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a b s t r a c t

Compared to single layer porous media, fluid flow through layered porous media (LPMs) with contrasting
pore space structures is more complex. This study constructed three-dimensional (3-D) pore-scale LPMs
with different grain size ratios of 1.20, 1.47, and 1.76. The flow behavior in the constructed LPMs and
single layer porous media was numerically investigated. A total of 178 numerical experimental data were
collected in LPMs and single layer porous media. In all cases, two different flow regimes (i.e., Darcy and
Non-Darcy) were observed. The influence of the interface of layers on Non-Darcy flow behavior in LPMs
was analyzed based pore-scale flow data. It was found that the available correlations based on single
layer porous media fail to predict the flow behavior in LPMs, especially for LPM with large grain size
ratio. The effective permeability, which incorporated the influence of the interface is more accurate than
the Kozeny-Carman equation for estimating the Darcy permeability of LPMs. The inertial pressure loss in
LPMs, which determines the onset of the Non-Darcy flow, was underestimated when using a power law
expression of mean grain size. The constant B, an empirical value in the classical Ergun equation, typically
equals 1.75. The inertial pressure loss in LPMs can be significantly different from it in single lager porous
media. For Non-Darcy flow in LPMs, it is necessary to consider a modified larger constant B to improve
the accuracy of the Ergun empirical equation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Layered porous medium (LPM) system, which refers to the
porous medium that consisting of distinctly different pore space
structures, grain sizes, and hydraulic properties in different layers
or regions (Liang et al., 2019), is commonly encountered in the oil
industry (Sharifi and Kelkar, 2013). The LPM tends to be heteroge-
neous on a macroscopic scale, e.g., structured soils (Martinez et al.,
2021), fracture-matrix systems (Edery et al., 2016; Rostami et al.,
2020), and aquifer-aquitard systems (Zhan et al., 2009). Charac-
terizing accurately fluid flow behaviors within the LPM is of great
importance for natural and industrial processes, such as ground-
water flow in heterogeneous formations, solute transport in
aquifer-aquitard systems (Berkowitz et al., 2009), and the process
of miscible displacements (Afshari et al., 2018). Fluid flowacross the
interface of layers is a complex process. Previous studies (You and
Liu, 2002; Chen et al., 2014; Landa-Marb�an et al., 2019) had
revealed that the interface between the free-flow and porous
y Elsevier B.V. on behalf of KeAi Co
medium systems can significantly affect the fluid flow and/or mass
transfer. Goharzadeh et al. (2005) measured the interfacial velocity
in free flow and porous medium systems and found that there is a
drastic velocity gradient in the vertical direction between the pure
fluid and the porous region. Such a vertical velocity gradient de-
pends strongly on the Reynolds number and the porosity. More-
over, the complex velocity field can further control the interfacial
mass-transfer dynamics (Kim and Kang, 2020).

Because of observational and computational limitations, it is still
a challenge to directly measure fluid flow in the pore space. The
interface of layers connects the pore spacewith different pore sizes.
When a fluid flows across the interface, sudden contractions or
expansions of the flow paths may occur, causing variations in flow
velocity and directions. In recent decades, several studies (Vafai and
Thiyagaraja, 1987; Berkowitz et al., 2009; Cortis and Zoia, 2009;
Giacobbo et al., 2019) have attempted to accurately model the
process of fluid flow across the interface of layers, which is
considered essential for understanding the fundamental mechanics
of fluid flow and mass transfer in formations or hydrological sys-
tems. With the development of computer performance, direct
simulations, such as standard computational fluid dynamics (CFD)
mmunications Co. Ltd. This is an open access article under the CC BY license (http://

http://creativecommons.org/licenses/by/4.0/
mailto:Douz@hhu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2022.05.015&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2022.05.015
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.petsci.2022.05.015
https://doi.org/10.1016/j.petsci.2022.05.015


X.-Y. Zhang, Z. Dou, J.-G. Wang et al. Petroleum Science 19 (2022) 2004e2013
(Anderson and Wendt, 1995) or Lattice Boltzmann Method (LBM)
(Yu et al., 2003), and other methods (Yang et al., 2016), have been
proposed and used in pore-scale research (Dou et al., 2013; Muljadi
et al., 2016; El-Zehairy et al., 2019). Direct numerical simulation can
provide information on the internal fluid flow of the porous media,
which is beneficial for advancing our fundamental understanding
of macro-scale flow phenomena (Dou et al., 2019; Wood et al.,
2020).

Darcy's law (Darcy, 1856) is commonly used to depict fluid flow
behavior in the porous medium. In the creeping flow regime, the
relation between pressure p (Pa) and the seepage velocityU (m/s) is
described by a linear Darcy equation:

Vp ¼ m

KD
U ¼ m

KD

q
A

(1)

where m is the dynamic viscosity of fluid (Pa$s), KD is the Darcy
permeability (m2), U is the seepage velocity (m/s), q is the volume
of fluid flowper unit time (m3/s), and A is the cross-sectional area of
porous medium sliced perpendicular to the flow direction (m2). It
has been well recognized; however, Darcy's law is only valid under
a limited range of low velocity or Reynolds number (Re). As the
velocity increase, fluid flow deviations from Darcy's law have long
been observed. Non-Darcy flow occurs due to the non-negligible
inertial losses caused by the variations in flow velocity or direc-
tion along the flow paths due to constrictions or obstructions
(Fester et al., 2008; Chen et al., 2015; Yao et al., 2019). Under-
standing the fluid flow behaviors with high flow velocity in porous
media is of great significance in many fields, such as groundwater
hydrology, chemical, gas, and petroleum industries. To account for
the inertial pressure loss, Forchheimer (1901) added a quadratic
velocity term to represent the non-linear inertial effects:

Vp ¼ m

KF
U þ brU2 (2)

where KF is the Forchheimer permeability, and b is the non-Darcy
coefficient or Forchheimer coefficient. Analysis of experimental
data shows that deviation from Darcy's law is governed by the
Forchheimer coefficient (Zolotukhin and Gayubov, 2021). In pe-
troleum science, the Non-Darcy flow is common and significant for
oil and gas exploration (Yao and Ge, 2011; Wang and Sheng, 2017;
Kidogawa et al., 2021; Ma et al., 2022). Reservoir seepage charac-
teristics are complex under high production rate conditions,
especially in the near-wellbore region (Yao et al., 2015). Recently,
more and more attention has been paid to the Non-Darcy flow in
petroleum science (Saboorian-Jooybari and Pourafshary, 2015; Fan
et al., 2019; Nie et al., 2021).

Previous studies of Non-Darcy flow deal only with the single
layer porous media. Uniform spherical or cylindrical shapes of
grains were used in a single layer, suggesting a relatively homo-
geneous pore space. Both laboratory experiments (van Lopik et al.,
2017) and micromechanical simulations (Amiri et al., 2019) had
shown that the grain sizes and pore space structures imposed
remarkable effects on the onset of Non-Darcy or the transition of
flow regimes in porous media. It was further found that the values
of critical Reynolds number generally increase with the mean grain
size. Li et al. (2019) investigated the Non-Darcy flow and the
transition of flow regimes in a columnwith mixed grain sizes. Their
results showed that for the mixtures of two grain sizes, the tran-
sition of flow regimes was affected by the mass ratio of these two
grain sizes. However, they mixed the grains in a single layer. For a
heterogeneous LPM system consisting of two distinct grains sizes,
comprehensive studies on Non-Darcy flow and the transition of
flow regimes are still limited.
2005
The b is related to the inertial properties of the porous medium
and plays a significant role in determining the inertial pressure loss.
An appropriate b is essential for estimating Non-Darcy flow
behavior. Many effects have been made to establish a link between
the b and the properties of the porous medium, such as porosity,
permeability, grain and pore size distribution (van Lopik et al.,
2017), tortuosity, specific surface area, and surface roughness
(Chen et al., 2015). Various relational formulas (Ergun, 1952;
Geertsma, 1974; Kundu et al., 2016; Muljadi et al., 2016; Huang
et al., 2020) have been proposed based on the experimental or
numerical databases obtained in single layer porous media. How-
ever, the existing empirical models are divergent as the empirical
models have been built based on different porous media types. It
has been reported that the b obtained by field experiments tends to
be two to three times higher than the value calculated by empirical
models. Since the b is sensitive to the pore space structure, the
influence of the sudden constriction of the pore space at the
interface of layers on the pressure loss cannot be neglected. The
higher complexity of pore space will magnify fluid inertial effects
(Nissan and Berkowitz, 2018). To our best knowledge, the study
focusing on the b in LPM is rarely reported. How the interface of
layers affects the inertial pressure loss and Non-Darcy flow
behavior is not yet known.

The purpose of this study is to accurately characterize Non-
Darcy flow behavior in LPMs with contrasting pore space struc-
tures and to investigate the influence of the interface on Non-Darcy
flow. Non-Darcy flow is common in LPMs but has not been fully
investigated, which motivated this study. More specifically, we first
constructed 3-D LPMs consisting of coarse and fine grain layers.
There were three grain size ratios for coarse and fine grain layers,
representing contrasting pore space structures. Numerical simula-
tions of fluid flow were performed in the constructed LPMs at a
range of pressure gradients. The influence of interface of layers on
Darcy permeability, the onset of Non-Darcy flow, and the estima-
tion of inertial pressure loss was evaluated based on the numerical
results. The capability of previous correlations for predicting Non-
Darcy flow behavior was discussed in this paper.
2. Methodology

2.1. Numerical simulation set-up

Since intrapore observations are rare and challenging to collect,
the laboratory experiment is limited in investigating the complex
fluid flow process in the micropore pore space. Instead, numerical
modeling has become an essential tool for studying the mechanism
of fluid flow in porous media. Moreover, the pore-scale modeling
can provide detailed information about the physical processes in
the micropore space and the macroscale phenomenon. We con-
tracted a 3-D pore-scale cylindrical LPM where consists of two
contrasting layers (the coarse grain layer and the fine grain layer,
see Fig. 1a) to investigate non-Darcy flow across the interface. In
LPM, each layer was constructed based on deposition and collision
processes under the force of gravity (Cundall and Strack, 1979;
Pilotti, 1998). All spherical grains were filled into the tube, which
had a length (L) of 60 mm and a diameter (D) of 12 mm. The
spherical grains with two contrasting sizes were adopted to
represent the coarse and fine grains in adjacent layers. Each layer
was 30 mm long, half the length of the entire LPM. There was a
sharp interface in the midplane, the junction between the coarse
grain and fine grain layers.

In this study, three 3-D LPMs with different grains size ratios

(dc=df ) of 1.20, 1.47, and 1.76 were constructed. The spherical grains
in each layer were set to follow the truncated lognormal



Fig. 1. (a) The 3-D LPM of Case 2 (dc=df ¼ 1.47) consists of a coarse grain layer and a fine grain layer; (b) the grain size distribution of the coarse grains, fine grains, and all grains; the
grain size follows the truncated lognormal distribution (red line); (c) the 2-D cross-section of the 3-D LPM.

X.-Y. Zhang, Z. Dou, J.-G. Wang et al. Petroleum Science 19 (2022) 2004e2013
distribution (Hochstetler et al., 2013), consistent with the feature of
nature grain size distribution. Take case 2 as an example, the mean

coarse grain size dc and the standard deviation dc of coarse grain

size was set to 1.70mm and 0.34 mm, respectively. The df and df for
the fine grain size was set to 1.20 mm and 0.24 mm, respectively.

Thus, the coefficient of grain size variation (COV¼ d=d) in each layer
were kept at 0.2. The information of three LPMs and the corre-
sponding coarse grain layer or fine grain layer were summarized in
Table 1.

The grain size distribution in LPM was broader than the grain
size distribution in the fine grain layer or coarse grain layer (see
Fig. 1b). Due to grain size variation and random distribution of grain
position, the pore space structure was highly heterogeneous.
Meanwhile, as shown in the 2-D cross-section (see Fig. 1c), there
were two distinct pore spaces in different layers. The pore space
size in the coarse grain layer was relatively larger than that in the
fine grain layers. A sudden contraction of pore space size occurred
at the interface of layers.
Table 1
Information of 3-D layered porous media with different grain size ratios.

Parameters Case 1 Case 2 Case 3

Grain size ratio dc=df (�) 1.20 1.47 1.76

Mean grain size d (mm) 1.46 1.44 1.42

Mean coarse grain size dc (mm) 1.59 1.71 1.87

Mean fine grain size df (mm) 1.33 1.16 1.06

Porosity F (�) 0.46 0.45 0.44
Porosity of coarse grain layer Fc (¡) 0.46 0.45 0.43
Porosity of fine grain layer Ff (�) 0.46 0.45 0.44
Tortuositya T (�) 1.27 1.26 1.28

a The tortuosity of LPMs can be obtained from the fluid velocity field (T ¼ V =Vx,
V is the average magnitude of intrinsic velocity over the entire volume and Vx is the
volumetric average of its component along the main flow direction).
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2.2. Governing equations and verification of the numerical method

The steady-state velocity fields were mapped by solving the full
Navier-Stokes equation (NSE) and the continuity equation. For an
isothermal, incompressible, and Newtonian fluid, flow through the
pore space in the porous medium is given by:

ru$Vu ¼ �Vpþ mV2u (3)

V$u ¼ 0 (4)

where r (998.2 kg/m3 at 20 �C) is the density of fluid, m is the dy-
namic viscosity of fluid (Pa$s), p is the fluid pressure (Pa), u is the
velocity vector [u, v, w] (m/s). For each case, constant pressure
boundary conditions were applied at inlet and outlet boundaries to
form a series of pressure gradients over LPM and drive the fluid
flow through LPM in the x-direction (see Fig. 1a). All grain and tube
surfaces were set as no-slip boundaries.

Fluid flow simulations were performed applying pressure to the
inlet boundary to drive fluid flow through the 3-D LPMs. The nu-
merical simulations were implemented via the finite element
software COMSOLMultiphysics. The flow simulations were run on a
workstation with 24 processors and 128 Gb of memory. To over-
come the solver convergence issues which are typically encoun-
tered at high pressure gradient conditions, we simulated flow with
progressively and incrementally increasing Vp while using a pre-
ceding lower flow result as an initial solution. The computational
domain for the porous medium was discretized into 15 070 425
Lagrange-triangular elements. And the mesh independence anal-
ysis was performed to ensure numerical stability and accuracy. The
result showed that the numerically derived flow was not sensitive
to a further refinement of mesh size, indicating that the 15 070 425
elements are sufficient to provide stable and accurate numerical
results. The GMRES iterative solver with the multigrid precondi-
tioner was used to solve equations. The outer preconditioner iter-
ationswere performed using the V-cyclemultigrid cycle.We set the
overall convergence criteria at 1.0 � 10�4.
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Fluid flows under pressure gradient conditions
(0.0166e1.6597 Pa/m) were simulated in a rectangular simple pipe
section (60 mm in length and 12 mm in height) to validate the
numerical simulation method. A series of inlet pressure (corre-
sponding seepage velocity U equal to 0.0001 m/s, 0.00025 m/s,
0.0005 m/s, 0.00075 m/s, 0.001 m/s, 0.0025 m/s, 0.005 m/s,
0.0075m/s, and 0.01 m/s) were applied at the left inlet boundary to
drive fluid flow in the pipe. The magnitude velocity data at a cross-
section were obtained and be compared with the mechanistic
analytical solution of the Navier-Stokes equation Eqs. (3) and (4):

VðzÞ ¼ � h2

8m
dp
dx

�
1� 4z2

h2

�
, where h is the height of the pipe and z is

the vertical position. As shown in Fig. 2b, V at the pipe surface is
equal to zero due to the non-slip boundary condition, and the
maximum appears at the center of the pipe. The simulation results
V(z) at the cross-section all shows parabolic velocity profiles and
agree well with the mechanistic analytical solutions, indicating the
numerical method can provide an accurate flow field.
2.3. Reynolds number and forchheimer number

The Reynolds number is commonly used to predict the onset of
non-Darcy flow and has developed several definitions (Zeng and
Grigg, 2006). The most widely adopted Reynolds number (Re) is
defined as the ratio of inertial forces to viscous forces:

Re ¼ drU
m

(5)

Forchheimer number (Fo) is also recommended as the criterion
for non-Darcy flow in a porousmedium by some scholars because it
has the advantage of clear definition, sound physical meaning, and
wide applicability (Zeng and Grigg, 2006). It reflected the ratio of
pressure gradient required to overcome inertial forces to that of
viscous forces. The critical value for non-Darcy flow varies from
0.05 to 0.2 for Fo. The Fo is defined as the ratio of non-linear to liner
pressure loss in Forchheimer's law

Fo ¼ brU2

m
KF
U

¼ KFbrU
m

(6)

The point reflecting the transition from the Darcy and non-
Darcy flow regime can be determined when dimensionless
permeability K* ¼ 0.99, which means that the pressure loss due to
the viscous term becomes less than 99% of the total pressure loss. In
this study, the K* is considered as

K* ¼ Kapp

KD
(7)

The Kapp is apparent permeability and defined as
Fig. 2. Fluid flow in the simple pipe domain; (a) the simulation results V(z) at the cross-secti
(b) the magnitude velocity distribution in pipe takes the inlet seepage velocity 0.0001 m/s
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1
Kapp

¼ Vp
mU

¼ 1
KF

þ bU
m

(8)
3. Results and discussion

3.1. Pressure gradient-seepage velocity relationships

In this study, a series of numerical fluid flow simulations were
performed in 3-D LPMs. The pressure gradient Vp between inlet
and outlet boundaries varied from 8.3 � 10�3 to 108.3 kPa/m,
resulting in a range of seepage velocities U and different flow re-
gimes. The flow fields in 3-D LPMs with different grain size ratios
were shown in Fig. 3. A total of 178 numerical experimental data
were collected in the form of Vp versusU. Fig. 4 is a plot ofVp versus
U for all simulations in 3-D LPMs. It can be seen that the Vp
increased nonlinearlywithU, indicating that the flow regime varied
from Darcy flow to Non-Darcy flow.When the Uwas somewhat the
same, a finer grain size will lead to a larger Vp. This is because with
finer grain size, the flow resistance becomes stronger and therefore
a lager Vp is required to achieve the same U.Moreover, it was found
that both Darcy flow and Non-Darcy flow in LPMs were different
with the flow in single layer porous media. We investigated the
influence of the interface on Darcy permeability, the onset of Non-
Darcy flow, and the inertial pressure loss estimation when Non-
Darcy occurs.
3.2. Darcy permeability

At low velocity (i.e., Re < 1 or Fo < 0.005), the inertial effects can
be ignored, and the flow is Darcy regime. Based on the data where
the Reynolds number was below the criterion for the onset of non-
Darcy flow, the Darcy permeability (KD) for fine grain layer, coarse
grain layer, and LPM were calculated for all cases and listed in
Table 2. The onset of non-Darcy flow and its criteria will be dis-
cussed in section 3.3. As shown in Fig. 4b, d, f, for all cases, the
relationship between pressure gradient Vp and seepage velocity U
matched Darcy's law (Eq. (1)) well (R2 ¼ 0.999). The Kozeny-
Carman equation can be used to predict the Darcy permeability
of LPM:

Kk�c ¼
F3

kSv2ð1� FÞ2
(9)

where k is the Kozeny-Carman constant and Sv is the specific sur-
face area. For the porous medium which consists of spherical

grains, Sv ¼ 6=d and k¼ 5 for spherical grains (Kececioglu and Jiang,
on for 5 selected seepage velocities compared with the mechanistic analytical solutions;
as an example.



Fig. 3. Dimensionless magnitude of intrinsic velocity V/Vmax in 3-D LPMs with contrasting pore space structures.
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1994).
As shown in Table 2, the Darcy permeability KD of LPM was

between the KD of the coarse grain layer and the KD of the fine grain
layer. The process of fluid flow through LPM was controlled by the
two different pore space structures in the two layers. Since the
Kozeny-Carman equation provides a robust prediction of perme-
ability for porous media (i.e., sandy sediments) with relatively
coarse grains (Ren and Santamarina, 2018). For the single layer
porous medium, the results of KK-C were quite close to the KD ob-
tained by simulations in all cases. However, for LPM, the KK-C pre-
dicted by the Kozeny-Carman equation gave a higher value than the
KD. The relative errors between the KK-C and KD for LPM are larger
than the errors for single layer porous medium. The accuracy of the
Kozeny-Carman equation in predicting the Darcy permeability of
LPM decreased compared with that in predicting the Darcy
permeability of a single grain layer.

Therefore, it is necessary to consider the combined effects of
layers and the interface on fluid flow through LPM. The effective
permeability KE can be adopted to further homogenize the LPM and
describe the combined effects on permeability. For LPM where the
pressure at the interface is continuous, the effective permeability KE
can be estimated as follows:

L1 þ L2
KE

¼ L1
K1

þ L2
K2

(10)

where L1 and L2 are the lengths for the coarse grain layer and the
fine grain layer, K1 and K2 are the permeability for each layer. In this
study, L1 ¼ L2; K1 and K2 were equal to the KK-C predicted by the
Kozeny-Carman equation for the coarse grain layer and the fine
2008
grain layer. As a result (see Table 2), the effective permeability KE
could provide a much more accurate prediction of Darcy perme-
ability than KK-C.
3.3. The onset of Non-Darcy flow

As shown in Fig. 4, at a point of divergence, the pressure
gradient Vp begins to exhibit a non-linear relationship with
seepage velocity U, which is called the onset of the non-Darcy flow.
Then the flow is gradually affected by inertial effects, leading to a
decrease in permeability and the transition between Darcy and
non-Darcy flow regimes. To investigate how the interface of layers
affects the discrepancy between the non-Darcy flow and the Darcy
flow, the flow fields within the pore space under several pressure
gradients or Reynolds numbers were plotted. As depicted in Fig. 5,
the eddies formed and grew near the interface as the pressure
gradient increased. The size and structure of eddies depended
strongly on the pressure gradients or Reynolds number and further
influenced the flow fields. The streamlines were smoother in low
pressure gradient cases than in high pressure gradient cases.

Moreover, the streamlines away from the interface were
smoother than those near the interface. Since the eddies weremore
likely to develop near the interface where the pore space abruptly
changes. The eddies could increase drag and decrease the perme-
ability of the LPM, which causes the deviation from Darcy's law.
This can be attributed to the fact that the developing eddies can
decrease the effective flow paths (Chaudhary et al., 2011; Lee et al.,
2014). It should be mentioned that the flow regime cannot be
determined whether it is non-Darcy (non-linear flow) or Darcy



Fig. 4. Pressure gradient Vp as a function of seepage velocity U for coarse grain layers, fine grain layers, and LPMs obtained by numerical simulations (a, c, and e), for the conditions
where the Reynolds number was below the criterion for the onset of non-Darcy flow (b, d, and f).

Table 2
The results of Darcy permeability (KD) were obtained from simulations, predicted by the Kozeny-Carman equation (KK-C), and effective permeability equation (KE).

Cases Samples KD ( � 10�9 m2) KK-C ( � 10�9 m2) KE ( � 10�9 m2)

Case 1
Ratio¼1.20

LPM 3.61 3.78 3.68
Coarse grain layer 4.22 4.48 N/A
Fine grain layer 3.01 3.13 N/A

Case 2
Ratio¼1.47

LPM 3.18 3.50 3.18
Coarse grain layer 4.71 4.77 N/A
Fine grain layer 2.33 2.39 N/A

Case 3
Ratio¼1.76

LPM 2.43 2.88 2.46
Coarse grain layer 4.69 4.82 N/A
Fine grain layer 1.67 1.65 N/A
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(linear flow) based on the presence of eddies.
The onset of Non-Darcy flow can be determined when K* equals

0.99. The critical Re and Fo, which indicate the cessation of the
Darcy regime were summarized in Table 3. It can be seen that both
the critical Re and Fo for the coarse grain layer were normally
higher than those for LPM or fine grain layer. At the same time, the
critical value for LPM was closer to the value for the fine grain layer
than for the coarse grain layer, especially for the case with a large
grain size ratio. This means that the onset of Non-Darcy flow in LPM
depends more on the flow field in the fine grain layer. In the fine
grain layer, which containedmanymore grains in the same volume,
the grains had significantly increased the tortuous pore space
structures. Meanwhile, in the LPM, fine grains caused the system to
become less conductive. Thus, it will lead to a lower U than in
coarse grain layer under a certain pressure gradient, resulting in a
smaller critical Re. In general, it is found that the onset of non-Darcy
flow occurs earlier, at lower velocities, when the porous medium
has a higher degree of heterogeneity and a lower permeability (El-
Zehairy et al., 2019).
2009
The coefficient of velocity variation (CV) also indicated that the
fine grain layer and LPM exhibit a relatively higher degree of het-
erogeneity than coarse grain layer (see Table 3). The coefficient CV,
a globe measure of the velocity spatial variability, can be used to
quantitatively evaluate the heterogeneity of porous medium(Rolle
and Kitanidis, 2014). For incompressible flow, CV is defined as
follows:

CV ¼ sV
V

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið
U

ðV � VÞ2dUU
vuut

ð
U

VdU
U

(11)

where the sV is the standard variance of the flow velocity, V is the
average magnitude of intrinsic velocity over the entire volume (the
true velocity of fluid in the pores), and U is the volume of the pore
space occupied by fluid.



Fig. 5. Streamlines in LPM of case 2 for five pressure gradients; fluid flows across the interface between the coarse grains layer and the fine grains layer, and the flow regime varies
from the Darcy regime to the non-Darcy regime.

Table 3
Criteria (i.e., Re and Fo) for the onset of non-Darcy flow in LPMs and the corre-
sponding coarse and fine grain layers; the coefficient of velocity variation (CV) for
LPMs and single layer porous media.

Cases Samples Re Fo CV

Case 1
Ratio¼1.20

LPM 1.291 0.072 1.00
Coarse grain layer 1.535 0.085 1.01
Fine grain layer 1.268 0.070 1.01

Case 2
Ratio¼1.47

LPM 1.364 0.074 1.00
Coarse grain layer 1.734 0.097 1.00
Fine grain layer 1.040 0.055 1.02

Case 3
Ratio¼1.76

LPM 1.120 0.057 1.02
Coarse grain layer 1.969 0.099 0.97
Fine grain layer 0.947 0.037 1.01
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3.4. Inertial pressure loss estimation

According to the non-linear Forchheimer Equation (Eq. (2)), the
Forchheimer coefficient (b) is ated to the inertial pressure loss in
Non-Darcy flow. An appropriate b is essential for estimating the
degree of flow nonlinearity and the transition between Darcy and
Non-Darcy flow. The b calculated by empirical models usually exists
in significant variations since the models of b were established
based on various porousmedium types (see Table 4). In this study, b
was determined by fitting the plot of the pressure gradient Vp
Table 4
Literature summary of available empirical models for estimate Forchheimer coefficient b

Reference Empirical model b

Janicek and Katz (1955) 1:82E8

KD
1:25F0:75

Geertsma (1974) 0:005

KD
0:5F5:5

Pascal and Quillian (1980) 4:8E12

KD
1:176

Cheng et al. (2019),a 2:7E8ð1� FÞ
F3

�
S
KD

�1=3

Zhang et al. (2013) uð1� FÞ
KDF

3

Zolotukhin and Gayubov (2021) �Fl2
KD

!0:47ð9:67E� 5Þ
KD

0:5F1:5

a S denotes the specific surface area; u is the characteristic coefficient of particles.
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versus seepage velocity U using Eq. (2). As shown in Fig. 4, good
agreement between the fits was found for all the samples studied
(R2 ¼ 0.999). The results of b were 16694, 17948, and 21827,
respectively, for case1-3. However, the empirical models obtained
from single layer porousmedia are not able to predict the b of LPMs.
The model proposed by Geertsma (1974) gave the best prediction.
However, it still underestimated the b of LPMs and gave the value of
6279, 7064, and 10545. Given that the b reflects the intrinsic
properties of the porous medium, similar to the permeability KD.
For porous medium, previous empirical models to predict b have
shown a power law relationship between b and KD. By the Kozeny-
Carman equation (Eq. (9)) and the fact that b decreases with the
grain size growth, Forchheimer coefficient b can be estimated as a

function of grain size d. As shown in Fig. 6, a power law expression

b ¼ ad
�m

(a and m are regression coefficients) may be adequately
used to predict b for a single layer porous medium.

As shown in Fig. 6, although the mean grain sizes for three LPMs
are pretty close, there are still huge discrepancies between the
three cases. Meanwhile, the b in LPMs deviates from the prediction
curve obtained by the single layer porous medium. The relative
error increases with the grain size ratio. The deviations can be
attributed to the sudden pore space constriction between coarse
and fine grain layers at the interface. As the grain size ratio in-
creases, the discrepancies of the pore space in coarse and fine grain
Units of b and KD Media type

m�1, mD Sandstone, limestone, dolomite

cm�1, cm2 Unconsolidated/consolidated sandstones

m�1, mD Fracture

m�1, mD Numerical porous media

m�1, m Concrete-sphere and crushed-rock layer

m�1, m Various porous media



Fig. 6. A power-law relationship between Forchheimer coefficient b and grains size for
a single layer.
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layers become stronger. The sudden pore space constriction led to
flow velocity or direction fluctuations and finally caused additional
inertial losses. Therefore, for the LPMs, only considering the mean
grains size may underestimate the pressure loss when Non-Darcy
flow occurs.

The sensitivity analysis results indicate that the porosity
significantly impacts the pressure loss in porous medium and
makes estimating fluid flow behavior more complicated (Amiri
et al., 2019). The pressure gradient across the packed porous me-
dium is also generally estimated using the semi-empirical Ergun
empirical equation. Ergun (1952) proposed an empirical model by
analyzing the data from 640 experiments to approximate the b.
There was various media in his experiments, which included
spheres, sand, and pulverized coke. Ergun (1952)'s b is formulated
as:

bErgun ¼ B*ð1� FÞ
d*F3 (12)

where B is a constant and equal to 1.75 by Ergun (1952). However, B
is widely debated as it may vary with porous media and fluid ve-
locity. Du Plessis and Woudberg (2008) suggested constant B equal
1.35 to 2.00 at porosities ranging from 0.20 to 0.80. A relatively
larger constant B ranges from 12.1 to 14.1 have also been reported
for some cases (Kyan et al., 1970). To our knowledge, the original or
modified constants B are usually proposed based on the experi-
mental results on the single layer porous media. It is necessary to
use a modified constant B specific to LPMs to improve the accuracy
in predicting the non-Darcy flow in LPM.

From the Eq. (12) and the b (see Fig. 6) for LPM, the constant B
Table 5
Forchheimer coefficient b and the constant B in Ergun empirical equation for LPM,
coarse grain layer, and fine grain layer in three cases with different grain size ratios.

Parameters Samples Case 1 Case 2 Case 3

Forchheimer coefficient b LPM 16694 17948 21827
Coarse grain layer 15661 14225 12621
Fine grain layer 18337 20975 26141

Constant B LPM 5.22 5.54 4.51
Coarse grain layer 4.32 3.94 3.34
Fine grain layer 4.24 4.22 4.12

2011
for LPM can be calculated. According to the results (see Table 5) in
this study, the constant B is generally larger for LPM than for single
layer porous medium. Our result for the constant B is also larger
than the empirical value proposed before. This can be attributed to
our cases having a slightly larger porosity than the porosity in
previous experiments. But the results may still reveal some prob-
lems. Therefore, to avoid misestimating the inertial pressure loss, a
larger constant B is suggested for LPM when using the Ergun
empirical equation to predict the pressure loss in the Non-Darcy
flow regime.

4. Summary and conclusion

Compared to the single grain layer with a relatively homoge-
neous pore space structure, there were two distinct contrasting
pore space structures in LPM. At the interface of the layers, there
was a sudden contraction of the pore space, which could vary the
flow velocity and direction. In this study, 3-D pore scale LPMs with
different grain size ratios and 3-D pore scale single layer porous
mediawere constructed to investigate the influence of the interface
on the Non-Darcy flow. The Galerkin finite-element method was
used to solve the full Native-Stokes equation directly. A total of 178
numerical experimental data and pore-scale flow fields were
collected in LPMs and single layer porous media. In all cases, both
the Darcy flow regime and the Non-Darcy flow regime were
captured and discussed. The results showed that the interface be-
tween the layers significantly affects the fluid flow and the transi-
tion of the flow regime in LPMs.

By comparing the Darcy permeability in single layer porous
media and LPMs, it was found that the Kozeny-Carman equation
could predict the calculated KD of single layer porous media accu-
rately. But the Kozeny-Carman equation failed to predict the
calculated KD of LPMs and the deviation between prediction and
estimated KD increased with the grain size ratio. It is essential to
consider the interface of layers, especially for the case with highly
contrasting pore space structures. The onset of Non-Darcy in three
LPMs was estimated based on the dimensionless permeability K*.
The critical Reynolds number and Forchheimer number for Non-
Darcy flow in LPMs were first discussed in this paper. The results
showed that the critical Re for LPMs were similar to that for single
layer porous media and was about 1.0. Moreover, it was found that
the onset of Non-Darcy in LPM was more dependent on the fine
grain layer.

Forchheimer coefficients bwhich relates to the inertial pressure
loss in Non-Darcy flowwere calculated for all cases. The b for single
layer porous media can be estimated by a power law expression
versus mean grain size. It was found that, however, the trend for b
of LPMs deviated from the tendency for b of single layer porous
media, especially for the casewith a larger grain ratio. For the LPMs,
considering the mean grains size alone may underestimate the
pressure loss when Non-Darcy flow occurs. The constant B in Ergun
empirical equation was first calculated for LPM. A larger constant B
for LPMs than for single layer porous media was suggested for
estimating the inertial pressure loss.
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