reservoirs are proven to be significantly
different, as shown in Figure 2.
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Figure 1: Classification of RRT in the X oilfield considering sedimentary facies and lithology.
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Figure 2: Logging curve responses and mercury injection curve characteristics of different RRT.
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As clarified above, FZIs of different rock type formation
are significantly different from each other. The porosity and
permeability are found to be preferably correlated among
different RRT formation, which indicates the influence of
micropore structures on the physical properties (see
Figure 3).

Through analysis on capillary pressure curves of 42 core
samples, it could be concluded that the characteristics of
the capillary pressure curves in the same RRT were similar
(see Figure 4). Considering the similarity of the capillary
pressure curves characteristic of type I and type II, they could
be merged into one category, so did type III and type IV. In
this way, the original 6 categories of RRT could be simplified
into 4 categories. Accordingly, J functions could be finally
summarized into 4 categories (see Table 1).

3.2. Relative Permeability Curves Characteristic of Different
RRT. As mentioned above, different RRT were confirmed,
and the corresponding relative permeability curves for differ-
ent RRT (see Figure 5) should be analyzed based on core
analysis. The influence of porous media parameters on rela-
tive permeability curves was determined through the interac-
tion between rock and the fluid in porous media. Different
lithology, different wettability, and the complexity of the pore
structure may lead to a more complicated parametric varia-
tion trend. The physical parameters of porous media have a
good correlation with the endpoint value parameters of the
relative permeability curve, also including displacement effi-

ciency. The better the physical property of the porous media,
the lower the irreducible water saturation and residual oil sat-
uration and the larger the maximum relative permeability of
the wetting phase as well as the displacement efficiency.

It is indicated that the irreducible water saturation and
residual oil saturation increase from RRT-1 to RRT-4, and
the oil displacement efficiency decreases, as well as the
relative permeability of the water phase under the residual
oil saturation. The main reason is that the worse the reservoir
physical properties, the higher the shale content, the lower
the porosity and permeability, the worse the micropore-
throat connectivity, the larger the specific surface, and the
larger the irreducible water saturation and residual oil satura-
tion, resulting in an increase in the irreducible water satura-
tion and residual oil saturation and a decrease in the
maximum relative permeability of the wet phase under the
residual oil saturation.

3.3. Macroscopic Seepage Law of Different RRT. The physical
properties vary in a large range for strongly heterogeneous
reservoirs, as well as the capillary curves and relative perme-
ability curves for different RRT, resulting in great difference
of water flooding seepage law. The seepage law of fluid trans-
porting through different RRT formation should be studied
on, and then, the overall seepage law could be analyzed, espe-
cially the influence degree, influence stage, and influence
scope of different RRT formation. The seepage law in differ-
ent RRT formation could be concluded taking the X actual
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Figure 3: Porosity-permeability correlation of different RRT reservoirs.
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carbonate oilfield in the Middle East as an example, as shown
in Figures 6–10.

(i) Water cut rising rate changing law: the water cut ris-
ing rate curves present the following typical charac-
teristics: increasing firstly and decreasing later along

with recovery or water cut increase (see Figures 6
and 10). The worse the physical property of the res-
ervoir, the earlier the peak of water cut increasing
rate appears and the higher the peak. The main rea-
son is that the worse the physical property of the res-
ervoir, the lower the drivable oil saturation when
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reaching the same water saturation, resulting in a
higher water cut increasing rate

(ii) Dimensionless oil production index changing law:
the dimensionless oil production index decreases
with water cut increase (see Figure 7). The worse
the physical property of the reservoir, the lower the
dimensionless oil index under the same water cut;
i.e., the faster the dimensionless oil index falls

(iii) Dimensionless liquid production index changing
law: the dimensionless liquid production index
decreases first and then increases. The worse the
physical property, the lower the dimensionless liquid
production index under the same water cut; i.e., the
faster the dimensionless liquid production index
decreases; the later the turning point from decreas-
ing to increasing appears, the lower the maximum
value of the dimensionless liquid production index;
that is, the liquid production rate is difficult to
increase in a low-permeability reservoir

(iv) The recovery of geological reserve changing law: the
worse the physical property, the lower the recovery
factor of reserves under the same water cut. The

main reason is that the worse the physical property
of the reservoir, the lower the movable oil in place
(MOIP) and the higher the residual oil saturation,
resulting in worse displacement effect

3.4. Comprehensive Seepage Law for Fluid Transporting in
Reservoirs with Different Heterogeneity. The correlation
between different micropore structure parameters and mac-
roscopic seepage law has been analyzed. When the fluid flows
through porous media during actual oilfield development,
the macroscopic seepage law presents the superposition effect
since different types of pores are coupled together. It is neces-
sary to further discuss the superposition effect and superpo-
sition method of the seepage law when the fluid flows
through different types of pores.

A numerical simulation case study was carried out to
analyze the comprehensive seepage law under different het-
erogeneity. Taking the X oilfield as an example, a series of
numerical simulation models are established. Nine injection
wells and 16 production wells were set (see Figure 11) with
the injection-production ratio of 1.0.

Four models of different heterogeneity were established
(see Table 2), the permeability of which all obeys the lognor-
mal distribution with the same average permeability
(12mD). The permeability distribution is completely ran-
dom. Different permeability variations are used to character-
ize different degrees of heterogeneity. Also, the relative
permeability curves of RRT-1 to RRT-4 are used when K >
50mD, 10-50mD, 3-10mD, and K < 3mD, respectively,
design cases of the four heterogeneous models (see Table 3).

The relationship curves of recovery, water cut, and water
cut rising rate for different RRT and different heterogeneity
cases are shown in Figures 12–14. It could be concluded that
the higher the heterogeneity, the earlier the peak water cut
rising rate. When the permeability variation is lower than
0.9, the seepage law of heterogeneous reservoirs is between
RRT-2 and RRT-3. When the permeability variation is higher
than 0.9, the seepage law gradually approaches RRT-4. It is
indicated that the overall seepage law is close to that of the
poor-property rock type as the heterogeneity strengthens.

3.5. Superposition Method of Seepage Law for Fluid
Transporting through Different Rock Type Formation. Seep-
age law of fluid transporting through different RRT and the
comprehensive superposition effect of different RRT were
discussed. It is necessary to study the superposition method
of fluid transporting through different rock type reservoirs.

Table 1: Porosity-permeability correlation and J function of different RRT.

Rock type Distribution criteria Permeability model Relationship of J function and water saturation Sw

RT-I FZI ≥ 6:3 K = 13:368e22:584φ, R2 = 0:85
J = 142:98Sw − 1:534, R2 = 0:9482

RT-II 3:2 ≤ FZI < 6:3 K = 3:2787e20:868φ, R2 = 0:91
RT-III 1:6 ≤ FZI < 3:2 K = 0:7855e21:059φ, R2 = 0:84

J = 162:7Sw − 1:426, R2 = 0:7551
RT-IV 0:8 ≤ FZI < 1:6 K = 0:2005e20:884φ, R2 = 0:82
RT-V 0:5 ≤ FZI < 0:8 K = 0:0547e22:632φ, R2 = 0:85 J = 475:16Sw − 1:742, R2 = 0:7249
RT-VI FZI < 0:5 K = 0:0155e24:713φ, R2 = 0:84 J = 14:545Sw − 0:813, R2 = 0:7693
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Figure 5: Relative permeability curves for different RRT.
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Three kinds of superposition method were discussed as
follows.

3.5.1. Normalization Method. The normalization method is
the most commonly used method, and the main idea is to cal-
culate the average relative permeability curves. Assume that
the RRT could be divided into i categories.

nw = nw1 + nw2+⋯+nwi
i

, ð23Þ

no =
no1 + no2+⋯+noi

i
: ð24Þ

The other relative permeability parameters like Sor, Swi,
and KrwðSorÞ should also be calculated through the same
average method.

3.5.2. Reserve Weighted Average Method. Theoretically
speaking, the normalization method based on arithmetic
average is only applicable to the reservoir with weak hetero-
geneity. Obviously, if reservoir heterogeneity is strong, the
normalized phase permeability based on arithmetic average
would weaken the influence of heterogeneity on the develop-
ment index. Therefore, it is necessary to discuss the new
superposition method to reflect the influence of heterogene-
ity. Since the proportion of reserves of each rock type is usu-
ally different, the superposition method based on the reserve
proportion is discussed first. The relationship of the water cut
and recovery degree of each RRT could be obtained. Then,
the comprehensive water cut and recovery degree relation-
ship for the heterogeneous reservoir could be calculated
according to the reserve ratio of each RRT.

f R = f R1N1 + f R2N2+⋯+f RiNi: ð25Þ
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Figure 6: Relationship curves of the water cut rising rate and water cut for different RRT.
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3.5.3. Improved Reserve Weighted Average Method. Obvi-
ously, if the heterogeneity is very strong, the above-
mentioned superposition methods are not satisfactory. The
stronger the heterogeneity, the closer the seepage law after
superposition to the poor reservoir law. Because this phe-
nomenon is mainly caused by the heterogeneity degree, it is
considered to add a heterogeneity coefficient C to the super-
position Equation (21).

f R = 1 −N2−⋯−CNið Þf R1N1 + f R2N2+⋯+Cf Ri: ð26Þ

Through numerical simulation case studies, the relation-
ship between the heterogeneity coefficient C and permeabil-
ity variation could be obtained as follows:

C = 0:7024e1:1545VK : ð27Þ

According to the research results of Luo and Wang and
Zhang et al. [7, 8], the permeability variation could be cal-
culated under the lognormal distribution of permeability
as follows:

VK =
�K − K84:1

�K
: ð28Þ

This correlation is widely used for the calculation of per-
meability variation, with the range of VK between ½0, 1�.
Therefore, the water cut rising law of different heterogeneous
reservoirs could be predicted based on permeability variation.

Using the above numerical simulation results, the reli-
ability of the reserve weighted average method could be ver-
ified. According to the water cut and recovery relationship
curve of the four RRT models and reserve ratios of different
heterogeneous models, the superposition water cut and
recovery degree relationship curves were calculated
(Figure 15). It was found that when the permeability varia-
tion is less than 0.7, the superposition results are very similar
to the numerical simulation results (see Figures 15(a) and
15(b)). When the permeability variation is higher or equal
to 0.7, the superposition results are quite different from the
numerical simulation results (see Figures 15(c) and 15(d)).

Thus, when the reservoir permeability variation is higher
than 0.7, a heterogeneity coefficient C should be considered
to be introduced (see Equation (26)). By fitting the calcula-
tion results to the above numerical simulation results, the
relationship of the heterogeneity coefficient C and permeabil-
ity variation could be obtained, as shown in Figure 16.

It is observed that when the heterogeneity is weak (VK is
less than or equal to 0.7), the reserve weighted average
method and normalization method can be used. When the
heterogeneity is relatively strong (VK is greater than or equal
to 0.7), the improved reserve weighted average method is
recommended.

3.5.4. Field Case Study. Continue taking the X oilfield as an
example. The calculation result of permeability variation of
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Figure 8: Relationship curves of the dimensionless liquid production index and water cut for different RRT.
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reservoir X is 0.96, indicating the strong heterogeneity. Then,
the heterogeneity coefficient C could be calculated using
Equation (27). Also, according to Table 3, the reserve ratio

of the four RRT are 8%, 44%, 34%, and 14%, respectively.
Based on the theoretical water cut and recovery relationship
curves of each RRT, the superimposed water cut and recovery
degree relationship curves could be predicted, as shown in
Figure 17. Compared with the normalization method and
reserve weighted average method, the predicted water cut ris-
ing rate of the improved method is higher, which is closer to
the actual production data. It is also verified that the pro-
posed superposition method is more suitable for strongly
heterogeneous reservoirs.

3.6. Application Suggestions. The following are based on the
above analysis:

(1) Based on microstructure characteristics, pore types,
diagenesis, and genetic mechanism analysis, the
influence of multiple factors is comprehensively
taken into account, including the inheritance rela-
tionship between lithology and sedimentary facies
belt, modification effects of diagenesis, and differ-
ences in diagenesis degrees related to different rock
types in various sedimentary facies belts, and RRT
could be divided into different categories through
the quadrant element method, considering the inher-
itance relationship between the lithology and sedi-
mentary facies belt. The quadrant element method
takes more comprehensive factors into consideration,
which could be used as a recommended method for
RRT

(2) The water cut, water cut increasing rate, dimension-
less oil/liquid production index, and recovery degree
calculation models have systematically been pro-
posed, presenting a quantitative relationship between
micropore structure parameters and macroscopic
seepage law. The analytical models could be used
for predicting the dynamic performance and produc-
tion profile. In fact, the newly proposed models
clearly established and presented the influence of
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Figure 10: Relationship curves of the water cut rising rate and
recovery degree for different RRT.
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Figure 11: Top view of the single-layer five-spot mechanism model.

Table 2: Case design of the four RRT models.

No.
Scheme
name

Relative
permeability curves

Permeability

1 RRT-1 RRT-1
Homogeneous model, K

= 636mD

2 RRT-2 RRT-2
Homogeneous model, K

= 15:3mD

3 RRT-3 RRT-3
Homogeneous model, K

= 4:24mD

4 RRT-4 RRT-4
Homogeneous model, K

= 1:53mD

Table 3: Design scheme of heterogeneous models.

No.
Scheme
name

Permeability
variation

N1 N2 N3 N4

1 VK = 0:5 0.5 0.005 0.621 0.366 0.009

2 VK = 0:6 0.6 0.021 0.595 0.365 0.019

3 VK = 0:7 0.7 0.050 0.550 0.346 0.054

4 VK = 0:8 0.8 0.094 0.478 0.329 0.099

5 VK = 0:9 0.9 0.169 0.380 0.280 0.171

6 VK = 0:94 0.94 0.196 0.363 0.259 0.182

7 VK = 0:96 0.96 0.218 0.318 0.243 0.221

8 VK = 0:98 0.98 0.249 0.310 0.211 0.231

9 VK = 0:99 0.99 0.262 0.274 0.196 0.267

Notes: (1) relative permeability curves of RRT-1 to RRT-4 are used when
K > 50mD, 10-50mD, 3-10mD, and K < 3mD, respectively. (2) The
permeability of the above-mentioned nine models all obeys the lognormal
distribution with the same average permeability (12mD).
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micropore structure parameters on macroseepage
law for the first time and show the influence degree
of different micropore structures on macroseepage
law

(3) As mentioned above, the commonly used normaliza-
tion method is only applicable to relatively homoge-

neous reservoirs. It is clarified by analyzing the
macroscopic seepage law under different heterogene-
ity degrees, when the coefficient of heterogeneity is
greater than or equal to 0.7, and the normalization
method may cause optimistic estimates of the pro-
duction profile. In such case, RRT should be classified
and different relative permeability curves should be
given for different rock types, which clarified the
application conditions for the normalization method.
Through theoretical research and sensitivity case
analysis, the applicable conditions of the normali-
zation method was clarified for the first time,
which could effectively avoid the optimistic predic-
tion of the production profile caused by simple
normalization

(4) At present, many reservoir engineering methods
predict the production profile on the basis of rela-
tive permeability curves. A superposition method
considering the heterogeneity degree was proposed
in this paper, which was verified to have high
accuracy through an oilfield example. However, it
needs to be clear that the superposition method
could be used for the superposition of the relation-
ship between the water cut and recovery degree,
but the greater the degree of heterogeneity, the
higher the peak of decline rate and water cut rising
rate, which could be not characterized by a simple
superposition

(5) Based on the analysis of the change rule of seepage
law of different RRT, the influence of heterogeneity
on macroscopic seepage law should be fully
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Figure 12: Relationship curve of the water cut and recovery degree
for different heterogeneity cases.
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considered while designing the well pattern, and dif-
ferent strategies should be adopted in different stages
to further improve the development effect

(6) Formation damage is a common phenomenon
during oil and gas field development. The micropore
structure does change gradually in the process of
formation damage, which leads to the change of res-
ervoir physical parameters, wettability, and relative
permeability curves. The process of formation dam-
age can actually be regarded as the process of poor
formation changing to good formation. The new
analytical models proposed in this paper can reflect
the influence of different formation damage degrees
on macroscopic seepage law from a static point of
view. It has a certain reference value for improving
the prediction accuracy of the production profile
and improving the development effect
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Figure 15: Comparison of the water cut and recovery relationship curve.
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4. Conclusions

(1) For strongly heterogeneous reservoirs, RRT could be
divided into several categories through the quadrant
element method, with factors considered compre-
hensively. For different RRT, there are significant dif-
ferences in pore-throat characteristics, flow zone
index (FZI), and relative permeability curves, indicat-
ing the internal unity of micropore structure and
macroscopic seepage law

(2) The theoretical models for macroscopic seepage law
were proposed. Results show that the water cut rises
faster in poor-property rocks than in good-property
rocks, with a lower recovery degree under the same
conditions. The water cut rising rate increases firstly
and then decreases with water cut and recovery
degree rising, showing a peak water cut rising rate
during the middle term. The poorer property the
rock has, the earlier and higher the peak value is

(3) The comprehensive seepage law of fluid transporting
through different rock types was analyzed. The
higher the heterogeneity is, the earlier the peak point
of water cut rising rate comes. When the permeability
variation is lower than 0.9, the water cut rising law of
heterogeneous reservoirs is consistent with that of the
medium rock type formation. When the permeability
variation is higher than 0.9, the water cut incremental
law gradually approaches that of poor rock type
formation

(4) When the heterogeneity is relatively strong (VK is
equal or greater than 0.7), the improved reserve
weighted average method is recommended to better

predict the actual incremental law of the water cut.
It was clarified for the first time that the commonly
used normalization method of relative permeability
curves is only applicable to the relatively homoge-
neous reservoirs

Nomenclature

K : Reservoir permeability
KrwðSorÞ: Relative permeability of water in residual oil

saturation
ϕ: Reservoir porosity
KroðSwiÞ: Relative permeability of oil in irreducible water

saturation
Krw: Water phase relative permeability
Sor: Residual oil saturation
Kro: Oil phase relative permeability
Swi: Irreducible water saturation
Swd: Proportion of movable water to fluid at the outlet
μo: Viscosity of the oil phase
�Sw: Average water saturation
μw: Viscosity of the water phase
Bo: Volume coefficient of oil
Rf : Recoverable oil recovery
Bw: Volume coefficient of water
EA: Areal sweep efficiency
ω: Welge function coefficient
EZ: Vertical sweep efficiency
Ni: Proportion of the reserves of the i-th RRT
ED: Displacement efficiency
VK : Permeability variation.
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