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A B S T R A C T   

Tight carbonate possesses both fractures and multiscale pores. Flow through tight carbonate rocks involves 
several length scales and the complicated flow physics. Capturing and modeling the entire void space into a 
single pore network model for drainage is challenging. Here, we present a novel method for modeling of a 
multiscale pore-fracture hybrid pore network, which enables various void spaces at multiple length scales and 
the flow characteristics in them to be included. Pores and fractures in a low-resolution CT image are extracted by 
medial axis-maximal ball algorithm and medial surface algorithm, respectively, to generate a pore-fracture 
hybrid pore network. Then, a statistics-based small-scale stochastic pore network is established in the CT 
image solid domains to represent the micropores unresolved by the image. The two pore networks are organically 
integrated into a multiscale hybrid pore network by cross-scale connections. The statistics of small-scale pore 
network are determined by experimental permeability. We study the effects of the small-scale pore network 
density on connectivity, single- and two-phase flow properties of the model to obtain the robust parameter. The 
influence of fractures on two-phase flow properties is analyzed. Results show the significance of incorporating 
fractures and micropores in the model. The model is validated via comparison between simulation result and 
experimental data. This method can accurately, efficiently, conveniently construct multiscale pore-fracture 
hybrid pore network of tight carbonate rock for evaluating the drainage characteristics.   

1. Introduction 

Tight carbonate rocks exhibit complex void structure with hetero-
geneities due to the presence of fractures and multiscale pores. The 
multi-stages and multi-types flow channels have a significant influence 
on fluid flow, such as the slip effect in nanometer pores and the inter-
action between the fractures and adjacent pores. Transport processes of 
fluid in tight carbonate rocks actually occur at the pore-scale, and the 
pore scale simulation helps to understand the flow behavior and obtain 
flow properties at large scales (Jiang et al., 2013; Pak et al., 2014; 
Rabbani et al., 2020). The key is acquiring and modeling the entire 
representative void structures into a computationally tractable model. 

With the rapid progress in imaging techniques, such as micro- 
computed-tomography (μCT) imaging and focused ion beam scanning 
electron microscopy (FIB-SEM) imaging (Arns et al., 2005; Tomutsa 
et al., 2007; Müter et al., 2012, 2014; Gooya et al., 2016), the 3D rep-
resentation of the void space can be implemented. Pore network model 

(PNM) extracted from the 3D image has been extensively applied to 
simulate single- and two-phase flow because it is computationally more 
efficient than direct models (e.g., CFD-DEM model) without sacrificing 
too much accuracy (Blunt et al., 2013; Li et al., 2021). Less computa-
tional demands also allow PNM to be competent for larger rock image to 
consider more heterogeneity of void structure. However, for heteroge-
neous tight carbonate rocks, two vital problems remain for PNM. First, 
the multiscale pore size ranges from several nanometers to hundreds of 
microns (Tan et al., 2020), resulting in the inability of a single image to 
cover all void spaces. PNM extracted from a low-resolution image has no 
global permeability due to the lacks of micropores unresolved by the 
image, while PNM extracted from a small high-resolution image might 
not be representative. Secondly, fracture exhibits the complicated 
morphology and topology. Modeling and coupling the fracture into a 
PNM for calculating fluid exchange between the fracture network and 
adjacent pores are challenging. The presence of multiscale pores and 
fractures, the resolution/size trade-off, and the pore space-fracture 
interaction make it necessary to model a multiscale pore-fracture 

* Corresponding author at: Chinese Academy of Sciences, Institute of Mechanics, Beijing 100190, China. 
E-mail address: linmian@imech.ac.cn (M. Lin).  

Contents lists available at ScienceDirect 

Advances in Water Resources 

journal homepage: www.elsevier.com/locate/advwatres 

https://doi.org/10.1016/j.advwatres.2023.104420 
Received 9 December 2022; Received in revised form 24 February 2023; Accepted 14 March 2023   

mailto:linmian@imech.ac.cn
www.sciencedirect.com/science/journal/03091708
https://www.elsevier.com/locate/advwatres
https://doi.org/10.1016/j.advwatres.2023.104420
https://doi.org/10.1016/j.advwatres.2023.104420
https://doi.org/10.1016/j.advwatres.2023.104420
http://crossmark.crossref.org/dialog/?doi=10.1016/j.advwatres.2023.104420&domain=pdf


Advances in Water Resources 174 (2023) 104420

2

hybrid pore network for drainage in the entire void space of tight car-
bonate rocks. 

PNM is the foundation of this study. PNM can be extracted from the 
binarized image of a pore space, in which the irregular pore space is 
represented by a simple network of interconnected pores and throats. 
There are some PNM extraction methods including medial axis (MA) 
method (Lindquist and Lee, 1996; Jiang et al., 2007), maximal ball (MB) 
method (Silin et al., 2003; Dong and Blunt, 2009), watershed segmen-
tation (WS) method (Rabbani et al., 2014, 2019), pore throat 
morphology (PTM) method (Xu et al., 2020), and medial axis-maximal 
ball (AB) method (Yi et al., 2017; Jiang et al., 2017a). AB method 
combines the advantages of MA and MB to constrain the maximal balls 
on the centrally located medial axis, which can preserve most of the 
morphological features of the pore space and has been successfully 
proven to be highly realistic and efficient in some studies (Yi et al., 2017; 
Jiang et al., 2017b; Cao et al., 2017). 

Then, for the binarized image containing both fractures and pore 
spaces, there is a need to extract a pore-fracture hybrid pore network 
from it to include the pore-fracture interactions and achieve the globally 
single- and two-phase flow simulations. The process involves two 
important questions: how to identify and model the fractures to couple 
with the pore spaces, and how to achieve simulations of fluid exchange 
between fractures and adjacent pores. For the first question, Pruess and 

Tsang (1990) and Karpyn and Piri (2007) used a dense network con-
sisting of virtual pores and throats to represent a fracture, and simulated 
single- and two-phase flow in the network. Regions with local maxima of 
the fracture aperture are defined as virtual pores, which are connected 
by virtual throats defined by other fracture regions. Later, Hughes and 
Blunt (2001) and Erzeybek and Akin (2008) plugged virtual networks of 
fractures into a regular pore network and used throats to connect the 
virtual networks with nearby pores. Recently, Jiang et al. (2017a) pre-
sented a generally applicable method to extract a pore-fracture hybrid 
pore network from the actual fractured porous media image. Since the 
actual fracture possesses the complicated platy morphology, the medial 
surface (MS) is the best representation of the fracture (Lee et al., 1994), 
which is defined as a set of surface voxels that are essential for the to-
pology and connectivity of fracture. They used MA method to extract 
skeleton of pore system, and used an extended shrinking algorithm to 
identify the fracture and extract the corresponding MS. MS was subse-
quently converted into a dense network consisting of virtual medial 
axes. The entire skeleton was transformed into a hybrid pore network by 
defining vertices and links as pores and throats. For the second impor-
tant question of how to simulate fluid exchange between fractures and 
adjacent pores, the hybrid pore network has significant computational 
advantages. All void components (pore system and fractures) in the 
hybrid pore network are represented by the same basic elements: pores 

Nomenclature 

NSP the number of pores in NETsmall 
fS adjustable coefficient of NETsmall 
VS volume of NETsmall 
ρSP density of the extracted small-scale pore network 
Icore low-resolution 3D image of tight carbonate 
SS search sphere 
SSe a set contains the voxels from the center to the farthest 

within the search radius 
NETlarge large-scale pore network extracted from Icore 

NETsmall small-scale stochastic pore network 
ρLP pore density of NETlarge 

NLP the number of pores in NETlarge 

VL volume of NETlarge 

NETmulti multiscale pore-fracture hybrid pore network 
dt(p1,p2) distance between pore p1 and pore p2 
de(p1,p2) Euclidean distance between pore p1 and pore p2 
r1 radius of pore p1 
r2 radius of pore p2 

d̃t maximum length of throats in NETsmall 
pLPP,i the i th large-scale pore in NETlarge 

NLPP the number of large-scale pores in NETlarge 

pSP,ii the ii-th pore in NETsmall 
NSP,i the number of pores in NETsmall satisfying dt(pLPP,i,

pSP,ii) ≤ d̃t 

γS parameter representing the density and connectivity of 
NETsmall 

cS center of NETsmall 
ξ the number of concentric spheres in NETsmall 
NST,k the number of throats penetrating the k-th concentric 

sphere in NETsmall 
Rk radius of k-th concentric sphere 
tST,j the j-th throat in NETsmall 
NST the number of throats in NETsmall 
pSP,j1 pore connected to one end of throat tST,j 
pSP,j2 pore connected to the other end of throat tST,j 
ak surface area of the k-th concentric sphere 

rLPP,i radius of pLPP,i 
CNLPP,i coordination number of pLPP,i 
tLPT,ij large-scale throat connecting pLPP,i and pLPP,j in NETlarge 

rLPT,ij radius of tLPT,ij 
aLPT,ij area of spherical crown occupied by tLPT,ij 
saLPP,i remaining surface are of pLPP,i 
SCNLPP,i the number of pores of NETsmall that can be connected to 

pLPP,i 
pLFP fracture pore in NETlarge 
qf,ij flow flux of phase f in throat ij 
Pf,i pressure of phase f in pore i 
Pf,j pressure of phase f in pore j 
gf,ij hydraulic conductivity of phase f in throat ij 
Aij cross sectional area of throat ij 
lij length of throat ij 
Gij shape factor of cross section of throat ij 
μf viscosity of phase f 
Ldij dimensionless slip length of liquid flow in throat ij 
Lsij physical slip length of liquid flow in throat ij 
tLFT,ij fracture throat connecting pLFP,i and pLFP,j 
wF,ij width of tLFT,ij 
hF,ij equivalent aperture of tLFT,ij 
lF,ij length of tLFT,ij 
Pin,t inlet pressure of NETmulti at the t-th iteration step 
Pout outlet pressure of NETmulti 
Qf,in total flow flux of phase f at the inlet interface of NETmulti 
Qf,k flow flux of phase f in the k-th inlet pore 
Qf,out total flow flux of phase f at the outlet interface of NETmulti 
Qf total flow flux of phase f 
L vertical distance between the inlet interface and the outlet 

interface of NETmulti 
A area of the inlet interface of NETmulti 
Kmf absolute permeability of phase f 
Ksf absolute permeability of phase f under the single-phase 

flow 
Krf relative permeability 
Pc capillary pressure  
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and throats, which can be calculated by the same simulator. 
Further, for some porous media with the multiscale pore spaces, the 

multiscale pore network model has been proposed. The fundamental 
idea of that is extracting a large-scale pore network from a low- 
resolution 3D image and integrating it with the micropore networks 
generated from other sources into a single multiscale pore network. 
Jiang et al. (2013) presented a method for fusing pore networks 
extracted from μCT images of different resolutions into a multiscale pore 
network via the cross-scale connection structures. Since the domain of 
the extracted small-scale pore network is smaller than that of the 
extracted large-scale pore network, the micropore network was 
randomly reestablished in a domain of the same size as the large-scale 
pore network, based on the statistical information of the extracted 
small-scale pore network. To control the density of micropore networks 
for efficient flow simulation, a parameter 0 < fS < 1 was introduced to 
determine the number of micropores: 

NSP = fSρSPVS (1)  

where NSP is the number of micropores, ρSP is the density of the extracted 
small-scale pore network, VS is the volume of micropore network. Later, 
the method was revised by considering the locations of micropore net-
works (Mehmani and Prodanović, 2014; Prodanović et al., 2014; Tah-
masebi and Kamrava, 2018). They proposed that micropores in rocks are 
generated due to the partial dissolution of some solid matrix particles 
and the filling of some macropores by clay particles. The micropore 
networks were placed in some matrix regions (grain filling) and some 
macropores (pore filling). Mehmani and Prodanović (2014) and 
Prodanović et al. (2014) generated micropore networks by rescaling the 
extracted large-scale pore network, implying that some characteristics 
(e.g., tortuosity, coordination number distribution, shape factor distri-
bution) of large-scale pores were used to represent the micropores. 
Tahmasebi and Kamrava (2018) extracted micropore networks from 3D 
digital cores reconstructed based on different regions of a SEM image. 
Additionally, some researchers (Bauer et al., 2012; Bultreys et al., 2015; 
Xu et al., 2021) used the micro-links to represent the micropores and 
connect macropore network clusters to generate the multiscale pore 
network. 

However, tight carbonate has both fractures and multiscale pore 
spaces, which is quite complicated. To the best of our knowledge, there 
are few relevant studies on the multiscale hybrid pore network models 
for the entire void structures of tight carbonate rocks. Rabbani et al. 
(2020) constructed a triple pore network containing micropores, mes-
o‑pores, and fractures, and simulated the gas transport in it. Here, we 
present a novel method to construct a multiscale pore-fracture hybrid 
pore network model for drainage in tight carbonate rocks. 

2. Methods 

2.1. Multiscale pore-fracture hybrid pore network construction 

2.1.1. Pore-fracture hybrid pore network extraction 
We implement a combined algorithm of AB (Yi et al., 2017) and MS 

(Jiang et al., 2017a) to extract the hybrid pore network consisting of 
pores and fractures from the low-resolution 3D image (Icore) of tight 
carbonate. The fundamental principle of AB is constraining maximal 
balls on the centrally located medial axis, which combines the advan-
tages of MA (Lindquist et al., 1996; Jiang et al., 2007) and MB (Silin 
et al., 2003; Dong and Blunt, 2009), and ensures that each throat is 
located at the hydraulic restriction. The MS is the extracted skeleton of 
fracture, which characterizes the topology and hydraulic property of 
fracture. The combined algorithm involves the following steps:  

1 Building the inscribed sphere for each void voxel in the 3D image via 
a layer-by-layer search algorithm developed previously (Yi et al., 
2017). A search sphere SS with a large search radius is established 

first, in which each element is a vector coordinate relative to the 
center of SS (see Fig. 1d and e, a simple SS and its norms in a 2D 
system). Assigning the SS to any void voxel k. SSe = k + SS can be 
acquired, which contains the voxels from the voxel k to the farthest 
within the search radius. All voxels in SSe are checked one by one in 
the order of the distance to the voxel k from the small to large, until a 
solid voxel or boundary voxel is found. The inscribed sphere for each 
voxel is built and its radius is acquired.  

2 A shrinking algorithm developed by Jiang et al. (2017a) is applied to 
identify both the MA of the pore spaces and the MS of the fractures. 
Starting from void voxels on the void space wall, through searching 
and removing the void voxels that do not affect the Euler number and 
local connectivity of the void space, we find the MA of the pore 
spaces (Fig. 1f) and the MS of the fractures (Fig. 1g). Especially, the 
inscribed spheres are also utilized to make the MA and the MS more 
centered. Fig. 1a and Fig. 1b highlight the scheme. MA of the pore 
spaces and MS of the fracture (Fig. 1b) are effectively extracted from 
the entire void space consisting of the pore spaces and the fracture 
(Fig. 1a).  

3 For the pore spaces with MA:  
a) Identifying the inscribed spheres corresponding to the MA voxels 

and removing other inscribed spheres to constrain the maximal 
balls on the MA (Yi et al., 2017).  

b) Affiliating these maximal balls into family trees to defined pores 
and throats. According to the order of maximal ball radius from 
large to small, all maximal balls are clustered based on their radii 
and locations to determine the hierarchical relationships among 
them. From the hierarchical relationship, the family trees of all 
maximal balls are generated (Fig. 1h), in which the center of 
parent ball is defined as pore location and the center of common 
child ball attaching to two parent balls is defined as throat loca-
tion (Yi et al., 2017).  

c) Segmenting pore blocks and throat blocks via a dual-speed 
expansion algorithm developed previously (Yi et al., 2017). All 
pore location voxels and throat location voxels are labeled with 0. 
Starting from the pore location voxels and the throat location 
voxels, pore blocks and throat blocks expand outward, and the 
unmarked void voxels involved are labeled with the number of 
expansions. Pore blocks expand two layers outward each time 
(Fig. 1i), and throat blocks expand one layer outward each time 
(Fig. 1j). The entire pore space is divided into a series of pore 
blocks and throat blocks.  

4 For the fractures with MS, converting the MS into a dense network 
consisting of virtual medial axes (see Fig. 1k) to generate a dense 
network consisting of virtual pores and throats (Jiang et al., 2017a).  

5 The parameters (e.g., shape factor, coordination number, etc.) of 
pores and throats that are associated with the pore spaces and the 
pore-fracture connecting spaces are calculated as usual (Yi et al., 
2017). The parameters (e.g., width, equivalent aperture, etc.) of 
virtual pores and throats of the dense network are determined based 
on the underlying fracture apertures (Jiang et al., 2017a). 

Finally, a hybrid pore network is generated to represent the entire 
void space, as shown in Fig. 1c. The entire extraction process is briefly 
introduced above, in which AB is applied to treat the pore spaces and MS 
is used to process the fractures. For more details about the hybrid pore 
network generation, one can refer to the aforementioned publication. 
Note that the extracted hybrid pore network in general has no global 
connectivity due to the lacks of micropores unresolved by Icore. For the 
remainder of this work, we refer to the hybrid pore network as large- 
scale network (NETlarge), and refer to the pore and throat correspond-
ing to pore spaces as large-scale pore and large-scale throat, and the pore 
and throat corresponding to fractures as fracture pore and fracture 
throat. 

Z. Xu et al.                                                                                                                                                                                                                                       



Advances in Water Resources 174 (2023) 104420

4

2.1.2. Small-scale stochastic pore network generation 
After the NETlarge has been extracted from the Icore, we establish the 

small-scale stochastic pore network (NETsmall) in the matrix domains of 
Icore to represent the micropores unresolved by Icore and supplement the 
NETlarge with the connectivity generated by the micropores. The first step 
is determining the geometric and topological parameters of micropores. 
As mentioned above, Mehmani and Prodanović (2014) and Prodanović
et al. (2014) generated the small-scale pore network by rescaling the 
macropore network, indicating that some characteristics of macropores 
were used to represent the small-scale pores. This is more economic and 
efficient compared with the scheme of extracting statistics of micropores 
from the high-resolution μCT image (Jiang et al., 2013) and the scheme 
of reconstructing 3D image of micropores based on SEM image (Tah-
masebi and Kamrava, 2018), however, the uncertainty of the micropores 
is significant. Moreover, predictions of the multiscale model usually do 
not agree well with the experimental measurements due to the strong 
heterogeneity, and the multiscale model generally needs to be con-
strained and optimized by a kind of experiment data (Pak et al., 2016). 
Following the two ideas of Mehmani and Prodanović(2014) and Pak 
et al. (2016), we use some parameters (tortuosity, coordination number 

distribution, shape factor distribution) of large-scale pores and throats of 
the NETlarge to represent the micropores. Then, we set the pore radius 
distribution and the throat radius distribution of micropores as the 
appropriate distributions and determine them under the constraint of 
experimental permeability to reduce the above uncertainty. The detail of 
the determination will be introduced in Section 2.1.3.3. Note that the 
maximum radius of the two distributions is given by the resolution of 
Icore and not by the minimum throat radius of the NETlarge. 

For the NSP of the NETsmall, we use Eq. (1) to determine it by replacing 
ρSP with ρLP based on the idea of Mehmani and Prodanović(2014). ρLP is 
pore density of NETlarge and can be written as: 

ρLP =
NLP
VL

(2)  

where NLP is the number of pores in the NETlarge, and VL is the volume of 
the NETlarge. 

Next, we extend the algorithm proposed by Idowu and Blunt (2010) 
to generate a NETsmall based on the given parameters. The major dif-
ference of our extended algorithm is that pores and throats are strictly 
confined in the irregular matrix domain. The producer is shown below. 

Fig. 1. (a) The entire void space of a porous media consists of the pore spaces and the fracture. (b) The hybrid skeleton extracted from the entire void space is 
composed of the medial axis (MA) of the pore spaces and the medial surface (MS) of the fracture. (c) The final pore-fracture hybrid pore network. (d) The search 
sphere (SS) consists of vector coordinates relative to the center of SS (Yi et al., 2017). (e) The norm set of SS. The search radius of SS is 

̅̅̅
5

√
in the schematic. (f) The 

schematic of extracting MA from pore spaces (Yi et al., 2017). Red represents the MA void voxels. Gray and white denote the solid voxels and the removed void 
voxels, respectively. (g) The schematic of extracting MS from fracture (Jiang et al., 2017). Red cube represents the MS void voxels, and the cube with dotted outlines 
denotes the removed void voxels. (h) The family trees of maximal balls for defining pore locations and throat locations. (i) The schematic of pore block expansion. (j) 
The schematic of throat block expansion. (k) The MS is converted to a dense network consisting of virtual medial axis. 
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1 Morphological dilation operation with radius of 2 voxel is imple-
mented on the entire void space of the Icore (Xu et al., 2020) to 
transform the matrix within the range of 2 voxels around the void 
space into voids. The remaining matrix is the domain to establish the 
NETsmall, as shown in Fig. 2 (a 2D slice of the pore-fractured porous 
media in Fig. 1a). Since the maximum radius of small-scale pores is 
the resolution of the Icore, even if the center of a small-scale pore is 
located at the edge of the residual matrix domain, it will not intersect 
with the pore spaces and fractures of the Icore (see Fig. 2)  

2 NSP pores are created by randomly assigning values of radius, shape 
factor, and coordination number to every pore based on the given 
distributions. The centers of these pores are randomly placed in the 
remaining matrix domain and make sure that there is no overlap of 
them. Then, the volume and weight are calculated for each pore 
(Idowu and Blunt, 2010; Xu et al., 2021).  

3 Creating throats according to the coordination number of each pore 
to connect these pores (Idowu and Blunt, 2010). If the cylindrical 
throats intersect with the pore spaces and fractures of the Icore, we 
discard them and continue to find other connections for the corre-
sponding pores (see Fig. 2). Therefore, the actual connection number 
of some pores may be less than their assigned coordination number 
due to the domain constraint.  

4 Calculating the weight for every throat based on the weights of two 
pores connected to it (Idowu and Blunt, 2010; Xu et al., 2021). Ac-
cording to the given distributions, the smallest geometrical values 
(radius, shape factor) are assigned to the throat with the smallest 
weight, and the second smallest values are assigned to the throat 
with the second smallest weight, and so on, to ensure the correlation 
of the NETsmall. Then, the length of each throat is calculated based on 
the center position and radius of two pores connected to it, and the 
volume is calculated for each throat (Idowu and Blunt, 2010). 

In the end, the NETsmall is generated. As described, the number of 
large-scale pores and throats in the NETlarge should be enough to obtain 
the representative parameters (tortuosity, coordination number distri-
bution, shape factor distribution) to generate the NETsmall. However, if 
there are only a few pore spaces captured in the Icore, these parameters 
can also be obtained from other sources, for example, obtaining these 

parameters from the higher-resolution image via the pore-throats 
morphology (PTM) software we developed previously (Xu et al., 
2020). The novel way provided to obtain the small-scale pore parame-
ters is intended to be illustrative rather than the unique solution, 
because the central contribution of the paper is the multiscale 
pore-fracture hybrid pore network modeling and integration method. 

2.1.3. Multiscale pore-fracture hybrid pore network generation 
After obtaining the NETlarge and the NETsmall, the two pore networks 

are integrated into a multiscale pore-fracture hybrid pore network 
(NETmulti). The major idea of the process is connecting pores of NETlarge 

and their nearby pores of NETsmall via the added small-scale throats. In 
order to ensure that the final NETmulti is a correlated network in terms of 
geometry and topology, both the geometric and topological properties of 
the NETlarge and the NETsmall must be considered in the connecting pro-
cess. The detailed considerations are as follows. 

Connecting large-scale pore with small-scale pore. First of all, the added 
connecting throat is the small-scale throat, which should be correlated 
with the NETsmall. Except for the throat length, the geometric properties 
of the added small-scale throat are determined based on the average 
values of throats in the NETsmall. The length of the added small-scale 
throat is determined as follows. For two pores p1 and p2 with inscribed 
radii r1 and r2, the distance dt(p1,p2) is defined as 

dt(p1, p2) = de(p1, p2) − r1 − r2 (3)  

where de(p1,p2) is the Euclidean distance between the two pore centers. 
If the two pores are connected by a throat, dt(p1,p2) is the length of this 
throat. The length of the added small-scale throat should be less than or 
equal to the maximum length d̃t of throats in the NETsmall. Each large- 
scale pore pLPP,i(i = 1, 2, …, NLPP) of the NETlarge can only connect its 
nearby pore pSP,ii(ii = 1, 2, …, NSP,i) of the NETsmall whose dt(pLPP,i, pSP,ii) 
is less than or equal to the d̃t , where NLPP is the number of large-scale 
pores in the NETlarge, and NSP,i is the number of pores of the NETsmall 
that meet this condition. 

Secondly, the number of pores in the NETsmall that can be connected 
to a large-scale pore pLPP,i of the NETlarge is also correlated to the density 
and connectivity of the NETsmall, the coordination number and radius of 
pLPP,i in the NETlarge, and the radii of throats connected to pLPP,i in the 
NETlarge. We use a parameter γS proposed by Jiang et al. (2013) to 
represent the density and connectivity of the NETsmall as follows. Taking 
the center cS of the NETsmall as sphere center, we insert ξ concentric 
spheres of radii 0 < R1 < R2 < … < Rξ in the NETsmall, and ensure that the 
largest sphere is within the NETsmall. For the k-th (k = 1, 2, …, ξ) 
concentric sphere, the number NST,k of throats that penetrate the sphere 
is calculated by 

NST,k = Card
( {
tST,j

⃒
⃒de

(
cS, pSP,j1

)
<Rk < de

(
cS, pSP,j2

)
, j= 1, 2,⋯,NST

})
(4)  

where Card() is a mathematical symbol, which is named cardinal 
number and indicates the number of elements in a set. It is implemented 
by traversing every throat in the NETsmall one by one and calculating the 
number of throats that satisfy the conditions in the Eq. (4). tST,j is the j-th 
throat in the NETsmall, and NST is the number of throats in the NETsmall; 
pSP,j1 and pSP,j2 are two pores connected by the throat tST,j. The parameter 
γS is defined as 

γS =
1
ξ

∑ξ

k=1

NST ,k
ak

(5)  

where ak is the surface area of the k-th concentric sphere. For more 
details, refer to Jiang et al. (2013). 

The coordination number and radius of pLPP,i in the NETlarge and the 
radii of throats connected to pLPP,i in the NETlarge are represented as 
follows. For a pLPP,i of radius rLPP,i and coordination number CNLPP,i in 

Fig. 2. A 2D slice of the pore-fractured porous media shown in Fig. 1a. The 
entire void space is dilated by a structuring element with radius of 2 voxel (Xu 
et al., 2020) to convert the matrix within the range of 2 voxels around the void 
space into voids. The remaining matrix (white) is the domain for the small-scale 
stochastic pore network. 
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the NETlarge, the area aLPT,ij of spherical crown occupied by the throat 
tLPT,ij is calculated by 

aLPT,ij = 2πrLPP,i
(
rLPP,i −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2
LPP,i − r2

LPT,ij

√ )
(6)  

where rLPT,ij is the radius of the throat tLPT,ij, as shown in Fig. 3. The 
remaining surface area saLPP,i of pLPP,i that are not occupied by throats is 
thus calculated by 

saLPP,i = 4πr2
LPP,i −

∑CNLPP,i

j=1
aLPT,ij (7) 

Finally, the number SCNLPP,i of pores in the NETsmall that can be 
connected to pLPP,i of the NETlarge is calculated by 

SCNLPP,i = saLPP,iγS (8)  

Connecting fracture pore with small-scale pore. Since the fracture network 
is extremely dense (see Fig. 1c), if the scheme described above is used 
directly to connect fracture pores with small-scale pores, a small pore 
will be connected with a large number of fracture pores around it. In 
order to avoid this issue, we search for all the small-scale pores that can 
be connected to every fracture pore via using the Eq. (3) and the d̃t (see 
the small-scale pores within the red shadow in Fig. 4). Each pore pSP,i of 
these small-scale pores is subsequently connected to one fracture pore 
pLFP whose dt(pSP,i, pLFP) is the smallest (see Fig. 4). Moreover, the length 
and geometric properties of the added small-scale throats are deter-
mined via the scheme described in Section 2.1.3.1. 

Generation. The NETmulti is generated by following the process shown 
below.  

1 For each large-scale pore pLPP,i of the NETlarge, calculating the SCNLPP,i 
via using Eqs. (4)–(8). Finding its nearby pores of the NETsmall that 
are possible to be connected with it, using the Eq. (3) and d̃t. Some 
obtained pores of the NETsmall are connected to the pore pLPP,i using 
the added throats, according to the SCNLPP,i and the order of dt(pLPP,i, 
pSP,ii) from small to large (see Fig. 4).  

2 For all fracture pores of the NETlarge, finding all the pores of the 
NETsmall that can be connected to them by using the Eq. (3) and the ̃dt. 
Every pore of the obtained small-scale pores is connected to the 
nearest fracture pores using a added throat (see Fig. 4).  

3 Assigning the geometric properties to the added small-scale throats.  
4 Through connecting small-scale pores with large-scale pores and 

fracture pores, the NETsmall and the NETlarge are integrated into a 
global connected pore network. We calculate the absolute perme-
ability of the pore network and compare it to the experimental 
permeability. The calculation will be introduced later. If the match 
between them is poor, we will change the pore radius distribution 
and the throat radius distribution of micropores via resetting the 
types, mean values, and standard deviations of the distributions. 
Then, we regenerate the NETsmall and reconstruct the global con-
nected pore network to calculate its absolute permeability, until the 
calculation result is close to the experimental permeability (the 
relative error is less than 10%). The work flow is shown in Fig. 5. 

Finally, the NETmulti is generated. Note that since the NETmulti is 
closely correlated with the NETlarge and NETsmallin terms of both geom-
etry and topology, only three construction parameters are uncertain and 
need to be adjusted: the pore radius distribution and the throat radius 
distribution of the NETsmall as well as fS. The first two construction pa-
rameters are determined under the constraint of experimental perme-
ability. The determination of fS will be discussed later. Therefore, our 
method possesses significant conveniences. 

2.2. Multiscale pore-fracture hybrid pore network calculation 

The NETmulti has significant advantages in flow calculation, 
compared to the multiscale seepage model coupled with different 
methods. All void components in NETmulti are represented by the basic 
elements: pores and throats, which makes it possible to perform the 
global flow simulation via one solver. We extend the network simulator 

Fig. 3. A large-scale pore pLPP,i of radius rLPP,i is connected to j pores by j 
throats. The radius of jth throat is rLPT,ij. Every throat occupies part of surface 
(spherical crown) of pore pLPP,i. 

Fig. 4. The connections of small-scale pores (green) to large-scale pores (blue) 
and fracture pores (red) via the added throats (black). Small-scale pores within 
the bule shadow of thickness d̃t are possible to be connected with the central 
large-scale pore. Each small-scale pore within the red shadow of thickness d̃t is 
connected to the nearest fracture pore. 
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developed by the professor Martin Blunt’s group at Imperial College to 
simulate drainage in the NETmulti(Blunt et al., 2002; Valvatne and Blunt, 
2004). Each iteration step of the network simulator includes two 
sub-steps: the displacement process and the flow flux solving process. 
The displacement process is based on the quasi-static model, that is, the 
flow velocity is assumed to be small enough so that the viscous force is 
negligible and the capillary force is control force. For more details of the 
displacement process, one can refer to the work of Valvatne and Blunt 
(2004). After the displacement process, all phase interfaces are updated 
at the boundaries between pores and throats. Therefore, it is possible to 
easily count the respective volumes of oil and water in all of pores and 
throats. The water saturation Sw is calculated as the ratio of water vol-
ume to the total volume of the NETmulti. Flow flux of a phase f can be 
solved by imposing the mass conservation equation at every pore, which 
is described as: 

∑n

j=1
qf ,ij= 0 (9)  

where n is the number of throats connected to the pore i, qf,ij is the flow 
flux of phase f in the throat ij connecting pore i and pore j. qf,ij can be 
written as: 

qf ,ij = gf ,ij
(
Pf ,i − Pf ,j

)
(10)  

where Pf,i and Pf,j are the pressure of phase f in pore i and pore j, 
respectively; gf,ij is the hydraulic conductivity of phase f in throat ij. 
NETmulti contains large-scale pores and throats and small-scale pores and 
throats as well as fracture pores and throats. For the large-scale pores 
and throats, because its size is much larger than liquid slip length, the 
Knudsen number is small and the liquid slip effect can generally be 
ignored. gf,ij is written as (Valvatne and Blunt, 2004): 

gf ,ij =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0.6A2
ijGij

μf lij
0 < Gij ≤ 0.0481

0.5623A2
ijGij

μf lij
0.0481 < Gij ≤ 0.0625

0.5A2
ijGij

μf lij
0.0625 < Gij ≤ 0.0796

(11)  

where Aij and lij are the cross sectional area and length of throat ij, 
respectively; Gij is the shape factor of cross section of throat ij, 0 < Gij ≤

0.0481 represents the cross section is triangular in shape, 0.0481 < Gij ≤

0.0625 represents the cross section is quadrilateral in shape, 0.0625 <
Gij ≤ 0.0796 represents the cross section is circular in shape; μf is the 
viscosity of phase f. 

For the small-scale pores and throats, since the liquid slip length is 
comparable to its size, the Knudsen number is large and the liquid slip 
effect must be considered in gf,ij as (Afsharpoor and Javadpour, 2016; Ji 
et al., 2021):  

where Ldij is the dimensionless slip length of liquid flow in throat ij, 
calculated by Ldij = Lsij /

̅̅̅̅̅̅
Aij

√
, Lsij is the physical slip length of liquid 

flow in throat ij. 

For the fracture pores and throats, gf,ij is adjusted as (Pruess and 
Tsang, 1990; Ebrahimi et al., 2014; Jiang et al., 2017a): 

gf ,ij =
wF,ijh3

F,ij

12μf lF,ij
(13)  

where wF,ij, hF,ij, and lF,ij are the width, equivalent aperture, and length of 
fracture throat tLFT,ij connecting two fracture pores pLFP,i and pLFP,j, 
respectively. 

The linear equations of mass conservation of all the pores in the 
NETmulti can be obtained by formulas (9)~(13). Then, the linear equa-
tion system is solved using Gauss-Seidel method to obtain the conver-
gent stable pressure field, according to the pressure boundary conditions 
(the inlet pressure Pin,t of NETmulti and the outlet pressure Pout of NETmulti) 
in the current iteration step of drainage calculation. The subscript t of 
Pin,t represents the current iteration step is the t-th iteration step in 
drainage computation. 

The total flow flux Qf,in of phase f at the inlet interface of NETmulti is 
obtained by calculating the flow flux of each inlet pore in NETmulti: 

Qf ,in =
∑nib

k=1
Qf ,k =

∑nib

k=1

∑m

j=1
gf ,kj

(
Pf ,k − Pf ,j

)
(14)  

where nib is the number of inlet pores of NETmulti; Qf,k is the flow flux of 
phase f in the inlet pore k; m is the number of throats connected to the 
inlet pore k; Pf,k and Pf,j are the pressure of pore k and pore j in the stable 
pressure filed, respectively. Similarly, the total flow flux Qf,out of phase f 
at the outlet interface of NETmulti can be calculated. The absolute 
permeability Kmf of phase fat the t-th iteration step of drainage simula-
tion can be calculated as: 

Kmf =
μfQf L

A
(
Pin,t − Pout

) (15)  

where Qf = (Qf ,in + Qf ,out) /2; L is the vertical distance between the inlet 
interface and the outlet interface of NETmulti; A is the area of the inlet 
interface of NETmulti. Through the above computation process, the ab-
solute permeability Ksf of phase f under the single-phase flow can be 
calculated based on the same pressure boundary conditions. The relative 
permeability Krf of phase f at the t-th iteration step of drainage simula-
tion is calculated by: 

Krf =
Kmf
Ksf

(16) 

In addition, the capillary pressure Pc at the t-th iteration step of 
drainage simulation is calculated by: 

Pc = Pin,t − Pout (17) 

Throughout the drainage simulation, we slowly increase the inlet 
pressure and keep the outlet pressure constant. Each pressure point 
corresponds to an iteration step, in which the displacement process and 

the flow flux solving process are performed. Finally, the water 
saturation-capillary pressure curve and water saturation-relative 
permeability curve can be obtained. 

gf ,ij =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(
− 0.012 + 0.057Ldij + 2Gij − 0.0052Ld2

ij − 38G2
ij + 3.2LdijGij

)
A2
ij

μf lij
Gij < 0.04

(
− 0.16 + 0.16Ldij + 6.4Gij − 0.0055Ld2

ij − 50G2
ij + 1.7LdijGij

)
A2
ij

μf lij
Gij ≥ 0.04

(12)   
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3. Results and discussion 

To provide an insight into the multiscale pore-fracture hybrid pore 
network model and assess the model quality, two reservoir tight car-
bonate rocks from Ordovician formation in China, denoted as Ordos 
tight carbonate and Tarim tight carbonate, are used to generate multi-
scale hybrid pore networks. 

3.1. Ordos tight carbonate 

3.1.1. Pore-fracture hybrid pore network 
The μCT image of the Ordos tight carbonate rock, along with its 

extracted pore-fracture hybrid pore network, is shown in Fig. 6. The 
voxel numbers of the μCT image are 1008 × 1008 × 1008, and the voxel 
size is 13.98 μm. The white and gray are matrix, which is mainly 
composed of quartz and clay minerals. The black represents voids, which 
comprise pore spaces and two fractures. In the extracted pore-fracture 
hybrid pore network, two curved fractures (red) are clearly revealed. 
The major properties, including absolute permeability, of the hybrid 
pore network are shown in Table 1. We note that the numbers of fracture 
pores and fracture throats are greater than those of large-scale pores and 
large-scale throats because fractures are represented by the dense pore 
networks. As the entire void space in μCT image has no overall con-
nectivity in X- and Y-directions, the extracted hybrid pore network is not 
percolating in these two directions. The hybrid pore network has large 
permeability (KzL) of 752.57mD in Z-direction due to the perforative 
fracture in this direction (the left fracture in Fig. 6a and b). In order to 
evaluate the hybrid pore network, the Z-direction permeability (KzLBM) 
of the corresponding binary image is directly calculated using the two- 
relaxation-time Lattice Boltzmann model (TRT-LBM) (Pan et al., 
2006), as shown in Table 1. The relative error between KzL and KzLBM is 
8.68%, which is reasonable. The possible reason for this result is that the 
simplification of pore-fracture connecting spaces, which results in more 
flow probability. The good agreement between KzL and KzLBM indicates 
that the pore-fracture hybrid pore network extracted by the improved 
AB-MS algorithm is equivalent to the actual pore-fracture spaces. This 
lays a good foundation for the multiscale hybrid pore network 
generation. 

Fig. 6. (a) The μCT image of the Ordos tight carbonate rock. The voxel numbers are 1008 × 1008 × 1008, and the voxel size is 13.98 μm. The white and gray indicate 
matrix, and the black indicates voids. (b) Pore-fracture hybrid pore network extracted from the voids. Fracture pores and fracture throats are shown in red, and large- 
scale pores and large-scale throats are shown in blue. 

Fig. 5. Workflow of the multiscale pore-fracture hybrid pore network 
construction. 
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3.1.2. Multiscale pore-fracture hybrid pore network 
The normalized coordination number distribution, pore shape factor 

distribution and throat shape factor distribution of large-scale pores and 
throats of the extracted hybrid pore network (see blue in Fig. 6b) is used 
for generating the small-scale stochastic pore network, as shown in 
Fig. 7a and b. It can be seen that the peak value and the average value of 
the coordination number distribution are 2 and 2.91, respectively. The 
peak values of the pore shape factor distribution and the throat shape 
factor distribution are about 0.0301 and 0.0413, indicating that the 
cross sections of large-scale pore spaces are mainly triangular in shape. 
Moreover, the distributions of pore radius and throat radius of small- 
scale stochastic pore network are assumed to be lognormal (see 
Fig. 7c) to study the effect of fS first. The small-scale mean pore radius 
and mean throat radius are assumed to be 1 μm and 0.5 μm, respectively. 

As mentioned in Section 2.1.3.3, only three construction parameters 
in the NETmulti are uncertain and need to be adjusted, in which the first 
two construction parameters are determined under the constraint of 
experimental permeability. Here, the effects of the third construction 
parameter fS on the NETmulti and its single-phase and two-phase flow 
properties are investigated. 

Different fSs are considered and the corresponding multiscale hybrid 
pore networks are constructed. Some properties of these networks are 
summarized in Table 2. As it can be seen, multiscale hybrid pore net-
works have higher average coordination number due to the presence of 
small-scale pores connected to adjacent large-scale pores and fracture 
pores. The average coordination numbers of the two multiscale hybrid 

pore networks with fS = 0.4 and fS = 0.6 are almost the same and did not 
increase with the increase of fS. To clarify this situation, Fig. 8a shows 
the detailed average coordination number-fS curve and Fig. 8b shows the 
coordination number distributions of three multiscale hybrid pore net-
works with fS = 0.4, fS = 0.5, and fS = 0.6. It can be seen that the average 
coordination number tends to become almost constant with the increase 
of fS, in this case about fS > 0.3. The coordination number distributions 
of the three fSs agree well (see Fig. 8b). It indicates that the proposed 
method can ensure the constructed network is correlated in terms of 
geometry and topology and will not endlessly connect small-scale pores 
to adjacent large-scale pores and fracture pores. Two multiscale hybrid 
pore networks with different fSs are visualized in Fig. 9. 

The absolute permeabilities of multiscale hybrid pore networks with 
different fSs are calculated in the X- Y- and Z-directions. The results are 
shown in Fig. 10. As can be seen, for the well-connected Z-direction of 
the extracted pore-fracture hybrid pore network, the integrated small- 
scale pore networks only enhance its permeability very little. The per-
forative fracture is the main flow channels in Z-direction (see Fig. 9). For 
the impermeable X- and Y-directions of the extracted pore-fracture 
hybrid pore network, the integrated small-scale pore networks signifi-
cantly enhance permeability because small-scale pores connect large- 
scale pores and fracture pores to form the main flow paths. In this sce-
nario, the permeability increases with the increase of fS, but it becomes 
almost constant when fS > 0.3 approximately. This effect of fS on X- and 
Y- permeability is virtually the same as its effect on the model 
connectivity. 

The drainage capillary-pressure saturation curves and relative per-
meabilities of multiscale hybrid pore networks with different fSs are also 
calculated in the X- Y- and Z-directions. Fig. 11 shows the capillary- 
pressure saturation curves. As can be seen, the residual water satura-
tion decreases as the fS increases, which can be due to the fact that the 
connections of small-scale pores with large-scale pores and fracture 
pores provide more escape routes for the trapped phase inside large- 
scale pore spaces. Another interesting observation is that the residual 
water saturation is almost constant for fS > 0.3. This is consistent with 
the earlier observations that the connectivity and the absolute 

Table 1 
Properties of hybrid pore network and the absolute permeability calculated from our hybrid pore network and Lattice-Boltzmann model, respectively.  

Property NLPP NLPT NLFP NLFT NLP NLT ACNL KzL (mD) KzLBM (mD) 
Value 8630 12,680 27,912 56,227 36,542 68,907 3.77 752.57 687.22 

NLPPand NLPT are the number of large-scale pores and large-scale throats, respectively. NLFP and NLFT are the numbers of fracture pores and fracture throats, 
respectively. NLP and NLT are the numbers of pores and throats in the hybrid pore network, respectively, NLP = NLPP + NLFP and NLT = NLPT + NLFT. ACNL is the average 
coordination number of the hybrid pore network. KzL and KzLBM are the absolute permeability in Z-direction, calculated from our hybrid pore network and Lattice- 
Boltzmann model, respectively. 

Fig. 7. Distributions of small-scale stochastic pore network parameters. The normalized (a) coordination number distribution and (b) shape factor distributions 
obtained from large-scale pores and throats of the extracted hybrid pore network (blue in Fig. 6b). (c) The distributions of pore radius and throat radius that are 
assumed to be lognormal with fixed mean values of 1 μm and 0.5 μm, respectively. 

Table 2 
Properties of multiscale hybrid pore networks constructed with various fS.  

fS 0.05 0.1 0.2 0.4 0.6 

NMP 38,312 40,083 43,623 50,705 57,783 
NMT 77,965 98,604 130,561 172,904 197,628 
ACNM 4.07 4.92 5.99 6.82 6.84 

NMPand NMT are the numbers of pores and throats in the multiscale hybrid pore 
network, respectively. ACNM is the average coordination number of the multi-
scale hybrid pore network. 
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permeability of the multiscale hybrid pore network hardly increases 
once fS > 0.3. The curves for different fSs show good agreement when the 
water saturation is relatively large. The curves for X- and Z-directions 
(see Fig. 11a and c) have two percolation plateaus, although the right 
percolation plateau exhibits a tilt due to the slight increase of capillary- 
pressure. While the curves for Y-direction have only one percolation 
plateau (see Fig. 11b). To provide more insight into the displacement 
processes and clarify the differences, three moments St1, St2, and St3 in 
the displacement processes are selected (see Fig. 11) and the corre-
sponding two-phase distributions are visualized in the network with fS 
= 0.4, as shown in Fig. 12. 

As can be seen from Fig. 12X-St1, the non-wetting phase (oil) 
invaded the right fracture and some pores adjacent to the fracture, 
resulting in the right percolation plateau in Fig. 11a. The non-wetting 
phase subsequently flowed through some paths between the two frac-
tures and invaded the left fracture (see Fig. 12X-St2), with the rapid 
increase in pressure. The pressure jump between X-St1 and X-St2 in 
Fig. 11a corresponds to this process. The left fracture and some pores 
around it are rapidly occupied by the non-wetting phase (see Fig. 12X- 
St3), resulting in the left percolation plateau in Fig. 11a. With the further 
increase in pressure, the small-scale pores not occupied by non-wetting 
phase (see Fig. 12X-St3) are also invaded, which corresponds to the 
pressure jump after X-St3 in Fig. 11a. The displacement in Y-direction is 

Fig. 8. (a) ACNM − fS curve, where ACNM is the average coordination number of the multiscale hybrid pore network. (b) The coordination number distributions of 
three multiscale hybrid pore networks with fS = 0.4, fS = 0.5, and fS = 0.6. 

Fig. 9. Multiscale hybrid pore networks with different fSs. (a) fS = 0.4, (b) fS = 0.6. Small-scale pores and small-scale throats are shown in green.  

Fig. 10. The effects of fS on absolute permeability of multiscale hybrid pore 
networks. KxM, KyM, and KzM are the absolute permeability in X-, Y-, and Z- 
directions, respectively. The unit of the left ordinate is μD and the unit of the 
right ordinate is mD. 
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Fig. 11. The drainage capillary-pressure saturation curves in (a) X-direction, (b) Y-direction, and (c) Z-direction of multiscale hybrid pore networks with different fSs. 
St1, St2, and St3 are the three moments in the displacement processes. 

Fig. 12. The two-phase distributions in the multiscale hybrid pore networks with fS = 0.4. X-St1, X-St2, and X-St3 are the three moments in the X-direction 
displacement (Fig. 11a). Y-St1, Y-St2, and Y-St3 are the three moments in the Y-direction displacement (Fig. 11b). Z-St1, Z-St2, and Z-St3 are the three moments in 
the Z-direction displacement (Fig. 11c). Wetting phase (water) is shown in yellow and non-wetting phase (oil) is shown in purple. 
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visualized in Fig. 12Y-St1, 12Y-St2, and 12Y-St3. Since the two fractures 
did not penetrate in Y-direction, the non-wetting phase first invaded 
some small-scale pores and throats (see Fig. 12Y-St1), with the rapid 
increase in pressure. The pressure jump between Y-St1 and Y-St2 in 
Fig. 11b corresponds to this process. Then, the two fractures were 
invaded by the non-wetting phase almost at the same time (see Fig. 12Y- 
St2 and Y-St3). Hence, the curves in Fig. 11b have only one larger 
percolation plateau. Fig. 12Z-St1, 12Z-St2, and 12Z-St3 show the 
displacement in Z-direction. Since the right fracture does not penetrate 
in this direction, the curves (see Fig. 11c) also have two percolation 
plateaus. It should be noted that the right fracture was invaded in two 
ways: the nonwetting phase from the left fracture and the nonwetting 
phase from the inlet (see Fig. 12Z-St2). 

Fig. 13 shows the relative permeability curves in X- and Y-directions. 
The effect of fS on the relative permeability is large. As can be seen from 
the subgraph in Fig. 13a, the relative permeability curves in X-direction 
show large variability when fS is little (0.1, 0.2, 0.3), but they converge 
to an almost constant curve at fS ≥ 0.4 (see Fig. 13a). The relative 
permeability curves in Y-direction settle to a constant curve at fS ≥ 0.3 
(see Fig. 13b). The small variability between convergent curves may be 
related to the fact that the flow paths become more tortuous with the 
increase of small-scale pores. 

Fig. 14 shows the relative permeability curves in Z-direction. The 
effect of fS on the relative permeability is little because the perforative 
fracture in Z-direction provides the main flow path (see Fig. 12Z-St1). 
Although the processes of water saturation change in the X- Y- and Z- 
directions are similar (see Fig. 11), the water relative permeability in Z- 
direction rapidly decreases to the minimum and the oil relative 
permeability rapidly increases to the maximum due to the fluid chan-
neling in the perforative fracture. The isotonic point of relative perme-
ability shifts to the higher saturations (see Fig. 14). According to the 
results of absolute permeability (Fig. 10) and relative permeability 
(Fig. 13 and Fig. 14) in the three directions, it can be seen that there is a 
significant difference between the flow along the perforative fracture 
direction and the flow along other directions, which is one of the main 
feature of the heterogeneity of tight carbonate rocks. 

The constructed multiscale hybrid pore network generally tends to 
have stable single-phase and two-phase flow results as well as robustness 
when fS ≥ 0.4. It means that these small-scale pore networks are suffi-
cient to represent the properties of micropores. Moreover, a larger fS will 
introduce excessive elements and lead to expensive computational de-
mands, while a smaller fS will result in inaccurate results without 
representativeness. Therefore, we set fS = 0.4 to construct the NETmulti 
for taking into account both the calculation accuracy and the calculation 
efficiency in the study. Note that fS = 0.4 is only used for this study, 
because the analysis of fS is intended to be illustrative and provide more 
insight of the method rather than concluding the unique solution of fS for 
various tight carbonates. 

The experimental permeability of the Ordos tight carbonate rock in 
the Y-direction is 298.18μD. The distributions of pore radius and throat 
radius of small-scale stochastic pore network are re-determined under 
the constraint of experimental permeability, as shown in Fig. 15a. The 
distributions are lognormal. The small-scale mean pore radius and mean 
throat radius are 2 μm and 1 μm, which are larger than the earlier as-
sumptions (see Fig. 7c). The calculated absolute permeability of multi-
scale hybrid pore network in Y-direction is 315.94μD, and the relative 
error between this result and the experimental data is 5.39%. Small 
changes of the small-scale radius distributions have a great influence on 
the permeability: jumping from 112.87μD (see Fig. 10) to 315.94μD. 
This is related to the fact that the connections of small-scale pores with 
large-scale pores and fracture pores provide the main flow paths. The 
calculated drainage capillary-pressure saturation curve is shown in 
Fig. 15b. The capillary-pressure saturation curve of fS = 0.4 in Fig. 11b is 

Fig. 13. The relative permeability curves in (a) X-direction and (b) Y-direction of multiscale hybrid pore networks with different fSs.  

Fig. 14. The relative permeability curves in Z-direction of multiscale hybrid 
pore networks with different fSs. 
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shown again in Fig. 15b for comparison. As expected, the pressure of 
percolation plateau of the constrained curve is lower. Fig. 15c shows the 
calculated drainage relative permeability curve and the unconstrained 
relative permeability curve of fS = 0.4 (see Fig. 13b). As can be seen, the 
water relative permeability curve shifts down and the non-wetting phase 
(oil) relative permeability curve shifts up, as well as the isotonic point of 
relative permeability moves right to larger saturation, indicating that 
the displacement is more favorable. Since there is only experimental 
permeability in Y direction, we only discuss them in Y direction here. It 
is not possible to implement a direct comparison between the experi-
mental results and the two-phase flow calculated results after con-
strained, but the work is currently in progress. The major contribution of 
this study is the multiscale pore-fracture hybrid pore network modeling 
method. Moreover, the drainage simulations in NETmulti were performed 
on a personal computer and the computational time was 3minutes, 
29seconds, which was quite short for this tight carbonate with 
14.093mm3 sizes and multiscale pores-fractures. The presented model 
reduced the computational memory and improved the computational 
efficiency significantly and showed the potential for processing rela-
tively large size tight carbonates on a personal computer. 

3.2. Tarim tight carbonate 

For this reservoir tight carbonate rock from Tarim Basin, we perform 
μCT experiment to acquire the scanning image, as shown in Fig. 16a. The 

resolution of the μCT experiment is also 13.98 μm. The voxel numbers of 
the μCT image are 722 × 1168 × 1139. The extracted pore-fracture 
hybrid pore network is shown in Fig. 16b. As can be seen, an irregular 
curved fracture (red) is clearly revealed. The basic properties of the 
extracted pore-fracture hybrid network are summarized in Table 3. The 
hybrid pore network is not percolating in Z-direction because the entire 
void space in μCT image has no global connected paths in this direction. 

The normalized coordination number distribution, pore shape factor 
distribution and throat shape factor distribution of large-scale pores and 
throats of the extracted hybrid pore network (see blue in Fig. 16b) are 
obtained to generate small-scale stochastic pore network, as shown in 
Fig. 17a and b. As can be seen, the pore shape factor and throat shape 
factor are mostly less than 0.0481, indicating that their cross sectional 
shape is mainly triangle. The mean value of the coordination number 
distribution is 2.66. Then, the experimental permeability of the Tarim 
tight carbonate rock in the Z-direction is 739.33μD. The distributions of 
pore radius and throat radius of small-scale stochastic pore network are 
set to lognormal and determined under the constraint of experimental 
permeability, as shown in Fig. 17c. The small-scale mean pore radius 
and mean throat radius are 2 μm and 1 μm, respectively. The absolute 
permeability of multiscale hybrid pore network in Z-direction is calcu-
lated as 767.79μD, and the relative error between this result and the 
experimental result is 3.71%. The multiscale hybrid pore network is 
visualized in Fig. 16c, and major properties of the network are shown in 
Table 4. As can be seen, the absolute permeability of the multiscale 

Fig. 15. (a) The distributions of pore radius and throat radius of small-scale stochastic pore network that are determined under the constraint of experimental 
permeability. The capillary-pressure saturation curves (b) and relative permeability curves (c). The unconstrained capillary-pressure saturation curve is obtained 
from Fig. 11b at fS = 0.4. The unconstrained relative permeability curve is obtained from Fig. 13b at fS = 0.4. 

Fig. 16. (a) The μCT image of Tarim tight carbonate. The voxel numbers are 722 × 1168 × 1139, and the voxel size is 13.98 μm. (b) Pore-fracture hybrid pore 
network extracted from the void spaces of (a) μCT image. (c) Multiscale hybrid pore network with fS = 0.4. 
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hybrid pore network in X- and Y- directions is almost the same as that of 
the pore-fracture hybrid pore network in the two directions (see 
Table 3), which is consistent with the earlier observation and Jiang 
et al.’ study that the integrated small-scale pore network only leads to a 
very small increase in absolute permeability of the well-connected di-
rection of the extracted large-scale network. 

Fig. 18 shows the capillary-pressure saturation curve result simu-
lated in the multiscale hybrid pore network and the mercury injection 
capillary pressure (MICP) experiment result of the Tarim tight carbonate 
rock. As can be seen, the simulated capillary-pressure saturation curve 

matches the experimental result well, though some of the detailed 
capillary-pressure behavior is not captured by the multiscale hybrid 
pore network. The simulated curve is slightly higher than the experi-
mental result when the air saturation is low. The possible reason for this 
phenomenon is that the connectivity of small-scale pores is poorer than 
that of the actual micropores due to the strict space constraints on the 
small-scale throats, which makes mercury more difficult to enter. 
Moreover, the percolation plateau of the simulated curve exhibits a 
certain tilt because the fracture is small and does not dominate in the 
whole system. 

4. Conclusions and outlook 

In this study, a novel method is proposed to construct the multiscale 
pore-fracture hybrid pore network model for drainage in tight carbonate 
rocks. This model consists of nanometer pores, micron pores and frac-
tures, and includes the flow characteristics in them. Firstly, considering 
the different flow characteristics in pore spaces and fractures, pores and 
fractures in a low-resolution μCT image are extracted by medial axis- 
maximal ball algorithm and medial surface algorithm, respectively, to 
generate a pore-fracture hybrid pore network. Subsequently, a statistics- 
based small-scale stochastic pore network is established in the μCT 
image solid domains to represent the micropores unresolved by the 
image. Then, the two pore networks are organically integrated into a 
multiscale hybrid pore network by the added small-scale throats under 
the constraint of experimental permeability. We extract a pore-fracture 
hybrid pore network from the μCT image of an Ordos tight carbonate 
rock and calculate the absolute permeability in the permeable Z-direc-
tion. The result is compared with that calculated by LBM. The relative 
error between them is 8.68% indicating that the pore-fracture hybrid 
pore network extracted by the developed AB-MS algorithm is physically 
realistic. The effects of the only uncertain construction parameters fS on 
connectivity, single-phase and two-phase flow properties are further 
investigated. The multiscale hybrid pore network is robust and its co-
ordination number distribution, absolute permeability and relative 
permeability curve tend to be convergent, when fS ≥ 0.4. These intro-
duced small-scale pore networks are sufficient to represent the proper-
ties of micropores. Our proposed method can ensure the multiscale 
hybrid pore network is geometrically and topologically relevant besides 
will not endlessly connect small-scale pores to adjacent large-scale pores 

Table 3 
Properties of the pore-fracture hybrid pore network.  

Property NLPP NLPT NLFP NLFT NLP NLT ACNL KxL (mD) KyL (mD) 
Value 23,132 30,826 13,386 26,838 36,518 57,664 3.16 1867.71 15.58 

KxL and KyL are the absolute permeability of the pore-fracture hybrid pore network in X- and Y-directions. 

Fig. 17. Distributions of small-scale stochastic pore network parameters. The normalized (a) coordination number distribution and (b) shape factor distributions 
obtained from large-scale pores and throats of the extracted pore-fracture hybrid pore network (bule in Fig. 16b). (c) The distributions of pore radius and throat 
radius that are set to be lognormal and determined under the constraint of experimental permeability. 

Table 4 
Properties of multiscale hybrid pore network with fS = 0.4.  

Property NMP NMT ACNM KxM (mD) KyM (mD) KzM (μD) 
Value 50,042 172,394 6.89 1867.84 15.72 767.79 

KxM, KyM and KzM are the absolute permeability of the multiscale hybrid pore 
network in X- Y- and Z-directions. 

Fig. 18. Capillary-pressure saturation curve simulated in the multiscale hybrid 
pore network versus capillary-pressure saturation curve acquired by the mer-
cury injection capillary pressure (MICP) experiment. 
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and fracture pores. The effects of fractures on two-phase flow are also 
investigated. Incorporating fractures and micropores in the drainage 
model is important. Furthermore, we construct a multiscale pore- 
fracture hybrid pore network for a Tarim tight carbonate rock and 
calculate the capillary-pressure saturation curve. The multiscale hybrid 
pore network model is validated by comparing the calculated result with 
the mercury injection capillary pressure experiment data. The calculated 
capillary-pressure saturation curve matches the experimental data well. 

It can be concluded that the proposed method can accurately, effi-
ciently, conveniently construct multiscale pore-fracture hybrid pore 
network of tight carbonate rock for evaluating the drainage character-
istics. The presented method is compatible with various sources of 
micropore parameters. We use some parameters (tortuosity, coordina-
tion number distribution, shape factor distribution) of large-scale pores 
and throats to represent the micropores, which is convenient and eco-
nomic but may be somewhat sketchy for some applications. In future 
studies researchers can adopt our method and combine various sources 
of micropore parameters to further extend it as needed Eqs. (2), ((9)– 
(17)). 
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