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Petrophysical rock typing is a very important problem in flow unit interpretation and reservoir characterization.
Unlike the sandstone, the presence of numerous nanopores in tight sandstone can cause strong gas and liquid
non-linear flow. And this makes the traditional rock typing indexes derived from Darcy’law unsuitable for tight
sandstone. In this paper, new rock typing indexes, including the Darcy index (Fi), the gas non-Darcy index (Kc)
and the liquid non-Darcy index (Sr), have been proposed to describe the non-linear flow characteristics in tight
sandstone. In addition, the limit pore ranges for gas and liquid non-Darcy flow have been determined based on
these indexes. Then the weighted fuzzy kNN algorithm, which can consider the weight differences between
different rock typing indexes, is combined with three indexes to improve the accuracy of rock typing. In order to
test the rock typing indexes and the weighted fuzzy kNN algorithm, the tight sandstone dataset in Upper Triassic
Yanchang Formation, Ordos Basin, NW China has been constructed with RES (representative element surface)
random pore network and experiment data. The results show that the new rock typing indexes and the weighted
fuzzy kNN algorithm have better performance in typing tight sandstone than the traditional methods. Moreover,
30 mercury injection capillary pressure (MICP) curves measured on highly inhomogeneous tight sandstone
samples from the research area have also been used to validate our method. All the results have proved that the
proposed new rock typing indexes and weighted fuzzy kNN algorithm can type the tight sandstone very well, and
they play a significant role in permeability prediction, reservoir modeling and simulation.

1. Introduction classification. Generally, the petrophysical rock typing methods can be

roughly divided into two categories, petrophysical static rock typing and

Petrophysical rock typing, generally grouping rocks according to a
similar property, is widely used in identifying fluid units, predicting
permeability and capillary pressure curves in flow units, and modeling
the reservoirs(Abbaszadeh et al., 1996; Oliveira et al., 2016; Chen and
Yao, 2017; Roque et al., 2017; Saboorian-Jooybari, 2017; Rafiei and
Motie, 2019). However, most traditional rock typing methods are only
applicable to homogeneous sandstone in the conventional reservoir.
When used to analyze the tight sandstone with multiscale pore structure
and multiple fluid flow mechanisms in unconventional reservoirs, they
do not work very well. Therefore, it is necessary to develop a new rock
typing method to characterize the tight sandstones.

In the past decades, many efforts have been made in rock

petrophysical dynamic rock typing. The petrophysical static rock typing
method mainly classifies rocks according to capillary pressure data.
Some studies have shown that the r35, the pore-throat radius at the 35th
percentile mercury saturation, can reflect the deposition and the fluid
flow of the rock (Hartmann and Coalson, 1990). Then Martin et al.
(1997) have divided the reservoir into four different fluid units based on
r35. However, in actual reservoirs, it is usually very difficult to use one
pore-throat size to characterize the fluid flow of rocks. Later, the
dimensionless function of water saturation called the J(s)-function was
proposed to calculate the capillary pressure curves and classify the pore
structure of rocks (Leverett, 1941; Stolz and Graves, 2003). Although the
J(s)-function provides a practical approach to typing rocks, it can only
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be used for grouping cores with similar geometries (Stolz and Graves,
2003). In addition, the capillary pressure experimental measurement for
lots of rocks in the reservoir is costly, which also makes the petrophys-
ical static rock typing method difficult to be widely used.

The petrophysical dynamic rock method mainly classifies rocks
based on permeability and porosity. The pioneering work in this area
lies in Berg (1970), who proposed that the permeability and porosity of
rocks may be related to the composition, texture and pore size of the
rock. Lucia (1983) has investigated the characteristics of carbonate
rocks and found that there was a good correlation among permeability,
porosity and grain size. By analyzing some carbonate and sandstone rock
samples, the widely used Winland equation, which linked the perme-
ability and porosity to the pore-throat size, has been proposed (Kolodzie,
1980). Then numerous empirical models have been proposed to estab-
lish a correlation between the permeability, porosity and a characteristic
pore-throat size corresponding to different mercury injection saturations
(Pittman, 1992; Jaya et al., 2005; Rezaee et al., 2012; Ngo et al., 2015).
However, the performance of these empirical models largely depends on
the quality of data used for developing them and optimizing the fitting
parameters. At the same time, other researchers have developed new
theoretical indexes for rock typing based on the Kozeny-Carman equa-
tion (Amaefule et al., 1993; Nooruddin and Hossain, 2011; Ferreira
et al., 2015). Likewise, Amaefule et al. (1993) have used the modified
Kozeny-Carman equation to derive the flow-zone indicator (FZI).
Recently, Mirzaei-Paiaman et al. (2018) have developed a new index
(FZI-Star) based on the Kozeny-Carman equation and Darcy’law. How-
ever, when these indexes are used to model the fluid units in tight
sandstone reservoirs, their performance is not very good. This is because
the Kozeny-Carman equation is derived from Hagen-Poissoulle’s and
Darcy’s law, and it cannot describe the non-Darcy flow in porous media.
While the tight sandstone has numerous nanopores which can cause
strong non-Darcy flow. Thus it is necessary to develop new rock typing
indexes suitable for the tight sandstone.

In this paper, new rock typing indexes are proposed, and then they
are combined with the data mining method to type the tight sandstone.
The paper is arranged as follows. First, the Darcy flow, the gas non-Darcy
flow and the liquid non-Darcy flow of tight sandstone are analyzed. The
rock typing indexes proposed in this paper are described in detail. The
limit pore radiuses for gas and liquid non-Darcy effect are investigated.
Second, a weighted Fuzzy k-Nearest Neighbor (kNN) algorithm is pre-
sented to take into account the weight difference between different in-
dexes. Third, the tight sandstone dataset and some experimental results
are used to validate the rock typing method proposed in this paper.
Finally, some important results are summarized.

2. Methodology
2.1. The new rock typing indexes for typing tight sandstones

It is well known that the petrophysical rock typing index should
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represent the fluid flow characteristics in the rock. Furthermore, note
that the pore network of the rock can greatly influence fluid flow, thus
the petrophysical rock typing index should also represent the charac-
teristics of the pore network including: the pore size and shape, the
throat size and shape, the pore-throat ratio and the connectivity of the
pores.

To derive the new rock typing indexes, we first investigate the
characteristics of the pore space and fluid flow mechanism in tight
sandstone. Fig. 1 shows the typical pore-throat size distribution of
conventional sandstone and tight sandstone (Li et al., 2021; Xu et al.,
2021). It can be seen that the pore space of tight sandstone with mul-
tiscale structure is much more heterogeneous than that of the conven-
tional sandstone. As a result, the MICP curve of tight sandstone is much
more complicated than that of conventional sandstone (Fig. 2). Thus we
can easily obtain that the traditional index (r35 and the mean pore size)
cannot fully describe the characteristics of the multiscale pore space in
tight sandstone. Moreover, because of the non-Darcy fluid flow in
nanopores of tight sandstone, the experiment measured permeability of
tight sandstone changes with pressure, as shown in Fig. 3. While the
permeability of conventional sandstone does not change with pressure.
Thus the traditional index FZI, which is derived from Darcy law, cannot
fully describe the fluid flow characteristics in tight sandstone (see
Fig. 3).

In this paper, three new indexes, including the Darcy index (Fi), the
gas non-Darcy index (Kc) and the liquid non-darcy index (Sr), are
introduced to represent the fluid flow characteristics in the multiscale
pore structure in tight sandstone. In the following, these indexes will be
described in detail.

2.1.1. The Darcy index (Fi)

First, the Darcy permeability is used to derive the Darcy index. Un-
like the Kozeny-Carman equation that has been used extensively in the
conventional reservoir, the Darcy permeability equation proposed by
Jiang (Jiang et al., 2017) is used in our study.
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Where Kd is the Darcy permeability, r;, N, ¢ are theith pore radius, the
total number of pores and the flowing porosity. zis the tortuosity of the
rock. Dy is the fractal dimension of the pore surface, and it is introduced
to consider the effect of pore-surface roughness on the Knudsen diffusion
coefficient (Coppens, 1999; Coppens and Dammers, 2006; Jiang et al.,
2017).

RE

In this equation, the term g*describes some microscopic properties,

Kd @

which include the pore size, the pore information and the tortuosity of
the pore network. Note that ifDf = 2, Ry is equal to the mean pore
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Fig. 1. The pore-throat distribution of conventional sandstone (a) and tight sandstone (b).



L. Jietal

Frequency

0.1
10%4

1074 Radius (m)

Journal of Petroleum Science and Engineering 210 (2022) 109956

0.01¢

0.008/

Frequency

o o
=) 1=
=3 S
= =

10° 5

|

: |
Radius (m) )

—_—
<
°

108 10

10° 4

7 g 107 4
e e
10°4
10° 10°3 T T T T 1
10 08 06 04 02 00 10 08 06 04 02 00
Sg Sg
(@) (b)
Fig. 2. The MICP curve of conventional sandstone (a) and tight sandstone (b).
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Fig. 3. The apparent permeability of conventional sandstone and tight sandstone.

2
radius of the tight sandstone. Thus in this study % is used as one of the
flow zone indicators, and denoted as Fi. The equation of Fi can be
written as

Kd R,
» VBT

Then we compare Fi with the traditional index FZI. The index FZI can
be calculated by the following formula

Fi=

3

1
F1S,,

FZI =

4

whereF;,7andS are the shape factor of capillary tubes, the tortuosity
and the surface area per unit grain volume. It is obvious that FZI is a
function of the tortuosity, shape factor and grain diameter, while Fi is a
function of the tortuosity andR;. Note that the key influencing factors of
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the fluid flow in rocks are not the property of the matrix component
(grain diameter) but rather the property of pores and throats. The Ryin
Fi contains the information of the pore and throat in tight sandstone.
Thus Fi is more suitable for typing tight sandstone than FZI.

In fact, Darcy permeability is the absolute permeability, and it is an
inherent property of the rock and independent of pressure.

2.1.2. The gas non-Darcy index (Kc)

As mentioned above, the tight sandstone has a multiscale pore
structure, and especially contains numerous nanopores. Nanopores
cause non-Darcy flow in tight sandstone.

To describe the gas non-Darcy flow in tight sandstone, Jiang (Jiang
et al., 2017) has proposed the apparent permeability (AP) formula for
tight sandstone accounting for slip flow and Knudsen diffusion. The
formula can be written as

2
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where Kappg,s is the apparent permeability for gas. M, p refer to the
molar mass and the viscosity of the gas, respectively. pay is the pressure.
T refers to the experimental temperature, and R is the gas constant.
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Moreover, the term — ot \ 2 To3,x7 describes the Knudsen

diffusion, and the term Kd x /810RT o <§ —1) describes the slip

flow.
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According to the above equation, the termsT:’Tf (%";[) SMand

|/ BRT }ﬁ (% - 1) contain non-Darcy flow properties induced by the
nanopores of the tight sandstone. Therefore, the non-Darcy index is

derived as below

B Kapp,,
Kc= “Xda 1 6)
WhereKcrefers to the gas non-Darcy index.

The gas non-Darcy index in Eq. (5) not only includes the gas flow
properties in the rock, but also reflects some microstructure information
of the rock properties. Considering the pore network with numerous
pores is complex and not suitable for mechanism research, we choose
one pore to investigate the change rule of Kc and determine the limit
values of the main controlling factors. It should be pointed out that
under this condition Eq. (2) can be simplified to Rnt = r. Fig. 4 plots the
variety of Kc with the surface fractal dimension Df and the pore size for
different pressure. It can be seen that Kc decreases as Df, pore radius and
pressure increase. Considering that Kd increases with the pore size and
Kc decreases with the pore size, we can deduce that Kc can reflect the
characteristic of small pores in the rock.

According to the above analysis, we know that Kc decreases gradu-
ally with the increase of the pore radius. Thus we can further determine
the limit pore radius that needs to consider the gas non-Darcy flow based
on equations (5) and (6). It is assumed that when Kc is less than 20%, the
gas non-Darcy effect can be ignored, and the corresponding pore radius
is defined as the gas non-Darcy limit pore size (denoted by Rg).
Considering that the gas non-Darcy effect includes the Knudsen effect
and slip effect, we will discuss them separately here. Similar to Kc, the
index for Knudsen effect in gas non-Darcy effect is assumed to be Knr,
and it can be calculated as follows
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Fig. 4. The gas non-Darcy index Kc for different pressure.
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Similarly, it is also assumed that when Knr is less than 20%, the
Knudsen effect in tight sandstone can be ignored, and the corresponding
pore radius is Knudsen effect limit pore radius, denoted by Riy,. Next,
we determine the value of RgcFlRgp,. According to Egs. (5)-(7), Knr and
Kc are related to the surface fractal dimension Df, the pressure and the
pore radius. Based on the analysis of the actual tight sandstone samples,
we know that the surface fractal dimension varies from 2 to 3, and most
of them are bigger than 2.5 (Jiang et al., 2017). Therefore, we will
discuss the limit pore radius when Df is 3. We investigate the variation
law of Knr and Kc with pore radius and pressure when Df is 3, as shown
in Fig. 5. It can be seen that Knr and Kc decrease rapidly with the in-
crease of pressure and pore size. Considering that in the actual pro-
duction of tight sandstone gas, the minimum wellhead pressure is 0.5
MPa. If pressure is less than 0.5 MPa, the production of tight gas will stop
(Li et al., 2019). Therefore, when the values of Knr and Kc are 0.2 at 0.5
MPa, the corresponding pore radiuses are the limit pore radiuses. We
then obtain from Fig. 5 that Rg. and Ry, are 450 nm and 20 nm,
respectively. When the pore radius is greater than 20 nm, Knudsen
diffusion of the gas disappears. When the pore radius is greater than 450
nm, the gas slip effect can be ignored. At this time, only Darcy flow needs
to be considered, as shown in Fig. 6.

Further, we can deduce from the above discussion that when the rock
sample contains more pores smaller than Rk, the value of Kc becomes
larger. Kc can indirectly reflect the information of the small pores (less
than Rgc).

2.1.3. The liquid non-Darcy index (Sr)

Eq. (5) is the apparent permeability of the gas in tight sandstone.
Typing the tight sandstone should also consider the liquid flow. Unlike
the liquid flow in sandstone, there are slip flow effect in the nanopores of
tight sandstone, which should be considered during typing the rocks.
Afsharpoor and Javadpour (2016) has proposed a closed-form general-
ized fluid-flow equation

AZ
0= L [a4 Ly + G+ dL%, + eG* + fLuG] /A\p (8)
A Ly
= L, =
G CL. sd V (C)]

where coefficients a—f are empirical constants as listed in Table 1, Q is
volumetric flow rate, A is cross-sectional area, L is duct length, and /A\p
is pressure drop. C is perimeter, Lc is characteristic length (Lc is
perimeter [C] in a straight single duct), uis viscosity, and Ls is slip
length.Lyis dimensionless slip length, and G is dimensionless shape
factor.

Based on Eq. (8), we can calculate the liquid apparent permeability
of the tight sandstone. Similar to the definition of the gas non-Darcy
effect index Kc, the liquid non-Darcy index is defined as Sr. Its expres-
sion is as follows

_ Kappiiquia o

Sr Xd

1 (10)
WhereKappjiquigis the liquid apparent permeability,and Srrefers to the
liquid non-Darcy index.

Next, we examine the influencing factors and changing laws of the
liquid non-Darcy index Sr. It can be obtained from Eq. (8) that Sr is
mainly related to the shape factor, slip length and pore radius. A lot of
experimental studies have shown that the slip length of water should
generally be less than 20 nm (Audry et al., 2010; Cottin et al., 2005).
Here we assume that the slip length is 20 nm to discuss the problem.
Then the variation of Sr with pore radius and shape factor is shown in
Fig. 7. It can be seen that for each shape factor, Sr decreases rapidly with
the increase of the pore radius. While for each pore radius, Sr first de-
creases and then increases with the shape factor. Similar to the discus-
sion of gas in the previous section, we also assume that when Sr is less
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Fig. 5. The contour map for Knr (a) and Kc(b).
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Fig. 6. The sketch of Ry and R, (If the pore radius is smaller than R, there is
gas non-Darcy flow in it).

Table 1
Coefficients a—f in the closed-form generalized fluid-flow equation.
a b c d e f
G> 0.04 -0.16 0.12 6.4 —5.5E-03 —50.0 1.7
G < 0.04 —1.2E-02 5.7E-02 2 —5.2E-03 —38.0 3.2
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Fig. 7. The liquid non-Darcy index Sr vs the pore radius and shape factor.
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Fig. 9. The sketch of Rg, (If the pore radius is smaller than Rg,, there is liquid
non-Darcy flow).

than 20%, the liquid non-Darcy effect can be ignored, and the corre-
sponding pore size is the limit pore radius, expressed by Rg;. To get the
value of Rg;, Fig. 8 shows the contour map of Sr. It can be seen that when
the shape factor is 0.08 (circular pore), the limiting radius Rg; can be
obtained as 800 nm. That is, when the pore radius is greater than 800
nm, the liquid non-Darcy effect can be ignored, as shown in Fig. 9.
Further, we can also infer that when the rock sample contains more
pores smaller than Rg,, the value of Sr becomes larger. Sr reflects the
information of the small pores (less than Rg;).
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Finally, according to the gas non-Darcy limit pore size and liquid
non-Darcy limit pore size, we can divide the pores into three parts: the
first part is the pores with a radius smaller than Ry, the second part is
the pores with a radius greater than Rg. and less than Rg;, and the third
part is the pores with a radius greater than Rg;. Obviouly there will be
gas non-Darcy flow and liquid non-Darcy flow in the first part of the
pores, and thus we name this part of pores as Pg. There is only liquid
non-Darcy effect in the second part of the pores, the gas non-Darcy flow
disappears, and thus we name it as P;. There is only Darcy flows in the
third part of the pores, and we name it as Pp. The value of Kc, Sr and Kd
can indirectly reflect the proportions of three types of pores in the rock
sample.

From all the above discussion, we can obtain that the three new rock
typing indexes proposed in this paper can represent the complex flow
characteristics (Darcy flow, gas non-Darcy flow, the liquid slip flow) and
some information of the pore structure. In the follwing secton, we will
discuss how to use them to type tight sandstone.

2.2. Typing rocks based on the proposed indexes and the weighted fuzzy
kNN algorithm

Through the analysis of the indexes in the previous section, we can
deduce that the three newly proposed indexes play different roles in
typing tight sandstone. Thus during typing rocks, these indexes should
not be assigned the same weight. In the following, we will describe the
calculation process of the weights for the three indexes in detail.

As is well known, the k-nearest neighbor algorithm (kNN) is one of
the oldest and simplest non-parametric pattern classification methods.
In the KNN algorithm, the classes are assigned according to the most
common class amongst its k-nearest neighbors. However, the KNN al-
gorithm does not consider the relative relationship between sample
features. The classification speed is slow and the calculation complexity
is high. Unlike the standard k-Nearest Neighbor classifier, the fuzzy k-
Nearest Neighbor (kNN) classifier uses a fuzzy membership function to
weight the k nearest neighbors based on the distances between the query
points. Although the fuzzy kNN improves the performance of kNN, other
data-related parameters need to be optimized. In addition, the fuzzy
kNN does not consider the influence of the representative characteristics
of the data points, which may be noisy, redundant, and may not contain
useful information to clearly identify a specific class. The weighted fuzzy
kNN improves the fuzzy kNN algorithm by modifying the distance
measure and introducing the weight for each feature.

In this study, we combine the three new indexes and the weighted
fuzzy kNN algorithm to type the rocks. The process is as follows: let
XX = {x1,x2,X3,,%n}, YY = {y1,¥2,¥3, =, Ym} and L = {ly, Iz, ---, . } to
be the set of the training points, test points and class labels, respectively.
Obviously, XX, YY € X, where X is a set of d-dimensional real-valued
points. That isx; = (s1, S2, -+, $¢). In this study, d = 3. Each training
point has three characteristic parameters (three rock typing indexes).
For the training set, the class label for each training pointx; is known.
While fory; € YY, its class label should be predicted. For the class labell,,
the number of training data points in it is assumed to benn,. Let the
distance between two points be defined asé(x;, x;).

For the training set XX, we use a matrix U = [u],, to store the
membershipu;, whereu;, is the probability that the training pointx; be-
longs to the classl, andd ¢ _;u, = 1. Given a training set XX, there are
many ways to calculate U, among which we use the method proposed by
Keller et al. (1985), and describe it in expression

049(") if cL(x) £ 1,
v
uy, = - 12)
0514—049(40 otherwise
v

Where n,is the number of the training points having a class label [, vis an
integerv > 1. For a test pointy; € YY. The fuzzy kNN returns a set
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M(y;) = {#1 (5;): #2(y;)s =+ e (y;)} and p,(y;) is the probability that
yjbelongs to the rth class, given as:

2

can(p, ) tirdw (> X))

13

H (}’j) =

2
T—m

le e (P, ¥) by (yﬁ xi)

where m is a performance controlling parameter, and m > 1. Evidently,
the higher the value of m the more the neighbors will be weighted
equally irrespective of their distances fromy;.

Different from the kNN and the fuzzy kNN algorithms, the class-
based feature weighted Euclidean distance 8, (x;,y;) is used. This dis-
tance measure can be expressed as:

5&%M—<iﬁwMF%fy 14)
f=1

where wysis the weight for the f th dimension (the f th characteristic
index) when the training pointx;belongs tol.. Therefore, W = [wy|.,.4

The weight for the f th rock typing indexe (f = 1, 2, 3) is calculated
based on the training set. First, we should calculate the dispersion of
each characteristic index for each class. The dispersion (denoted by®) is
calculated as follows:

5 == (15)

where ¢fis the dispersion of the f th characteristic index, 5/is the average
value the f th characteristic index for the class label I,.

Then the weight for the f th rock typing indexes (f = 1, 2, 3) can be
calculated as follows

- (16)

Based on the weighted fuzzy kNN, each rock typing index proposed
in this paper can be weighted for each class during typing rocks, which
can improve the rock typing calculation accuracy and speed.

3. Results and discussion

In this section we will use the three new rock typing indexes and the
weighted fuzzy kNN algorithm to type the tight sandstone.

3.1. The generation tight sandstone dataset in Ordas Basin

An ideal database to evaluate the proposed rock typing indexes
would be one that includes the diversity information (such as pore and
throat radius, pore and throat shape, connectivity, mineral distribution)
of the tight sandstones in the research area. In this study, the research
area is the Upper Triassic Yanchang Formation, Ordos Basin, NW China.
Moreover, water-oil primary drainage capillary pressure, strongly
dependent on pore geometry and microstructural characteristics, are
integrated in the dataset and analyzed to validate the petrophysical rock
typing indexes.

The procedure for constructing a dataset for tight sandstones in the
research area is as follows. Fifty typical samples of actual tight sandstone
in the Upper Triassic Yanchang Formation of Ordos Basin are analyzed
to observe the trends and frequency of the petrophysical properties.
Their porosity and permeability are measured by helium porosimetry
and pulse-decay permeability measurement. Fig. 10 illustrates the
probability density function (PDF) of the porosity and permeability of
the samples. It can be seen that the porosity of most samples is below
10%, and the average porosity is 8.7%. The average value of
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Fig. 10. The distribution of porosity (a), permeability (b) and mineral(c) of tight sandstones in Upper Triassic Yanchang Formation of Ordos Basin.
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Fig. 11. The typical pore-size distribution of tight sandstone in Ordos Basin.

permeability is 0.24mD, and the tight sandstone in the research area has
low porosity and permeability. In addition, the mineral compositions for
the samples are also investigated by X-ray Powder Diffraction, and the
results are shown in Fig. 10(c). Moreover, high-pressure mercury in-
jection is employed to study the pore structure of some tight sandstones,
and some typical results are given in Fig. 11. The tight sandstone can be
classified into two types, one is mainly nanometer pores, and the other is
mainly micron pore. The peaks of the pore radius are 10 nm, 100 nm and
2um. The process of constructing the dataset is shown in Fig. 12. We
have proved that when the 2D random pore network is large enough, it
can represent the heterogeneity of the pore and contact angle in the 3D
samples (see Appendix). Thus during constructing a dataset for tight
sandstones, the 2D RES random pore networks are used to represent the
characteristics of tight sandstone samples. To generate a more realistic
and representative 2D pore network, we use the distribution of porosity,
permeability, and mineral in Fig. 10 and the pore-size distribution in
Fig. 11 as the constrained condition. The elements (pore and throat) of
the pore network are assigned different shape factors, such as circular,
square and triangular shape (Afsharpoor and Javadpour, 2016). More-
over, the diversity of the tortuosity of pore structure is also considered,

as shown in Fig. 12. All the procedures mentioned above can ensure that
the constructed pore network can represent the actual tight sandstone.
In the second step, the properties of two-phase fluid flow are considered
during calculating the capillary pressure based on the quasi-static pore
network model and the pore network generated in the first step. More-
over, the diversity of the contact angle distribution, the wettability
index, and the interfacial tension are all involved in the dataset, as
shown in Fig. 12. Finally, we can obtain that the dataset which has both
the petrophysical characteristics of the tight sandstones and the fluid
flow properties. Finally, 5000 groups of data are generated and we will
use them to examine the new indexes proposed in the above section.

3.2. Validation

We randomly choose 4500 samples from the dataset and train the
weighted fuzzy kNN algorithm to obtain the weight for each rock typing
index in each type of tight sandstone based on the methodology in
Section 2. Then 500 samples are used to test the accuracy of the pre-
diction results.

From the training set, we can determine the weight of each rock
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Fig. 12. The schematic diagram for constructing the dataset of tight sandstone.

Fig. 13. The new indexes of each type tight sandstone for the test data.

typing index in each tight sandstone type through the weighted fuzzy
kNN algorithm. Then based on these weights, we can get the classifi-
cation results of the 500 samples in the test set, as shown in Fig. 13. It
can be seen that the differences between the indexes of each type of rock
are quite large. To further verify the accuracy of the classification re-
sults, we give the pore composition and the oil-water two-phase capil-
lary pressure curves for samples in each type of rock, as shown in Fig. 14.
It can be seen from the figure that the first type of rock sample is
dominated by pores with a radius smaller than Rg., and the oil-water
capillary pressure is larger than that of the other two types. The sec-
ond type of rock sample is dominated by pores with a radius greater than
Rgc and less than Rg;, and the oil-water capillary pressure is smaller than
that of the first type. The third type of rock sample is dominated by pores
with a radius greater than Rg;, and the oil-water capillary pressure is the
smallest. The oil-water capillary pressure curves of the three types have
obvious differences in shape and value. The relative error of the test

Table 2
The comparison of relative errors for the rock typing method proposed in our
paper, FZI, the kNN method.

Our method FZI r35 The kNN method

relative error 0.05 0.28 0.31 0.13

u Typel
B Type II
B Type III

e

PG 0.0

02 04 06 08 10 Pp 02 AL

() (b)

0.8

Fig. 14. The pore composition (a) and the oil-water capillary pressure curves (b) for each type tight sandstone for the test data.
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Fig. 15. The pore composition (a) and the oil-water capillary pressure curves (b) for each type tight sandstone obtained by FZIL.
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results is listed in Table 2. We can find that it is less than 10%. The re-
sults validate the proposed typing indexes and the weighted fuzzy kNN
algorithm.

Moreover, we compare our method with the conventional indexes
(FZI and r35). Figs. 15 and 16 display the typing results of the test data
by FZI and r35. It can be seen from the figures that there is a serious
overlap between different types of pore composition and oil-water
capillary pressure curves. The results demonstrate that the classifica-
tion of some samples is not very good. By comparing Figs. 14, Fig. 15,
and Fig. 16, we can obtain that the method proposed in our paper has
better performance in the identification of the flow and pore structure
characteristics of different types of tight sandstones.

To further examine the performance of the weighted fuzzy kNN

/ ) 0.
0.0 0.2 04 0.6 0.8 1.0
PG

(a)

0.2 0.4 0.6 08 1
Sw

(b)

Fig. 16. The pore composition (a) and the oil-water capillary pressure curves (b) for each type tight sandstone obtained by r35.

algorithm, we compare it with the kNN method. That is considering and
without considering the weight difference between different indexes.
Fig. 17 plots the typing results of the test data by the kNN method.
Inspecting Fig. 16, we can find that there is also some overlap between
different types of pore composition and oil-water capillary pressure
curves. Similar to FZI and r35, some samples have been assigned
incorrect types. Then the relative errors of the test results for our
method, FZL,r35, and kNN method are compared in Table 2. It can be
concluded from Table 2 that the method proposed in our paper has the
best performance in identifying the flow and pore structure character-
istics for different types of tight sandstones.

Finally, 30 highly heterogeneous tight sandstone samples from the
Upper Triassic Yanchang Formation, Ordos Basin have been used to

0.2 0.4 0.6 0.8 1
Sw

(b)

Fig. 17. The pore composition (a) and the oil-water capillary pressure curves (b) for each type tight sandstone obtained by the kNN method.
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Fig. 18. The mercury injection capillary pressure (MICP) curves for each type
of tight sandstone.

further validate our method. It should be pointed out that these samples
are not included in the above dataset and they have a quite different
mineral composition, pore structure, and permeability. After analyzing
the samples by the proposed method in this paper, we can finally obtain
that two samples belong to Type III, four samples belong to Type II and
other 24 samples belong to Type L. Then the mercury injection capillary
pressure (MICP) curves of the 30 samples are measured by experiment,
as shown in Fig. 18. Fig. 18 demonstrates that there are relatively big
differences in MICP curves between different types of rocks. The results
once again prove that the new indexes and weighted fuzzy kNN algo-
rithm have good typing performance for tight sandstone.

4. Conclusions

In this study, three new rock typing indexes have been proposed and
then combined with the weighted fuzzy kNN algorithm to type tight
sandstones. After analyzing the results, some important conclusions are
summarized as follows:

1. The Darcy index, the gas non-Darcy index, and the liquid non-Darcy
index have been proposed to type the tight sandstone. Moreover,
based on the analysis of these indexes, the limit pore radius for gas
non-Darcy and liquid non-Darcy flow have been determined. The
pores can be divided into three parts: the gas non-Darcy flow part,
the liquid non-Darcy flow part, and the -Darcy flow part. The results
show that these three indexes can describe the flow characteristics
and the pore composition of the tight sandstone.

Journal of Petroleum Science and Engineering 210 (2022) 109956

2. The three new indexes describe different flow characteristics in tight
sandstone and play different roles in typing the rocks. Their weights
for each type of tight sandstone can be determined by the weighted
fuzzy kNN algorithm. The final rock typing result shows that
considering the weight difference between different indexes is more
accurate than not considering the weight difference.

3. The dataset for tight sandstone in Upper Triassic Yanchang Forma-
tion, Ordos Basin, NW China has been constructed to test our
method. The typing results have been compared with the conven-
tional index FZI and r35. It can be obtained that tight sandstones of
the same type have similar flow characteristics and pore composi-
tion, and the accuracy of our method is much better than the con-
ventional indexes. In addition, 30 tight sandstone samples from the
research area have been also used to evaluate our method. All the
results have proved that the proposed new rock typing indexes and
weighted fuzzy kNN algorithm can type the tight sandstone very
well, and they can play a significant role in permeability prediction,
reservoir modeling, and simulation.

It should also be emphasized that the rock typing indexes can be also
used for reservoir drilling, production, injection, reservoir studies and
simulation purposes. Moreover, from the discussion in the study, we can
deduce that the pore structure and flow properties of each type of tight
sandstone are quite different from each other. The oil-water primary
drainage capillary pressure curves of the same type have relatively
similar characteristics. Based on the typing results, we can further pre-
dict the water-oil primary drainage capillary curves by using a neural
network, which will be discussed in another paper.
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Appendix. The representative element surface (RES) of the 2D random network

In this paper, the 2D random pore network is used to construct the tight sandstone dataset for typing the rocks. Thus in the following we will prove
that the 2D random pore network that is large enough can represent the 3D digital core of the tight sandstones samples. In other words, the 2D random
pore network that is large enough will have similar properties (such as porosity, absolute permeability, capillary pressure curves, etc.) to the 3D digital

core.

The typical sandstone (Berea sandstone) and tight sandstone have been used to investigate under what condition the 2D random pore network can
represent the 3D digital core. The 3D digital core of Berea sandstone with the size of 400%*400*400 pixels is shown in Fig. Ala, and its resolution is

10
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5.345pm. The pore network of Berea sandstone is extracted by the pore network extraction algorithm (the axis & ball algorithm) developed by Yi (Yi
etal., 2017), and the pore-size distribution is shown in Fig.A2a. It can be seen that the pore of Berea sandstone is homogeneous. The 3D digital core of a
tight sandstone sample is shown in Fig.A1b and its corresponding pore-size distribution is also shown in Fig. A2b. It can be seen that the pore of tight
sandstone is much more inhomogeneous than that of Berea sandstone. Then with the pore size distribution in Fig.A2 as the constraint condition, the 2D
random pore network of the two kind of stones are constructed, as shown in Fig.A3.

(a) (b)

Fig. Al. the digital core of the Berea sandstone (a) and the tight sandstone (b).
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Fig. A2. The pore size distribution of Berea sandstone (a) and the tight sandstone (b).

(a) (b)

Fig. A3. The 2D random pore network of Berea sandstone (a) and the tight sandstone (b).
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Fig. A4. The capillary pressure curves for five different 2D RES random pore networks of Berea sandstone (a) and tight sandstone (b).
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Fig. A5. The comparison of capillary pressure curves between the 2D RES random pore networks and the 3D digital core of Berea sandstone (a) and tight sand-
stone (b).
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Fig. A6. The relative error of the porosity between the 2D RES random pore networks and the 3D digital core for Berea sandstone (a) and tight sandstone (b); the
relative error of the absolute permeability between the 2D RES random pore networks and the 3D digital core for Berea sandstone (c) and tight sandstone (d).

In this paper RES (representative element surface) is defined as the surface that is sufficient to involve the heterogeneity of the pore and contact
angle in the 3D tight sandstone samples. First of all, we define the ratio of the side length of the 2D pore network and the 3D digital core of the core
samples as Dr, which will help us to study the relation between the 2D pore network and the 3D digital core. Furthermore, to evaluate the hetero-
geneity of the pore and contact angle, we define the ration (signed by V) between variance and mean of the pore and contact angle as Vp and Vc. In this
section we will examine the heterogeneity of the pore and contact angle respectively.

First, we assume that all the elements (pores and throat) in the Berea and the tight sandstone have the same water-oil contact angle which is 30°.
Then we study the influence of the heterogeneity of the pore on the size of the RES random pore network. We enlarge the size of the 2D pore network
until it reaches RES. We have found that when the number of pores in 2D pore network of Berea sandstone is bigger than 5000 and Vr is 4.87, the
capillary pressure curves for oil-water two-phase flow of the five different 2D random pore networks which follow the same pore size distribution are
almost the same, as shown in Fig.A4a. At the same time there are little difference in the capillary pressure curves, the porosity and absolute
permeability between the 2D pore network and 3D digital core, as shown in Fig.A5a, Fig.A6a and Fig.A6¢c. Furthermore, we have found that when the
number of pore is more than 10000 and Vr is 6.45, the 2D pore network for tight sandstone reach RES, as shown in Fig. A4b. Also the capillary pressure
curves, the porosity and absolute permeability between the 2D pore network and 3D digital core are almost the same, as shown in Fig. A5b, Fig.A6b
and Fig.A6d.

Second, we further investigate the effect of the heterogeneity of contact angle on the size of the RES pore network. Fig. A7 plot the distribution of
the contact angle in the Berea and the tight sandstone. From calculation, we obtain that Vc of the Berea and tight sandstone are 0.65 and 0.76. Then
during generating the 2D random pore network and simulating the oil-water flow, we assign each element (pore and throat) the contact angle with the
function in Fig. A7 as constrain condition. Like the discussion in the above paragraph, we enlarge the size of the 2D pore network until it reaches RES.
We finally find that when the number of pores in 2D pore network of Berea sandstone is bigger than 10000 and Vr is 7.13, the capillary pressure curves
for oil-water two-phase flow of the five different 2D random pore networks which follow the same pore size and contact angle distribution are almost
the same, as shown in Fig. A8a. Inspecting Fig. A9a, we can also deduce that the capillary pressure curves of the 2D network has a good agreement with
that of the 3D digital core. The other network element property, porosity, is also estimated, as shown in Fig.A10a. The relative error of the porosity
between the 2D pore network and the 3D digital is smaller than 10%. For the tight sandstone, when the number of pores in 2D pore network is bigger
than 15000 and Vr is 7.13, the capillary pressure curves for oil-water two-phase flow of the different 2D random pore networks are almost the same, as
shown in Fig. A8b. Furthermore, the capillary pressure curves, the porosity and absolute permeability of the 2D pore network agree very well with that
of the 3Ddigital core. Therefore we can derive that the 2D RES random pore network can represent the 3D digital core of tight sandstone.
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Fig. A8. The capillary pressure curves for five different 2D RES random pore networks for Berea sandstone (a) and the tight sandstone (b).

Finally, we list the relation between the heterogeneity of the pore, contact angle and the size of RES of the samples in Table A1. It can be seen that
the size of the RES pore network which can represent the 3D core depend on the heterogeneity of pore and contact angle (Carman, 1937; Chen and
Zhou, 2017). Especially, if we consider the heterogeneity of contact angle, it needs larger size of the RES pore network than only considering the
heterogeneity of pore. Moreover, as the heterogeneity of pore and contact angle increase, Vr and Vc increase.

Fig. A9. The comparison of capillary pressure curves between the 2D RES random pore networks and the 3D digital core of Berea sandstone (a) and the tight

sandstone (b).
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Fig. A10. The relative error of the porosity between the 2D RES random pore networks and the 3D digital core of Berea sandstone (a) and tight sandstone (b); the
relative error of the absolute permeability between the 2D RES random pore networks and the 3D digital core for Berea sandstone (c) and tight sandstone (d);

Table Al
The relation between the heterogeneity of the pore, contact angle and the size of RES pore network of the samples
The heterogeneity of the pore The heterogeneity of contact angle
Vp Dr Ve Dr
Berea 0.52 4.87 0.65 7.13
Tight sandstone 0.96 6.45 0.78 9.60

To obtain more general result, we further examine three typical tight sandstone in Ordos Basin, NW China with the pore-size distribution in Fig. 11.
The heterogeneity of the pores for the three samples are calculated, and they are 0.63, 0.76 and 0.87 respectively. Then the RES random pore network
for the samples are constructed with the pore-size distribution as constrain condition. The ratios of the side length of the 2D pore network and the 3D
digital core of three samples are 5.116, 5.33 and 6.32. Then to investigate the relationship between the heterogeneity of the pore and the size of RES,
Vp and Dr for the three tight sandstones and the two samples in Fig.A1 are all given in Fig. A11. It can be seen that Dr increases approximately linearly
with Vp.
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In sum, we can deduce that for any 3D tight sandstone, we can find an RES pore network that is big enough to represent the heterogeneity of the
pore and contact angle of the actual 3D samples. Thus in this paper, the 2D RES pore network is used to study the two-phase flow in tight sandstone.
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