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Abstract We image synthetic porous rocks of varied porosity and pore size by micro–computed
tomography with pore-scale finite element modeling representing the pore space for single-phase fluid
flow. The simulations quantify the key features of microscale flow behavior in the synthetic cores. The smaller
the permeability, the greater the critical pressure gradient required for the onset of non-Darcy fluid flows,
and the easier the emergence of nonlinear seepage within the tested cores. The relationship between
permeability and porosity from different methods shows a power law correlation with pressure. Structural
heterogeneity and anisotropy of the pore systems are shown to have a significant impact on transport
through the three-dimensional pore model—exhibiting irregular flow fields. The simulated permeabilities
of the tested cores vary by a factor of 2–5 depending on the fluid flow directions. With the increase of
flow seepage velocity, the flow regime deviates from Darcy linear relationship and non-Darcy behavior
(inertia) leads to a reduction in the effective permeability of the core. Both experiments and modeling
demonstrate that the larger the porosity and permeability, the stronger the non-linear phenomenon of the
seepage within the pore space. A method is proposed to estimate the non-Darcy coefficient β based on
simulation results, which provides a good prediction for all the tested cores. A new equation is established
to predict the transition of flow patterns as a function of the apparent permeability K* and Reynolds
number Re. The K*-Re model provides a theoretical approach to dynamically describe the transition from
Darcy to Forchheimer flow.

1. Introduction

The pore structure and macroscopic properties directly influence the fluid flow characteristics of reservoir
rock. This is particularly important in unconventional oil and gas resource evaluation, as well as in the explora-
tion and development of CO2 geological storage and groundwater seepage (Bachu, 2000; Leahy-Dios et al.,
2011; Yang et al., 2013)—where flow pathways may be irregular, tortuous, and constricted. Since routine
experimental methods may change the pore structure of reservoir rock under stresses, the direct nondestruc-
tive scanning technologies may be adopted to define the spatial characteristics of pore structure (Dunsmuir
et al., 1991; Spanne et al., 1994). Imaging by micro–computed tomography (μCT) X-ray tomography is able to
establish the three-dimensional pore throat architecture based on real rocks at different length-scales and
define the spatial distribution and connectivity of pores and throats (Zhang et al., 2014). Arns and
Knackstedt (2004) predicted the permeability of Fontainebleau sandstone based on microtomographic
images with the simulation of fluid permeability in close agreement with experiment results. Dong et al.
(2007) developed a maximal ball algorithm to extract topologically equivalent pore network models of
sandstone and carbonate based on μCT images and concluded that both the extracted network structures
and predicted single- and two-phase transport properties were in good agreement with the benchmark data.
Yao et al. (2010) used a quantitative method to estimate the characterization of pore types, producible
porosity, pore structure, and spatial disposition of pore-fractures in coals. The aforementioned literatures
indicate that μCT is capable of modeling and spatial visualization of pores and fractures.

Seepage laws may be determined within the connected pore space of rocks by simulating flow directly from
reconstructed three-dimensional μCT images (Ovaysi & Piri, 2010). Sukop et al. (2013) applied the Lattice
Boltzmann method to simulate 3-D flows in macroporous limestone to estimate intrinsic permeability from
pore structure and to account for inertial flow that leads to a deviation from Darcy’s law. Bird et al. (2014)
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used the commercial software Avizo and COMSOL to simulate fluid flow in the pore space of a carbonate rock
and calculated sample permeability and the electric forming factor. Liu et al. (2014) completed pore-scale
numerical simulations of the permeability and elastic parameters of sandstone and validated results against
experimental measurements. Ni et al. (2017) quantitatively characterized the porosity distribution in coal and
determined the absolute permeability of samples based on μCT measurements and coal bed methane flow
simulation. It is especially important to consider non-Darcy flow behaviors in the near-wellbore region and in
propped hydraulic fractures where constricted flows result in strong spatial accelerations. Such nonlinear
flow effects are commonly described by the Forchheimer equation, in which the deviation from the
Darcy’s law is proportional to the non-Darcy coefficient β factor (Newman & Yin, 2013). Several numerical
studies of non-Darcy flow behavior have been based on realistic 3-D images of porous rocks. Chukwudozie
et al. (2012) used Lattice Boltzmann models to quantitatively predict the absolute permeability and β fac-
tor of Castlegate sandstone—the numerical results were in good agreement with experimental measure-
ments. Muljadi et al. (2016) employed a finite-volume method to simulate fluid flows based on 3-D images
of a beadpack in Bentheimer sandstone and Estaillades carbonate. These models predicted non-Darcy flow
parameters such as the β factor, and the onset of non-Darcy flow. Wang et al. (2016) carried out a numer-
ical simulation of gas flow in coal pores and fractures and calculated the permeability and non-Darcy
coefficients. Simulation results showed that the gas flowing even at the microscale (<100 μm) showed
characteristics of Forchheimer behavior. However, few of the numerical studies have addressed and
explored the key features and mechanisms of pore characteristics that impact the non-Darcy flow
response in a range of real reservoir rocks.

In this work, we quantify and characterize the pore structures of artificial cores and develop an equivalent
Pore Network Model. A finite element method is implemented using ANSYS Fluent to simulate fluid flows
directly on the 3-D image realizations of three contrasting porous cores with varying complexity and het-
erogeneity. By completing the flow simulations directly in the pore-scale images of the networks, we
examine the key features of the pressure field and velocity field distributions within these samples during
the flow transition from Darcy into the non-Darcy flow regime. The results enable a better understanding
of the underlying mechanisms of, and the effect of pore characteristics on, the flow transition to non-
Darcy flow.

2. Theoretical Background
2.1. Theoretical Background of Non-Darcy Flow

At flow rates above a critical stagnant pressure gradient, the pressure drop is linearly proportional to the flow
rate and is described by the Darcy equation (Darcy, 2012):

� dp
dx

¼ μν
KD

(1)

where x represents the direction of flow, p is the pressure, v is the velocity, μ is the dynamic fluid viscosity, and
KD is Darcy permeability.

As the flow rates increase, the Darcy’s law no longer holds; the relationship between pressure gradient and
velocity becomes nonlinear due to inertial effects and behavior may be described by the Forchheimer equa-
tion (Forchheimer, 1901):

�dp
dx

¼ μν
KF

þ ρβν2 (2)

where ρ is the fluid density and KF is the Forchheimer permeability which is close to but not equal to KD, and β
is the non-Darcy coefficient of porous medium.

2.2. Criterion for Non-Darcy Flow and the β Factor

In non-Darcy flow the pressure drop is caused by a combination of viscous (linear term) and inertial forces
(non-linear term). In this paper, the criterion for non-Darcy flow is the threshold when the pressure drop
due to the linear term becomes less than 99% of the total (Comiti et al., 2000).
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K*, defined as the dimensionless apparent permeability, is the ratio of
the pressure drop of the Darcian component to the non-Darcian compo-
nent. This reflects the extent to which the non-Darcy component
deviates from linear Darcy flow. K* is mathematically defined as

K� ¼
μ
KD
ν

μ
KF
νþ ρβν2

(3a)

K� ¼ Kapp

KD
(3b)

To further demonstrate the deviation from Darcy to non-Darcy flow, the apparent permeability Kapp is
defined as

1
Kapp

¼ 1
KF

þ β
ρν
μ

(4)

According to the earlier definition of non-Darcy flow, the end of the Darcy flow regime is the point

when K* = 0.99. In addition, the inverse of the apparent permeability 1
Kapp

is plotted as a function of

ρν
μ based on equation (4). Then the non-Darcy coefficient β can be calculated from the slope of the

function (Muljadi et al., 2016).

In a porous medium, the Reynolds number (Re) is not intuitively related to the flow, but where non-Darcian
flow is important, Re is defined as

Re ¼ ρvL0
u

(5)

where v is the average volumetric velocity and L0 is the grain diameter estimated through CT imaging.

2.3. The K*-Re Model for the Transition From Darcian to Non-Darcian Flow Regimes

Non-Darcian flow behavior emerges from the laminar flow regime at relatively high Re as the inertial force
dominates over viscous forces as the flow rate increases (Bear, 1972; Chaudhary et al., 2011). For flows, the
transition from Darcy to non-Darcy regimes is a dynamic evolution depending on the flow rate intensity
for a given pore structure. To account for this transition, a dimensionless model as shown is proposed to
describe the transition from viscous to inertial flows in a porous medium. The velocity v is replaced by the
Re, and the K*-Re relationship as

K� ¼ 1

1þ αβ KD
L0

Re
α ¼ 1; Re < 1 e 10; and α ≠ 1; Re > 1 e 10

� �
(6)

Table 1
Petrophysical Properties of the Artificial Cores

Sample
no.

Diameter
(mm)

Length
(mm)

Porosity
(%)

Permeability
(μm2)

S1 24.79 50.99 38 4.59
S2 24.78 50.96 42 10.19
S3 23.29 50.56 49 20.38

Figure 1. Typical 2-D slices of the tested artificial cores obtained by micro-CT. In the slices, the luminous regions represent
rock skeleton and dark regions indicate pores. (a) sample S1, (b) sample S2, and (c) sample S3.
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Figure 2. 2-D and 3-D reconstructions of VOIs in the (a–c) samples S1, (d–f) S2, and (g–i) S3. In the first column, the upper parts represent the regions of interest in the
CT slices and the below parts are the volume of interest (VOI) of 300 × 300 × 300 voxels in the artificial core samples. The second column shows 2-D and 3-D
representations of the pore structures after segmentation (blue represents pores). The last column shows the generated label field to explore the 2-D and 3-D
structures of micropores based on segmentation images. The individual pores are colored differently at random in figures (c), (f), and (i).
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where coefficient α is the corrected coefficient for inertial effects in non-Darcy flow regimes. The Darcy
permeability KD is approximately equal to the Forchheimer permeability KF and corrected coefficient
α = 1 at the low flow rate (Re < 1–10). The ratio of Darcy permeability KD to Forchheimer permeability
KF is not equal to unity, and the inertial effects cannot be ignored for high-velocity flow (Re > 1~10).
Thus, a coefficient α (not equal to 1) is added to correct Re for nonnegligible inertial effects.

3. Material and Methods Core-Scale Pore Structure Reconstructions and
its Validation
3.1. Core Sample Preparation and CT Imaging

Laboratory experiments are critical in the study of fluid flow through porous rocks. In this study, we use syn-
thetic cores as control as these offer reproducible (unlike natural cores) characteristics even in destructive

Table 2
Properties of Pore Structure Extracted From Reconstructed Model of Artificial Core Samples Based on CT Images

Sample
no.

Experimental
porosity Φm

Calculated
porosity Φc

Ave. pore
radius r/um

Ave. throat
radius rt/um

Ave. pore volume
V/×108um2

Specific surface
area Sp (1/cm)

Tortuosity
τ

Grain diameter
L0/um

S1 0.38 0.37 235 132 1.72 1368 1.37 1042
S2 0.42 0.41 378 134 3.13 1065 1.29 842
S3 0.49 0.48 393 158 4.55 877 1.27 708

(a)

(b)

Image 
processing

Generating 
surface mesh

Repairing

Generating
volume mesh

Micro-CT 
image 

preparation

3D 
reconstruction 

model
STL file Finite 

element mesh

Avizo HyperMesh

2mm

Figure 3. Work flow and result of finite elementmeshmodel generating. (a) Work flow ofmeshmodel generating. (b) Finite
element mesh model of pore spaces of sample S2 though which the flows are simulated directly. The samples have the
dimensions of 5 × 5 × 5 mm3.
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experiments (Pi, 2010). The three artificial cores (HRXC Core Company, China) comprise cementation of quart-
zite and colophony. In this study, we choose to use the artificial core for the study because two main reasons.
The first reason is that the artificial core can be synergized in such a way that the physical property of rock are
as desired. The second reason is that the artificial core can physical mimic the real reservoir rock properties
and the numerical model construction is more reliable and reproducible. The petrophysical properties of
the artificial cores are listed in Table 1. The permeability is measured using the transient gas method, and
the porosity of the artificial cores is measured by nuclear magnetic resonance (NMR) (Xu et al., 2015; Zhao
et al., 2017). The permeability results were provided by Core Company, and the porosities of artificial cores
are calculated directly using the integral area of the NMR T2 spectrum.

With the cores assembled, CT is used to recharacterize the pore structure and to reconstruct the pore space
for the fluid flow simulation. All the imaging is performed using an ACTIS-225FFI μCT scanner manufactured
by BIR Corporation in USA. The X-ray source is a 225 kV Feinfocus focal spot, which allows for highest resolu-
tion down to 5 μm for an object of 8 mm. The experimental sample is a 25-mm diameter and 50-mm length
cylindrical sample. Samples were dried before scanning, and the scanner operated at 180 kV and 200 μA. The
computed microtomography scans were acquired at ~50-μm voxel size. Figure 1 shows the typical 2-D
images of the artificial cores obtained by CT.

The pore structure, together with the solid grains, are reconstructed and analyzed by commercial 3-D image
processing and analysis software Avizo (FEI Co., USA). A volume of interest (VOI) of 300 × 300 × 300 voxels in
the artificial core samples is selected for further analysis of the porosity, the tortuosity, the pore size, and the
grain diameter. Here the 3-D volumetric porosity of the VOI was estimated by using the Avizo quantification

module. The tortuosity of pores was calculated using the Avizo Centroid
Path Tortuosity module (Thermo Fisher Scientific & FEI, 2013). The Otsu
method (Boone et al., 2014; Keller et al., 2011; Korvin, 2016; Otsu, 2007;
Zhang et al., 2015), an automated threshold segmentation method in
the Avizo Auto Thresholdingmodule, was used to obtain the relationship
between threshold and calculated porosity. By comparing the inversely
estimated porosity with the measured porosity through NMR experi-
ments, the optimal thresholds were selected to segment the pore
volume in the VOIs of the artificial cores. Then the segmented pore
volumes were further processed by the Avizo Separate Objects algorithm
to generate a Label Field. The pore and throat radii aremeasured by quan-
titative analysis of the separated Label Field using the Avizo Label Analysis
and Generate Pore Network Modelmodule (Thermo Fisher Scientific & FEI,
2013), respectively. Similarly, the grain diameter is measured based on
the separated grain volume using the Avizo Label Analysis.

Figure 2 shows the 2-D and 3-D reconstructions of VOIs in the artificial
core samples. The pore structure properties of cores extracted from
the reconstructed model are listed in Table 2.

3.2. Meshing and Numerical Modeling

To investigate fluid flow through realistic pore geometry of the porous
medium, the 3-D reconstructed model has to be transformed into an
appropriate finite element mesh. Following previous studies (Bird

Table 3
Properties of Mesh Models of the Artificial Cores

Sample
no.

Size Mesh Effective porosity

Number of voxels Dimensions/mm3 Tetrahedra × 106 Nodes × 103 Φe/%

S1 100 × 100 × 100 5 × 5 × 5 1.8 418 28
S2 1.9 438 37
S3 2.0 459 47

0.000 0.004 0.008 0.012 0.016 0.020
0.000

0.002

0.004

0.006

0.008

(0.0045,0.0060)

(0.0058,0.0045)

)
m/a

P
M(

tne idarg
erus ser

P

v
x
 (m/s)

 S1
 S2
 S3(0.0097,0.0035)

Figure 4. Results of pressure gradients for sample S1, S2, and S3 as they devi-
ate from the linear relationship with the increasing velocities. The symbols of
samples represent the simulated pressure gradient, and the red lines
represent the assumed pressure gradients which obey Darcy’s law. The black
dashed lines represent the onset of the Forchheimer flow regimes. The point
coordinates indicate the critical pressure gradient and critical Reynolds
number for the sample S1, S2, and S3, respectively, which depict the onsets
of non-Darcy flow.
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et al., 2014; Song et al., 2017; Yan et al., 2010), we use HyperMesh to transform CT images into a suitable finite
element. The work flow of numerical meshing is shown in Figure 3a.

Once the 3-D reconstructed model is selected, it was saved as a surface and generates a STereoLithography
file that represented the pore surface by the built-in Avizo Fire surface editor (Bird et al., 2014). The isosur-
face extraction from a 3-D binary image is accomplished using a marching cubes algorithm (Lorensen &
Cline, 1987). However, this algorithm is of limited applicability since it produces inconsistent nonmanifold
surfaces, as well as surfaces with an excessive number of triangles (Yan et al., 2010). To address this chal-
lenge, the software HyperMesh was used to repair the surfaces and improve the isosurface quality with this
repaired isosurface processed to generate volumetric meshes, which could be imported into the finite
element simulators.

The selection of representative subsamples and the determination of the size of the subsamples are very
important and may be improved through optimization (Bear, 1972). By comprehensively considering the
representative size of the samples and the quality of the meshes, it was found that the representative size
of the sample with 100 × 100 × 100 voxels was sufficient to provide the consistency and generality in our pre-
vious studies (Zhao et al., 2017). Thus, this sample size was chosen in the study to analyze the fluid flow prop-
erties. It should be noted that the effective porosity Φe of the finite element mesh model is less than the
experimentally measured porosity Φm and the calculated porosity Φc from the Avizo software (Table 3).
This difference is possibly attributed to the fact that only the interconnected pores are taken into account
for the seepage channels in the mesh model (Gruber et al., 2012). Figure 3b illustrates that the application
of the mesh modeling method in the simulation of the artificial core samples. The samples have a dimension
of 5 × 5 × 5 mm3, and the detailed information is listed in Table 3.

Finite element simulations using ANSYS Fluent recover steady incompressible flow models through the pore
space of a porous medium accommodating the Navier-Stokes and continuity equations as

∇p ¼ μ∇2v� ρ v � ∇ð Þv

∇ � v ¼ 0 (7)

In the simulations, standard fluid properties for water are used: ρ = 1,000 kg/m3 and μ = 0.001 Pa s. A constant
pressure boundary condition at the inlet and the outlet is applied. No-slip boundary conditions are assigned
to the pore-grain interface, as well as to the domain boundaries parallel to the flow direction (Yan et al., 2010).

4. Numerical Description of Microscale Flow Behavior in Porous Media

In Figure 4, the pressure gradients are plotted as a function of volumetric velocities showing the onset of non-
Darcy flow behavior as fluid velocity increases (Muljadi et al., 2016). The Re corresponding to the critical value
of Darcy flow and non-Darcy flow of samples S1, S2, and S3 are 4.69, 4.88, and 6.87 m/s, respectively. The
smaller the permeability of artificial core, the greater the critical pressure gradient for the transition to
non-Darcy flow, and the lower the critical Re, which indicates that the transition to non-Darcy flow is more

Table 4
Comparison of the Permeability Results Based From Different Models

Sample
no.

Flow
direction

Permeability K/μm2

Darcy’s law Average values of Darcy’s law Kozeny-Carman equation Experiment

S1 X 7.58 4.62 5.27 4.59
Y 4.76
Z 1.52

S2 X 12.91 9.91 10.86 10.19
Y 11.59
Z 5.28

S3 X 26.53 26.26 18.85 20.38
Y 32.97
Z 19.28
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easily to occur. The emergence of nonlinear seepage phenomena coin-
cides with a decrease of porosity and an increase of tortuosity; for S1 we
have the sample with lowest critical Re corresponding to the lowest por-
osity and the largest tortuosity, see Table 2.

4.1. Darcy Permeability and Model Comparison

When the flow rate is proportional to the pressure drop, the permeabil-
ity of the sample may be calculated using Darcy’s law as

KD ¼ QμL
AΔp

(8)

where A is the sample cross-sectional area perpendicular to the flow, L is
the sample length, and Q is the flow rate.

At low flow rates, that is, K* = 0.99, the Darcy permeabilities in three
orthogonal directions are calculated and listed in Table 4. The Kozeny-
Carman permeability based on the properties of pores can be estimated
using the Kozeny-Carman equation as

KK�C ¼ Φc

2τ2Sp2
�108 (9)

where Φc is the porosity of the mesh models and τ is the tortuosity. Sp in cm�1 is the specific surface
based on pore volume measured from the CT images. KK-C in m is the Kozeny-Carman permeability.
Table 4 shows that the calculated Darcy permeability KD is different in each direction, illustrating that
the tested cores are anisotropic and may vary by a factor of 2–5. As shown in Figure 5, there are very good
agreements between the experimental permeability data and the prediction of equations (8) and (9). The
predicted permeability KK-C is close to the measured permeability, indicating that bundle of capillary tube
model is suitable in representing artificial cores of high porosity. The relationship between permeabilities
and porosities is in the form of a power law for the tested artificial cores (Schaap & Lebron, 2001). It should
be noted that the effective porosity Φe is less than the experimentally derived porosity, but the permeabil-
ity based on Darcy’s law is similar to experimental measurements. The results demonstrate that only inter-
connected pores contribute to the fluid flow (Ahuja, 1989).

4.2. The Characteristics of Non-Darcy Flow Within Pore Channel

Figure 6 shows the results for fluid pressure and velocity distributions within bulk pore volume of sample S1
along a single-channel in the X, Y, and Z directions. As shown in Figure 6, the pressure decreases gradually
along the fluid flow direction and the maximum pressure drop occurs in narrow pore throats near the inlet.
In the seepage field images, the flow velocity increases rapidly when the pore channel is narrow. This rapid
change in seepage velocity is reflected by the clear change in rendered color on the seepage field images,
with the change of the seepage velocity relatively slow in the large pore channels. Moreover, the flow path
does not cover the entire pore space because of the complex pore geometry, which hinders the fluid flow (Ni
et al., 2017).

In order to analyze the pore-scale seepage characteristics along different directions for single-phase flow, the
cross sections at different positions along the axis direction (i.e., X, Y, and Z = 0,0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
4.5, and 5.0 mm, in which X, Y, and Z indicate the distances from the inlet section) are selected, and the results
for velocity distributions of different sections under the same pressure gradient are calculated as shown in
Figure 7.

Figure 7a shows that the average areal velocities of each sample have different values at different cross sec-
tions along the flow directions. Due to the heterogeneity of the cores, the changes in flow velocities along
different flow pathways are irregular. As shown in Figure 7b, the average seepage velocities within the bulk
pores follow the sequence of S3> S2 > S1. Based on the analysis of pore microstructure, this is attributed to
the larger pore channels in the high-porosity cores providing less viscous resistance to the fluid flow.

0.3 0.4 0.5
1

10

100

Sample S3

Sample S2

Experiment
K-C Equation
Darcy Law

,ytilibae
mre

P
 K

(u
m

)

Porosity,

Sample S1

Fit Equation:
      log(K)=3.20log +2.27

R =0.72

Figure 5. The distribution of the permeability versus porosity from different
methods on log-log axes. Different methods are represented by different
colors and symbols. The dashed line represents fit line for K = A·ФB, where
constant A = 102.27 and power law exponent B = 3.20.
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4.3. Flow Patterns of Non-Darcy Flow Transition and Analyses

The results suggest a small permeability deviation in the different flow directions (varying by a factor of 2–5)
and no clear dependence of the magnitude of the permeability on direction (Sukop et al., 2013). For the sake
of simplicity, the flow simulation is only carried out in the X direction. To better depict the transition from
Darcy to Forchheimer flow regimes, the dimensionless permeability K* for three samples are calculated as
functions of Re, as shown in Figure 8. The flow regimes span Re from 0 to 5,000 and are divided into three
zones based on the rate of change of permeability K*. Zone I represents Darcy flow, and the other two zones
demonstrate Forchheimer flows (Bear, 1972; Chaudhary et al., 2011). The functional model for K*-Re describes
the proportion of the pressure loss caused by the Darcy term to total pressure loss (Xu et al., 2012). For the
same porous medium, the dimensionless permeability K* gradually decreases with an increase in the Re,
reflecting that the nonlinear component dominates over the linear term in the Forchheimer regime (high
flow rates).

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6. Results for the velocity distributions of artificial core samples at different across-sections. (a) Average area velocity
V of samples along the flow directions. (b) The curves of average velocity Vavg versus flow length in the artificial core
samples, where V is the average area velocity extracted from across sections along the flow directions, and VX, VY, and VZ
represent average area velocities in X, Y, and Z directions, respectively. Average velocity Vavg is calculated from the average

area velocity VX, VY, and VZ, that is, Vavg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VX

2 þ VY
2 þ VZ

2=3
p

.
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With the growth of the flow velocity, the flow regime deviates from
Darcy (linear) relationship and this non-Darcy behavior leads to a reduc-
tion in the effective permeability. This only occurs when the applied
pressure gradient is large enough to achieve nonlinear flow (Sukop
et al., 2013). The reduction in the permeability is due to the effective nar-
rowing of the flow channels as a consequence of the growth in recircu-
lating eddies that partially fill the void space (Chaudhary et al., 2011;
Fourar et al., 2004). This is apparent from the flow patterns in the porous
medium for different flow velocities. Figure 9 shows the streamlines
within the pore space of sample S1 at Re = 20, Re = 600, and
Re = 2,200. As the Re increases, steady state eddies emerge in the pore
spaces and reduce the effective dimension of the void that accommo-
dates the flow. This reduction is physically reflected by the reduction
in apparent permeability in the high-velocity regime.

The effects of geometry of pore structure on flow transition are identi-
fied from the tested samples within an effective porosity range of
0.28–0.47, as shown in Figure 8. At a given Re within the non-Darcy flow
regime, it is observed that the relationship between the K* factors of dif-
ferent samples is K*(S1)> K*(S2)> K*(S3). This indicates that the K* factor
decreases with increasing porosity of the synthetic core. This demon-
strates that the larger the porosity of the artificial core samples, themore
obvious the nonlinear phenomenon of the seepage within the pore
space (Thauvin & Mohanty, 1998). For high-velocity non-Darcy flow,
the numerical results show that there is a faster growth of eddies in
the broad channels than in the narrow channels (Chaudhary et al.,

2011). Thus, for the chosen artificial cores of high porosity (effective porosity ≥28%) in this paper, the
larger the pore space in the core sample, and the less the limitation of the pore boundaries to the flow
of fluid, the easier the development of nonlinear phenomena and the establishment of non-Darcian
flow regimes.

At low flow rates, Re< 1–10, the Darcy permeability KD is approximately
equal to the Forchheimer permeability KF; thus, equation (3a) is
formulated as

K� ¼ 1
1þ Bv

; B ¼ ρKD

μ
β (10a)

At high flow rates, Re > 1–10, the Darcy permeability KD is no longer
equal to the Forchheimer permeability KF; thus, equation (3a) is
formulated as

K� ¼ 1
KD
KF

þ Bv
(10b)

At low flow rates, the coefficient B is determined only by the non-Darcy
coefficient β for a given medium and fluid (Thauvin & Mohanty, 1998; Xu
et al., 2012), and K* is significantly affected by pore structure; when the
flow enters the Forchheimer flow regime, the permeability K* is deter-
mined by β and KF, and K* is affected not only by pore structure but also
by other inertial factors such as currents in eddies. These results can be
explained via the evolution of interstitial flow patterns within the pores
for different seepage velocities (Muljadi et al., 2016). Figure 10a shows
that the flow in the Darcy regime (Re = 1) permeates the entire pore
space and the resulting pathways are more tortuous. Darcy flow is
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Figure 7. (a) The distribution of volumetric velocities of sample S1 in three
directions with applied pressure gradients. (b) The relationship between
pressure gradient of sample S1 and velocity ratio in different directions.

Figure 8. Curves of dimensionless permeability K* versus Re depicting the
transition from Darcy to Forchheimer flow regimes for samples S1, S2 and
S3. The regime is Darcy flow in the zone I, that is, Re < 1–10 (Bear, 1972).
When 10 < Re < 1,600, the regime in the zone II becomes non-Darcy flow
and the permeability K* decreases sharp due to a fast initial growth of eddies.
The flow entries zone III when Re > 1,600, and the asymptote in K* is due to
the slowing growth of eddies (Chaudhary et al., 2011).
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dominated by viscous forces, and the exact nature of the seepage
characteristics is determined by the local geometry (Dybbs &
Edwards, 1984). As shown in Figures 10b–10d, at much higher flow
rates, the flow patterns in the Forchheimer regime become focused
in a narrow high-velocity zone—an inertial core (Dybbs & Edwards,
1984; Muljadi et al., 2016). Here the influence of the inertial core
becomes increasingly more significant on the flow distribution and
characteristics with an increase in flow rate, while the influence of pore
structure decreases.

5. Discussions
5.1. The Numerical Estimation of β-Factor and its Comparison With
Previous Models
5.1.1. The Numerical Estimation of β-Factor
The relation between pressure gradient and velocity in the non-Darcy
flow regime is usually described by the Forchheimer equation, in which
the deviation from the Darcy’s law is proportional to the inertial resis-
tance factor (β-factor) of inertial term (Newman & Yin, 2013). The non-
Darcy coefficient β is considered as an intrinsic property of a porous
medium and depends on the pore architecture and morphology. The
β-factor is not usually measured in routine core analysis and requires a
correlation to enable its prediction from other characteristic properties
of the porous medium (Thauvin & Mohanty, 1998).

One method to estimate the non-Darcy coefficient β, based on simu-
lation results, is adopted based on equation (4), and using a stepwise
manner estimation method, as follows. Figure 11 shows the inverse of

the apparent permeability 1
Kapp

as a function of
ρν
μ for samples S1, S2,

and S3. Based on these results, the non-Darcy coefficient β can be
calculated from the slope of the function, and the β-factors of sam-
ples S1, S2, and S3 are 4.58 × 105, 1.81 × 105, and 1.30 × 105 m�1,
respectively.
5.1.2. Comparison of Predicted β-Factor Against
Empirical Correlations
The β factor can be estimated by using an empirical Ergun equation
(Ergun, 1952):

βErgun ¼ 142887

K0:5Φ1:5 (11)

where K is the experimental permeability and Φ is the measured poros-
ity (Table 1). The non-Darcy coefficient βErgun is 1.67 × 105 m�1 for sam-
ple S2 and 0.93 × 105 m�1 for sample S3. These agree well with our
numerical estimation of the β-factors for S2 and S3 of 1.81 × 105 and
1.30 × 105 m�1, respectively.

Several empirical correlations for estimating the non-Darcy coefficient β
(Ergun, 1952; Evans & Civan, 1994; Geertsma, 1974; Janicek, 1955; Jones,
1987; Li et al., 2001; Thauvin & Mohanty, 1998) are summarized in
Table 5. We estimate the non-Darcy coefficient β for sample S1 by these
empirical equations, where the porosity Φ and K are recovered from
Table 1, with the tortuosity regressed and the results listed in Table 2.
For fluid flow through a porous medium, the β values calculated by dif-
ferent empirical formulas vary broadly. The primary reason for this

Figure 9. Plots of flow streamlines within pore space of sample S1 at
selected locations during Reynolds number (a) Re = 20, (b) Re = 600, and
(c) Re = 2200. The blue lines are streamlines, and the black circles demon-
strate several eddies in Forchheimer flow regime.
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difference is that some of the empirical formulae are only affected by permeability, some are more sensitive
to porosity rather than permeability, and others are influenced by porosity, permeability, and tortuosity (Xu
et al., 2012). Table 5 shows that the estimated β-factor of sample S1 varies from 4.00 × 104 to 1.34 × 105 m�1.
The wide range of these results envelops the numerical results of 2.88 × 105 m�1 for sample S1. Thus, the
numerical method proposed in this paper can provide a good prediction of the non-Darcy coefficient β for
the tested artificial cores.

5.2. The Prediction of the Model of K*-Re

The previous investigation carried out by Bolève et al. (2007) shows that the Re characterizes the influence of
the inertial force in the Navier-Stokes equation. A new expression for the Re has been derived when viscous
laminar flow and pore water conduction dominate. In the transition between the viscous and inertial laminar
flow regimes, the reduced permeability falls as 1/(1 + Re0) with the increase of the Re. Our research result of
relationship between apparent permeability and Re was compared to their model, as shown in Figure 12.
Results of Figure 12b suggest that the predicted model between the reduced permeability and Re of
k/k0 = 1/(1 + Re0) may lead to incorrect analysis of flow behavior when evaluating non-Darcy flow effects in
porous media. As shown in Figure 12c, a new function of k/k0 = 1/(1 + α0 × Re0) including a parameter α0 could
describe well the non-Darcy flow patterns in porous media. In our opinion, there is exiting key parameters
that determine the transition of flow patterns (from viscous to inertial flow regimes) in terms of apparent per-
meability and Re.

To further analyze the effect of those key parameters on the microscopic flow behavior in porous media,
especially non-Darcy flow, a new equation (equation (6)) is formulated to predict the flow transition as a func-
tion of the apparent permeability K* and Re based on the simulated data and analysis. For the K*-Re model,

Inertial cores

(a) (b)

(c) (d)

Figure 10. Plots of flow streamlines within pore space (light black) of sample S1 with the increasing Reynolds number
(a) Re= 1, (b) Re= 40, (c) Re= 200, and (d) Re = 900. The streamlines are colored based on the magnitude of velocity.
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the empirical parameter α, the Darcy permeability KD (flow property), the grain diameter L0 (structure
property), and the β-factor are used to quantitatively define the transition from Darcian to non-Darcian
flow in a porous medium. A comparison between the predicted data from the K*-Re model and the
numerical simulated data is made in Figure 13. The results demonstrate that the predicted data for the
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Figure 11. The curves of sample S1, S2, and S3 where 1/Kapp is plotted as a function of ρv/μ and the non-Darcy coef-
ficient β factors are obtained from the slopes of the curves.
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core sample, based on the empirical parameter α, the Darcy permeability KD, grain diameter L0, and the non-
Darcy coefficient β, are in excellent agreement with the trend of flow transition in Forchheimer regimes. The
magnitudes of the empirical coefficient α for different core samples are close to 2, in which α values of
samples S1, S2, and S3 are specifically 2.31, 2.00, and 2.22, respectively. This finding shows that the K*-Re
model determined by the non-Darcy coefficient β and other properties provides a rational way to describe

Figure 12. Comparison of the results of the relationship between K0/K00 (where K0 is apparent permeability of non-
Darcy flow obtained by the numerical simulation and K00 represents the permeability in Darcy flow state, which is
approximate equal to the experimental permeability) and Reynolds number (where Re0 = ρvr/μ and r is the pore
radius) to the prediction model (Bolève et al., 2007) of k/k0 = 1/(1 + Re0). where the parameter α = 0.0064 for the
model k/k0 = 1/(1 + α0 × Re0).

Table 5
The Non-Darcy Coefficient β Correlation Empirical Formulas Proposed by Different Researchers and the Calculate Values of
β Factors

Formula
no. Correlation

Units of
β and KD

Values of β × 105 m�1

S1

1 β ¼ 4:24�106ffiffiffiffi
KD

p
Φ1:5 (Evans & Civan, 1994) m�1, mD 2.70

2 β ¼ 5:5�109

KD
1:25Φ0:75 (Evans & Civan, 1994) m�1, mD 3.08

3 β ¼ 1:15�109
KDΦ

(Li et al., 2001) m�1, mD 6.73

4 β ¼ 2:018�1011

KD
1:55 (Jones, 1987) m�1, mD 4.39

5 β ¼ 1:82�108

KD
1:25Φ0:75 (Janicek, 1955) cm�1, mD 10.20

6 β ¼ 0:005
KD

0:5Φ5:5 (Geertsma, 1974) cm�1, cm2 4.83

7 β ¼ 15500τ3:35Φ0:29

KD
0:98 (Thauvin & Mohanty, 1998) cm�1, D 6.99
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the transition from Darcy to Forchheimer flow. Moreover, the Darcy and Forchheimer equations, defined as
the ratio of inertial forces to viscous forces and Re, are found more adequate for analyzing microscopic non-
Darcy flow behaviors in porous media.

6. Summary and Conclusion

In this study, we propose a new pore-scale approach to investigate single-phase flow and its transition to the
non-Darcy flow regime in reconstructed 3-D porous media. The 3-D pore-scale model is recovered from a

Figure 13. The comparison between the data computed for different model parameters and the simulated data in artificial
cores, where the βErgun factors are calculated by Ergun equation and parameter α is the empirical coefficient to
decrease the inertial effects in non-Darcy flow regimes.
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synthetic core. This is completed by utilizing CT images to represent the actual pore geometry of the tested
cores. This digital rock physics methodology is adopted to quantitatively reconstruct the pore architecture
and characteristics of the cores and furthermore to define transport properties. Based on the numerical simu-
lation results for single phase fluid flows, the following conclusions are made.

1. It is demonstrated that the smaller the permeability, the greater the critical pressure gradient for the tran-
sition to non-Darcy flow and the easier the emergence of nonlinear seepage phenomena. The emergence
of nonlinear seepage phenomena coincides with a decrease of porosity and an increase of tortuosity in
artificial cores. The relationship between permeability and porosity from different methods shows a
power law correlation.

2. The structural heterogeneity and anisotropy of the pore systems exert a significant influence on fluid flow
and transport through the 3-D pore network. The distribution of fluid flow fields within the pore space are
irregular, and the simulated permeability of different artificial core samples varies by a factor of 2–5
depending on the fluid flow directions.

3. With the growth in flow velocity, eddies emerge within the pore voids and reduce the effective dimension
of the void—effectively constricting the flow. This reduction is physically reflected in the reduction in the
apparent permeability. The simulation results demonstrate that the larger the porosity of the artificial core
samples, the more obvious this nonlinear phenomenon of seepage within the pore space. The presen-
tence of an inertial core becomes more and more significant on the flow characteristics with an increase
in the flow velocity, while the influence of pore structure decreases.

4. Based on the pore-scale simulation results for the non-Darcy flow regimes, a method is applied to esti-
mate the non-Darcy coefficient β, which can provide a good prediction for the tested artificial cores. A
new equation is formulated to predict the transition of flow patterns as a function of the apparent perme-
ability K* and Re. The predicted results, based on the βErgun factors, are in excellent agreement with the
simulated trend of flow transition in the Forchheimer regimes. For the K*-Re model, the model is deter-
mined by the non-Darcy coefficient β and provides a method to describe and to index the transition from
Darcy to Forchheimer flow.
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