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Abstract

:

Permeability is usually considered to be related to porosity. However, rocks with the same porosity may have different permeabilities in some cases, because of the variations in pore and throat size and pore space connectivity. It is vitally important to understand the effect of throat size on the transport property. In this work, five sets of regular pore network models and six core-based models are employed to study the effect of throat size on permeability. Four kinds of random distributions, i.e., uniform, normal, Weibull, and log normal, are utilized to generate random pore size. Pore coordination number is set to be two and six for the verification of the effect of connectivity on permeability. Then, single-phase flow simulation is conducted based on the constructed pore network models. The simulation results show that permeability decreases significantly when only one of the nine throats reduces to half size in terms of diameter. The influence of pore coordination number on permeability is not obvious compared to that of small throat size. This study indicates that small throats play an extremely important role in determining permeability.
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1. Introduction


Micro-structure characterization of reservoir rock is the foundation in both basic flow mechanism studies and industrial applications. As emphasized by Torquato and Lu [1], the purpose of micro-structure characterization is to ascertain what is the essential morphological information, quantify it either theoretically or experimentally, and then employ the information to estimate the desired macroscopic properties of the heterogeneous materials. The well-known Kozeny–Carman (KC) equation is such a classical example of predicting permeability by finding the relationship between macroscopic property and microscopic morphological information [2]:


  K =    ϕ 3   D p 2    c   ( 1 − ϕ )  2     



(1)




where K is permeability, ϕ is porosity, Dp is average diameter of sand grains, c is the proportionality and unity factor. The equation holds for fluid flowing through packed beds with particle Reynolds numbers up to approximately 1.0. The KC equation is widely applied in permeability predictions.



However, it is not sufficient to characterize pore structure only using Dp, especially for tight sandstone, shale, and carbonate reservoirs, in which the pore size may vary from nanometers to larger than micrometers, and the variation of permeability is up to two or three orders of magnitude. For example, Purcell [3] showed that, in different sandstone samples, porosity varies from 16% to 25%, while permeability varies from 23 mD to 1150 mD. Nelson [4] found that each order of magnitude of change in throat size corresponds approximately to two orders of magnitude of change in permeability. Lai et al. [5] reported that some sandstones are with approximately equal porosity, but permeability varies from 0.01 mD to 10 mD. Apparently, it is nearly impossible to accurately predict permeability by only one single theoretical equation, e.g., KC equation, even though many corrections are developed based on the original form [6,7,8]. In spite of this, the KC equation is still the most commonly used for permeability perdition because there are no better theoretical approaches.



Due to the development of computer hardware and various numerical simulation methods, it is practical to systematically investigate the effect of pore structure on permeability by numerical approaches. Golparvar et al. [9] presented a comprehensive review for various pore scale modeling methods, among which pore network model (PNM) is one of the easy-implemented choices for the study of fluid motion and transport. Up to date, PNM has been widely used in reactive transport [10], gas diffusion layer [11], and shale oil flow modeling [12]. The general idea of PNM is a mapping from the complex pore space continuum onto a regular or irregular lattice of sites and bonds [13]. The most remarkable advantage of PNM is the lower computational cost, which makes it possible to perform large scale modeling and repeated simulations. Fatt [14] designed four kinds of 2D networks with different coordinate numbers to simulate the displacement process through sandstone. Chatzis and Dullien [15] developed Fatt’s PNM to 3D and simulated mercury intrusion in sandstones. Dong and Blunt [16] modified the maximal ball algorithm for PNM extraction from core samples, which is a common way for PNM extraction. Han [17] applied the shortest path algorithm in PNM to identify dominating flow paths in single-phase flow. Mahanta et al. [18] investigated PNM attributes in high-temperature heat-treated sandstones. Foroozesh et al. [19] studied stress-dependent fluid dynamics in shales using PNM. Mehmani et al. [20] summarized the development of PNM in the past 60 years, from which we found that PNM is commonly applied to study complex pore structures, e.g., extracting PNM from core samples or constructing stochastic PNM with specific porosity and pore coordination number (PCN). Only a few studies paid attention to the effect of small throat size on permeability. Generally, it is known that rocks with larger pore and throat size have larger permeability and lower pressure loss.



OpenPNM is an open source software package issued by Porous Materials Engineering and Analysis Lab at the University of Waterloo [21]. It supplies a framework for simulating single- and multi-phase transport process in porous materials. Many scholars have conducted their studies with OpenPNM. Tranter et al. [22] used OpenPNM to model water invasion and multiphase transport in compressed fuel cells. Schalenbach et al. [23] investigated the mechanism of gas permeability variation in nafion using OpenPNM. The above simulations agree well with experimental data. Yang et al. [12] performed pore-scale shale oil simulation using OpenPNM considering the effect of slippage and adsorption. Esteves et al. [24] implemented OpenPNM to study the geometry variation during dissolution process in carbonate rock. The above studies show the low computational-cost advantage of OpenPNM. In this study, OpenPNM is used to analyze the effect of small throat size on permeability by constructing PNM with different pore and throat sizes, pore coordination numbers, and porosity.




2. Methods and Models


2.1. Permeability Calculation


PNM method discretizes continuous pressure distribution onto pore locations. Then, the problem of flowing through porous media is transformed to the problem of flowing through connected pores and throats. The pressure at both ends of the throat are required for the calculation of flow rate. Based on the laminar flow equation, the mass conservation equation for each pore is expressed as:


   q i  =   ∑  j = 1  n    g  i j   (  P j  −  P i  )   = 0  



(2)




where qi is the net flow rate through pore i (positive value means fluid flows into pore i, negative value means fluid flows out of pore i), i denotes a certain pore, j denotes all the pores neighboring to pore i, n is the coordination number of pore i, Pi is the pressure at pore i, Pj is the pressure at each neighboring pore. For each pore, when the final steady state is achieved, the inlet and outlet flow rates are equal, which makes qi equal to 0, except for the inlet pores and outlet pores. gij is hydraulic conductivity for a conduit or a “half pore-throat-half pore” unit. Its value is determined as follows:


   1   g  i j     =  1   g i    +  1   g  t , i j     +  1   g j     



(3)




where gi, gj, and gt,ij are hydraulic conductivities for pore i, pore j, and the throat connecting pores i and j, respectively. For each part of the conduit, the hydraulic conductivity is calculated by:


  g =    A 2    8 π μ L    



(4)




where A is cross-section area, μ is fluid viscosity, L is conduit length. For a pore, A equals to its largest cross-section area, and L equals to its radius approximately. For a throat, A equals to its cross-section area, and L equals to its length approximately. Figure 1 shows an example of a conduit. It should be noted that throat usually contributes to most parts of the hydraulic resistance for each conduit due to its smaller diameters.



Equation (2) only considers the situation of one pore and its connected pores. To extend it to the whole PNM, we obtain:


  Q =   ∑  i = 1  N    q i    =   ∑  i = 1  N     ∑  j = 1  n    g  i j   (  P j  −  P i  )     = 0  



(5)




where Q denotes the total flow rate through the whole PNM, i denotes the index of all pores in the PNM. Considering all the pores in the PNM, the total flow rate at inlet pores equals to that at outlet pores (absolute values) at the final steady state. Solving Equation (5), the pressure distribution within all pores is obtained. Then the flow rate at inlet pores (Qin) and permeability (K) are calculated as follows:


     Q  i n   =   ∑  i = 1    N  i n       q i    =   ∑  i = 1    N  i n        ∑  j = 1  n    g  i j   (  P j  −  P i  )         K =    Q  i n   μ  L s    S Δ P      



(6)




where Nin denotes the index of the inlet pores, S is the flow cross-section area of the PNM, Ls is the vertical distance from inlet plane to outlet plane, ΔP is the applied pressure difference at two ends.




2.2. Model Construction


Five sets of PNM are designed according to the pore number (PN), throat number (TN), pore diameter (PD), throat diameter (TD), and PCN. Table 1 summarizes the information for the five model sets. Except for model set 5, all other PNM consist of 1000 pores, as a 10−3 × 10−3 × 10−3 m3 cubic network. TN is 900 for unidirectional PNM (model sets 1 and 3) and 2700 for fully connected PNM (model sets 2 and 4). For all the PNM, TD should be less than, or at most equal to the diameter of its connected pores.



Model set 1 includes two blank control PNM and another 85 experimental PNM with various combinations of pore and throat diameters representing flow channels with different size. Figure 2a shows a unidirectional PNM belonging to model set 1, in which all pore diameters equal to 5.0 × 10−5 m, diameters of 300 throats equal to 2.5 × 10−5 m, and diameters of 600 throats equal to 5.0 × 10−5 m. Model set 2 consists of fully connected PNM, including two blank controls and another four experimental PNM, in which pore and throat diameters are set as 5.0 × 10−5 m or 2.5 × 10−5 m.



In model set 3, pore diameters are randomly generated according to 4 probability density functions (PDF), including uniform distribution, normal distribution, Weibull distribution, and log normal distribution. Figure 3 shows the four PDFs, among which Weibull and log normal distribution are two kinds of right-skewed distributions. Throat diameter is determined based on the diameters of its connected pores in three ways: min, mean, and max. “min” means that throat diameter is calculated as the minimum of diameters of its connected pores and “mean” and “max” means average and maximum, respectively. PCN is the same as model set 1. Besides, two pore diameter ranges are used for PNM design: 2.5 × 10−5 m–5.0 × 10−5 m and 1.0 × 10−6 m–1.0 × 10−4 m. Combining four pore diameter generation schemes, three throat diameter generation schemes, and two pore diameter ranges, 24 basic PNM are obtained. In order to exclude chance factors embedded in the random pore diameter generation process, 100 repeated constructions are performed for each basic PNM. As a result, 2400 PNM are constructed. In model set 4, all the settings are the same as model set 3, except that PCN of model set 4 is 6. Figure 2b shows a random fully connected PNM in model set 4, in which pore diameters range from 1.0 × 10−6 m to 1.0 × 10−4 m.



In model set 5, six PNM are extracted from core samples, whose topological structures and pore and throat diameters are immutable. Figure 2c shows a PNM extracted from a Berea sandstone core sample, from which readers could find the complex structure in real rocks. This makes it nearly impossible to perform a precise control experiment only using core samples. That is the reason why all the above regular models are designed. More information about core sample PNM is shown in Section 3.5.




2.3. Simulation Scheme


In the simulation procedure, OpenPNM is used to: (1) construct PNM with varying pore and throat sizes, pore coordination numbers, and porosity; (2) import PNM extracted from X-ray computerized tomography (CT); (3) simulate single-phase incompressible laminar flow through the constructed PNM for the comparison of permeability and the evaluation of throat size effects.



The fluid used in the simulation is the built-in water in OpenPNM, which could be treated as single phase incompressible laminar flow. In model sets 1 to 4, the pressure is applied in z-axis. In model set 5, the pressure is applied in x-axis. The inlet and outlet pressures are 20,000 Pa and 10,000 Pa, respectively, for all the five model sets. Model set 1 is employed to calculate permeability for different combinations of pore and throat diameters. Then, the relationship between permeability and number of small throats is acquired. Model set 2 is employed to calculate permeability and inlet flow rate distribution for the effect of connectivity. In model sets 3 and 4, simulation is performed on the 4800 random PNM to obtain the distributions of porosity and permeability. Porosity is also fixed within the range of 10–15% to study the effect of pore size distribution (PSD) on permeability. In model set 5, flow simulation is performed on core-sample PNM. Permeability is then calculated and compared to experimental results.





3. Results and Discussion


3.1. Blank Control Group


As mentioned in Section 2.3, the blank control group consists of four PNM. Pressure distribution, inlet flow rate, and permeability are obtained from the simulation results. It should be noted that half of each boundary pore is not considered for the calculation of pressure distribution because of the boundary effects, which means that the actual flow domain length is 9 × 10−4 m. Figure 4a shows the cross-section view of the two unidirectional control PNM. Figure 4b shows the pressure distribution within the four PNM.



Though pore and throat diameters and pore coordination numbers are distinct among the four blank control PNM, they show the same pressure distribution (Figure 4b). That is because the constant pore and throat size doesn’t produce extra resistance for fluid. As a result, the four situations all lead to linear pressure drop along the flow direction. From Table 2, it could be found that inlet flow rate and permeability are identical for PNM with the same pore and throat diameters, but are irrelevant to PCN, which seems impossible. But if readers recall that the simulation only presents the final steady-state condition, the result is reasonable. Besides, the simulation results are also compared to theoretical results calculated by the Hagen–Poiseuille equation, which shows the validity of the PNM method. One thing that should be noted is that the simulation result is always larger than the theoretical one, though the relative error is less than one thousandth.




3.2. The Effect of Small Throats


In model set 1, flow simulations are conducted on the 85 unidirectional PNM. The results show variations of permeability and pressure distribution according to the configuration of small (large) pores and throats (shown in Figure 5).



Figure 5a shows that permeability decreases by nearly 65% when reducing the diameter of one throat to half, and permeability decreases by nearly 90% when reducing the diameter of five throats to half. However, the reverse operation (doubling the diameter of one throat) has no obvious effect on the improvement of the three flow properties. When doubling the diameter of four throats, permeability doubles. The above results reveal the restrictive effect of small throats on permeability, while the existence of a large throat surrounded by other small throats seems useless for the improvement of K. Figure 5b shows the effect of throat size on the pressure distribution along a single flow channel, in which the first small throat takes up nearly 60% of the total pressure loss of the whole channel. Four small throats take up nearly 90% of the total pressure loss. Then, if all throats are equally small, the pressure is uniformly distributed along the channel again. However, one large throat surrounded by small ones takes only 0.8% of the total pressure loss, and eight large throats take up only 38% of the pressure loss. Figure 5c presents the pressure distribution within PNM shown in Figure 2a, which shows pressure decreases obviously when flowing through the small throats. As a contrast, Figure 5d illustrates the pressure distribution within PNM contrary to Figure 2a, which shows there is less pressure loss when flowing through large throats. All the above results confirm the restrictive effect of small throats on permeability. Besides, simulation results show that the position of small (large) throats have slight influence on permeability (see max and min values in Figure 5a,b), but it could be negligible compared to the effect of small (large) throat numbers.




3.3. The Effect of Connectivity


Intuitively, the increase of connectivity leads to increasing probability of forming highly conductive flow channels, which is the reason why better connectivity results in favorable permeability. Figure 6 presents a comparison of the pressure distribution difference among three PNM. In Figure 6a, the pressure distributes only in z-axis direction. Pressure difference vertical to z-axis is meaningless because no fluid motion happens in xy-plane. Figure 7a presents distributions of inlet flow rate for PNM shown in Figure 6a, in which two distinct areas with different inlet flow rate formed according to inlet pores’ location. In Figure 6b, newly formed throats vertical to the z-axis produce effective pressure difference in all three directions, leading to more complex flow process and pressure distribution. In this case, local fluid motion in channels vertical to the z-axis may occur. As a result, the two distinct areas are replaced by a transition zone from max inlet flow rate to min inlet flow rate. Then, comparing inlet flow rate in the two PNM (Figure 7a,b), it could be found that max Inlet flow rate in Figure 7a is larger than that in Figure 7b, and the min inlet flow rate in Figure 7a is smaller than that in Figure 7b. Considering the concept of heterogeneity, it seems that the newly formed vertical-to-z-axis throats reduce the heterogeneity of PNM in Figure 6a. It should be noted that in this situation, when connectivity improves, porosity also becomes larger (from 18.18% to 49.48%), while permeability only changes from 1.02 × 10−11 m2 to 1.09 × 10−11 m2, no more than 10% improvement. PNM in Figure 6c is contrary to that in Figure 6b in terms of pore and throat size, and inlet flow rate distributions of the two PNM seem similar. However, considering the scale of color bars, readers could find that inlet flow rate of Figure 7c decreases to nearly 10% of that in Figure 7b, which is because there are more small throats in Figure 6c. According to the simulation results, it is found that connectivity has little effect on permeability, which is counter intuitive. One reason for this phenomenon is that the unidirectional PNM has already been well-connected, so any more extra improvement has no more obvious effect on permeability.




3.4. Randomly Generated PNM


According to the model design scheme in Section 2.2, there are 24 basic PNM in model set 3, which could be divided into two types. Type 1 includes 12 PNM, of which pore diameters are in the range of 2.5 × 10−5 m–5.0 × 10−5 m. Type 2 includes another 12 PNM, of which pore diameters are in the range of 1.0 × 10−6 m–1.0 × 10−4 m. Model set 4 also includes 24 basic PNM and could be divided into two types, same as model set 3. After that, the 48 basic PNM are divided into two types according to range of pore diameters. Besides, porosity of type 2 is limited in the range of 10–15% by adjusting PDF parameters. Then, 100 repeated constructions and simulations are performed on each basic PNM to acquire the distributions of porosity and permeability. After this operation, chance factors are excluded as far as possible. Figure 8 shows the distributions of porosity and permeability for type 1 models. In Figure 8a, porosity of unidirectional PNM varies from 5% to 15%, while porosity of fully connected PNM varies from 17% to 35%. The dispersion degree of porosity for fully connected PNM is larger than that for unidirectional PNM, of which the reason is that the increasing throat number (from 900 to 2700) leads to increasing uncertainty of throat diameters and locations. Log normal and Weibull distributions usually produce smaller pores than normal and uniform distribution, which is the reason why the porosity of log normal and Weibull distributions is smaller than that of normal and uniform distributions. Normal distribution produces porosity with the largest dispersion degree, according to the box length in the horizontal axis. In Figure 8b, permeability varies from 1 × 10−12 m2 to 1 × 10−11 m2, and it does not increase proportionally as porosity increases, though they have an obvious positive relationship. For uniform distribution, permeability of fully connected PNM is 20% larger than that of unidirectional PNM. For three other distribution cases, the differences of permeability between unidirectional PNM and fully connected PNM are not apparent, which implies that permeability depends more on PSD than PCN.



Permeability of type 1 models is the result of the synthetic effect of porosity, PSD and PCN, so it is difficult to distinguish the contribution of throat size. Then, in type 2 models, pore diameter range is larger than that in type 1. Parameters of the four PDFs are also adjustable for the control of porosity. The average, first quartile, and third quartile of porosity are fixed in the range of 10–15%. According to Figure 9a, this method is practicable. Equal porosity means that fully connected PNM should consist of smaller pores and throats compared to unidirectional PNM because the increasing throat number should be compensated by smaller throats for the conservation of ϕ.



In Figure 9b, permeability of log normal and Weibull distribution is generally smaller than that of normal and uniform distribution by 2 to 5 times. For the same pore and throat generation scheme, permeability of unidirectional PNM is larger than that of fully connected PNM by 2 to 10 times. For example, permeability decreases by nearly 4 times when PCN increases from 2 to 6 for uniform distribution PNM (u-mean and u-mean-f). In this case, increasing PCN leads to decreasing permeability, indicating that a large throat surpasses over a set of interconnected small throats in terms of flow capacity. PCN influences permeability by increasing the probability of finding a channel with high flow conductivity. The precondition of this probability is the existence of large pores and throats. In this sense, PSD is the fundamental factor affecting permeability. In type 2 models, it is the various pore diameter ranges that results in the different permeability.




3.5. PNM from Core Samples


PNM and flow simulation results of the six core samples are shown in Table 3, including the data type, resolution, PSD, porosity, permeability, etc. The six PNM are downloaded from Imperial College London [16], including two sandstones, two sandpacks, and two carbonates. Network sizes are 2–3 mm. The imported PNM should be trimmed before performing simulations to exclude disconnected clusters, isolated pores, and other useless elements.



After trimming, Berea sandstone has the largest pore and throat numbers. Sandpack F42A has the smallest pore and throat numbers. The two carbonates have the smallest PCNave, but the largest PCNmax, which shows their high heterogeneity. Sandpacks have the largest pore and throat diameter distributions. The same rock types have similar PSD features. Comparing the simulation and experimental results, it could be found that the extracted PNM produce precise microstructures of core samples in terms of porosity. Sandpacks have the largest porosity. Permeability simulation results deviate from reference values by less than 3 times. As a comparison, Yang et al. [25] performed a pore to pore validation of PNM against a micro-model experiment, in which the relative error of PNM to micro-model experiment varied from 15 to 60%. However, the amount of deviation did not disturb the evaluation of throat size effect on permeability because simulation and experimental results of the same rock type are in the same order of magnitude. Porosity of sandpacks is the largest, while that of carbonates is the smallest. According to the above analysis, it could be concluded that sandpacks have the largest porosity, PSD, and permeability, so it is hard to distinguish which factor contributes mostly to permeability for sandpacks. Sandstones and carbonates have similar porosity, but the PSD of carbonates is smaller than that of sandstones. And permeability of carbonates is smaller than that of sandstones. So, it may be reasonable to infer that small PSD limits carbonates’ permeability, which shows the restrictive effect of small throat size on permeability in core sample PNM.





4. Conclusions


In this study, five sets of PNM with varying porosity, PSD, and PCN were constructed. Single phase flow simulation was performed on the generated PNM. Simulation results revealed the restrictive effect of small throat size on permeability. Most of the pressure loss was concentrated in the small parts of a channel. Increasing PCN could improve the connectivity of PNM and reduce its heterogeneity. However, it is not very effective for the improvement of permeability. Permeability decreased with the increase of PCN, indicating that permeability depended more on throat size rather than PCN.



In addition, six PNM extracted from core samples were employed for the confirmation of the conclusions. The regular PNM generated in this study do not resemble structures in real rocks. This work may supply a guidance for porous structure design and permeability evaluation.
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Abbreviations




	
PSD

	
Pore size distribution




	
PDF

	
Probability density function




	
PCN

	
Pore coordination number




	
PNM

	
Pore network model




	
ϕ

	
Porosity ([−])




	
K

	
Permeability (m2)




	
c

	
KC constant ([−])




	
Dp

	
Average diameter of sand grains (m)




	
qi

	
Net flow rate through pore i (m3/s)




	
Pi

	
Pressure at pore i (Pa)




	
gij

	
Hydraulic conductivity for a conduit (m4·s/kg)




	
μ

	
Fluid viscosity (Pa·s)




	
A

	
Conduit cross-section area (m2)




	
L

	
Conduit length (m)




	
Q

	
Total flow rate through the whole PNM (m3/s)




	
Qin

	
Total net flow rate for all inlet pores (m3/s)




	
S

	
Flow cross-section area of the PNM (m2)




	
Ls

	
Distance from inlets to outlets (m)




	
ΔP

	
Applied pressure difference at two ends of PNM (Pa).




	
Note: [−]: This means c has no unit. It is just a constant number.
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Figure 1. A conduit. The conduit lengths of two pores are a little smaller than their radii (Re-produced from Mehrez Agnaou’s original work, for more information, ref to https://github.com/PMEAL/OpenPNM/issues/923 (accessed on 20 December 2021)). 
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Figure 2. Three examples of PNM and the pressure distribution. (a) Unidirectional throat PNM. Colors show pressure distribution along the flow path. ϕ is 12.62%, K is 4.00 × 10−12 m2. (b) Fully connected PNM. ϕ is 19.63%. Pore, K is 2.04 × 10−12 m2. (c) Berea sandstone core samples. ϕ is 19.55%, K is 2.60 × 10−12 m2. 
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Figure 3. PDFs and the generation of pore diameters. Blue histogram represents the distribution of randomly generated 1000 pore diameter values. 






Figure 3. PDFs and the generation of pore diameters. Blue histogram represents the distribution of randomly generated 1000 pore diameter values.



[image: Water 14 00077 g003]







[image: Water 14 00077 g004 550] 





Figure 4. Cross-section view and pressure distribution of the four blank control PNM. (a) cross-section view of the two unidirectional blank control PNM. Left: pore diameters are 2.5 × 10−5 m; right: pore diameters are 5 × 10−5 m. (b) Pressure distribution of the four blank control PNM. Left y-axis represents pressure at the ten pores along one path (blue circles). Right y-axis represents pressure gradient at the nine throats along the same flow path (red squares). 
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Figure 5. Variations of permeability and pressure distribution according to the configuration of small (large) pores and throats. (a,b) variations of permeability and pressure according to the number of small (large) throats. (c,d) pressure distribution along flow direction within the PNM shown in Figure 2a and its contrary PNM in terms of pore diameters. 
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Figure 6. A comparison among three PNM for studying the effect of connectivity. (a) includes only unidirectional channels. (b) is fully connected. (c) is contrary to (b) in terms of pore and throat size. ϕ are 18.81%, 49.48%, and 17.76%, respectively. K are 1.02 × 10−11 m2, 1.09 × 10−11 m2, and 1.05 × 10−12 m2, respectively. Color bar represents pressure distribution. 
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Figure 7. Sub figures (a–c) show inlet flow rate distributions in Figure 6a–c, respectively. Colors represent inlet flow rate (m3/s). 
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Figure 8. Simulation results for type 1 models. (a) variation of ϕ, (b) variation of K according to PNM generation scheme (y-axis). The first letter of y-axis labels represents the PDF (“l” for log normal distribution; “w” for Weibull distribution; “n” for normal distribution; “u” for uniform distribution). The next three or four letters represent throat diameter generation scheme (min, mean, max, ref to Section 2.3 for details). Suffix “−f” denotes the PNM is fully connected with pore coordination number of 6. 
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Figure 9. Simulation results for type 2 models. (a) variation of ϕ, (b) variation of K according to PNM generation scheme. Refer to Figure 8 for the explanation of figure notations. Suffix “−2” denotes derived PNM from the ones without the suffix by adjusting pore diameter ranges. 
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Table 1. Model design scheme.






Table 1. Model design scheme.





	
Model Sets

	
PCN

	
PCNave

	
PD (×10−5 m)

	
PNM Quantity






	
1

	
2

	
0.9

	
2.5, 5.0

	
2 + 85




	
2

	
6

	
2.7

	
2.5, 5.0

	
2 + 4




	
3

	
2

	
0.9

	
[2.5, 5.0] *, [0.1, 10.0]

	
24 × 100




	
4

	
6

	
0.7

	
[2.5, 5.0], [0.1, 10.0]

	
24 × 100




	
5

	
Extracted from core samples

	
6








Note: * [a, b] means that PD is random numbers within a and b. PCNave is calculated as TN/PN, which is usually smaller than PCN because of the boundary pores.
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Table 2. Simulation and theoretical comparison for blank control group.
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	Blank Controls
	Model Sets
	ϕ (%)
	Simulated Qin (×10−7 m3/s)
	Theoretical Qin (×10−7 m3/s)
	Relative Error (×10−4)
	Simulated K (×10−13 m2)
	Theoretical K (×10−13 m2)
	Relative Error (×10−4)





	1
	1
	4.91
	1.19265
	1.19205
	5.03
	9.58738
	9.58252
	5.07



	2
	1
	19.63
	19.0824
	19.0728
	5.03
	153.398
	153.320
	5.09



	3
	2
	13.25
	1.19265
	−
	−
	9.58738
	−
	−



	4
	2
	53.01
	19.0824
	−
	−
	153.398
	−
	−
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Table 3. Core samples of model set 5.
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PNM

	
Berea

	
S1

	
F42A

	
LV60A

	
C1

	
C2




	
Rock Type

	
Sandstone

	
Sandpack

	
Carbonate






	
Resolution (μm)

	
5.345

	
8.683

	
9.996

	
10.002

	
2.85

	
5.345




	
Size (mm)

	
2.14

	
2.60

	
3.00

	
3.00

	
1.14

	
2.14




	
PN

	
6298 (6004)

	
1868 (1717)

	
1246 (974)

	
3135 (2636)

	
4576 (2612)

	
8508 (4311)




	
TN

	
12098 (12067)

	
2839 (2824)

	
2654 (2651)

	
7440 (7429)

	
6700 (5071)

	
9818 (7668)




	
PCNmin

	
0 (1)

	
0 (1)

	
0 (1)

	
0 (1)

	
0 (1)

	
0 (1)




	
PCNave

	
1.92 (2.01)

	
1.52 (1.64)

	
2.13 (2.72)

	
2.37 (2.82)

	
1.46 (1.94)

	
1.15 (1.78)




	
PCNmax

	
30

	
20

	
20

	
28

	
46

	
42




	
PDmin (μm)

	
4.5

	
1.8 (2.0)

	
2.4 (13.1)

	
2.1 (8.3)

	
0.58

	
1.075 (1.083)




	
PDave (μm)

	
30.7 (31.5)

	
51.2 (53.9)

	
89.3 (109.0)

	
70.9 (80.2)

	
14.1 (17.7)

	
22.8 (28.3)




	
PDmax (μm)

	
140.5

	
228.0

	
267.2

	
202.3

	
141.9

	
222.4




	
TDmin (μm)

	
1.1

	
1.7

	
20.0

	
20.0

	
0.58

	
1.20 (1.28)




	
TDave (μm)

	
14.02 (14.04)

	
23.9 (24.0)

	
55.75 (55.78)

	
40.27 (40.30)

	
7.86 (8.65)

	
11.96 (12.77)




	
TDmax (μm)

	
80.1

	
104.2

	
162.1

	
126.6

	
63.6

	
103.5




	
ϕ (%)

	
19.62 (19.55)

	
14.12 (14.05)

	
32.85 (32.75)

	
36.51 (36.30)

	
23.75 (21.24)

	
17.15 (14.03)




	
ϕ exp (%)

	
19.6

	
14.1

	
33.0

	
37.7

	
23.3

	
16.8




	
K (×10−12 m2)

	
2.600

	
3.589

	
198.12

	
73.05

	
0.292

	
0.047




	
Kexp (×10−12 m2)

	
1.360

	
1.969

	
61.0

	
27.2

	
0.785

	
0.038








Notes: Values in the parentheses corresponds to the result of trimming. Subscript “exp” denotes the experimental results.
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