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Abstract

Non-Darcy flows associated with high Reynolds nurslmten occur in the near-wellbore regions of ge®rvoirs or
hydraulic fractures and thus should not be ignotgdwever, investigating non-Darcy flow in these @ rocks
through laboratory experiments is always expensiveé time-consuming. As such, this article soughtlernative
method, and a lattice Boltzmann study of non-Ddiay in various porous models was performed. Theliagbility of

two non-Darcy correlations in porous media and dffect of pore structure on non-Darcy flow were rekzed. In

addition, the reasons for the deviation from thedir Darcy flow and different flow patterns relatednertial effects of
the fluid were also studied. The results showed tth@ characterization of non-Darcy flow in porausdia with the
cubic law can only be valid in a narrow range ofyR#ds number beyond the Darcy regime, outside lockvthe

strong inertia-dominated flow yields to the quadrabrrection. On the whole, representing the namel flows using
the quadratic correction is acceptable, espediatlyporous media with a higher complexity. The teas of non-Darcy
flow greatly depend on the pore structure of a psrmedium, and more heterogeneous pore models slhaye a
faster cessation for Darcy flow and a higlerfactor. Furthermore, for simple porous media alsmmount of

parameters may be adequate for the predictionegf tactor; while the correlations involving more paegars would



be needed to determine tfidactor for more intricate porous models, althougbhscorrelations may not be widely
used in various industries. Besides, the non-Ddlmy that occurs in porous media is collectivelyntolled by
different mechanisms. At elevated velocities, thertial core effect in a large channel will lea@ fiow to be more
homogeneous and less tortuous, while in porous medéh complicated pore space, the steady eddyrewersal flow
resulting from drag force will make the flow patm®re tortuous. As such, it is the hope of this gtiedprovide some

new insights into the non-Darcy flow in porous nzedi
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1. Introduction
As the most important discipline in the descriptwifluid transport in porous media, Darcy’s lawsHaeen widely
adopted in petroleum industries. Darcy flow is atsown as the creeping flow, an event which takasein porous
materials at a very low Reynolds number (Re <<Dx the increase in flow rates, such as the fluavflin the
near-wellbore regions of high-capacity gas and easd reservoirs (Thauvin and Mohanty, 1998) orappant-filled
hydraulic fractures, Darcy’s law no longer holdeda the effect of fluid inertia (Andrade Jr et 41999), here the fluid
governing equation can be corrected with a quadoattubic term, and the commonly used correlasahe quadratic
correlation (Forchgeimer equation) (Forchheime@1)9

-Op =K—"fu + B (1)
WhereVp is the pressure gradient in the specific diregt®a/m;u is the dynamic viscosity of the fluid, Papsis the
density of the fluid, kg/rh In addition,U is the mean velocity through the porous mediuns. Ky/is the Forchheimer
permeability which is very close but not equal tar€y permeabilitfBalhoff and Wheeler, 2009; Muljadi et al., 2016;
Newman and Yin, 2013), m is termed as the inertial coefficient or betadactri’. Note that both the Darcy flow

and non-Darcy flow belong to stationary flows; asyRolds number increase further, the flow will erttee unsteady



turbulent regime, which is out of scope of thisicet Also, turbulent flow rarely occurs in subsagé problems

(Balhoff and Wheeler, 2009).

Investigating the inertial non-Darcy flow througlorpus media is essential for gas reservoirs mogledind the

productivity evaluations of fractured gas wellsiéBel and Voigt, 2006; Miskimins et al., 2005; Regmiet al., 2007).

Generally, thes factor and the onset of non-Darcy can be meastredigh careful multi-rate pressure tests performed

on relatively large rock samples (Chukwudozie apagt, 2013; Macini et al., 2011), Zeng and Grigerg and Grigg,

2006) recommended a revised Forchheimer numbeletttify the beginning of the non-Darcy flow, andalissed the

applicability of that through conducting gas flowperiments on several consolidated rocks. Macial.gtMacini et al.,

2011) reported a series of experiments performedataral and artificial unconsolidated porous medlowing the

significant impact of pore structure (grain sizetdbution and porosity) on fluid flow through paomedia. But it is

evident that the experimental methods are alwayeraime-consuming and expensive. It is thus efaginterest to

numerically explore the non-Darcy flow in porousdets at pore scale through solving the discretidasier-Stokes

(NS) equation. Indeed, the macroscopic flow prapsrtan be obtained by averaging the entire simonlatomain.

Previous studies (Fourar et al., 2004; Hill et2001; Koch and Ladd, 1997; Narvaez et al., 20E&d¢hi and Luding,

2012; Yazdchi et al., 2010) have examined non-Ddtows in simplified porous geometries, which arfien

constituted by rectangles, circles, cylinders,psels or spheres. Furthermore, conceptual pore retwodeling was

also used for the investigation of non-Darcy flé¥ar instance, Wang et al. (Wang et al., 1999) psefdoa tensorial

Forchheimer equation that was verified by a nowkemetwork simulation. Then, they evaluated thetrfloution of

non-Darcy components with three anisotropic modeétmsidering that the pore structure of these kihchodels are

quite different from that of natural rock materjaiscently investigators have studied the fluidMliwithin pore spaces

in either stochastically reconstructed samplesoonputed tomography (CT) samples that have beenthjirebtained.

Chukwudoize and co-workers (Chukwudozie and Tya@i,3; Chukwudozie et al., 2012) used the latticéZBwann

method (LBM), combined with the non-Darcy flow tihgao estimate the permeability, tortuosity, ahdg factor of a



periodic body centered by cubic arrays of smoothraugh sphere packs, along with 3D CT images alifstic porous

rocks. By comparing these computed properties peemental data, they found a good agreement. Eurtbre, they

also briefly demonstrated the effects of roughn@ssinertial flow in porous media. In addition, aceetly direct

pore-scale study done by Muljadi et al. (Muljadiaét 2016) emphasized the effects of structurédrogeneity on the

onset of non-Darcy flows angl factor with three kinds of porous media. Newmad &m (Newman and Yin, 2013)

adopted the LBM for performing a detailed studynoh-Darcy flows in synthetic 2D media, with a pdtpsange of

8-35 %, and they demonstrated that the contrasteast pore and throat size prompted the transitandrtial flows.

Through performing a number of LB flow simulatioinsvarious porous media, Arabjamaloei and Ruth (famaloei

and Ruth, 2017) showed that the apparent permbal@liiuction was due to inertial effects and thksp grovided a

new empirical correlation to predict the scaledpeability change of a porous medium. Nissan andddeitz (Nissan

and Berkowitz, 2018) employed an FEM for the siialadepicting fluid flow through 2D pore-scale mieg¢s with

various pore structures to investigate the inesitct on flow and transport, and they found ttheg inertial flow

behavior was controlled by the medium structure rmnde heterogeneous models would magnify the aleffect.

Thus far, extensive research has revealed thatosampic flow behaviors are associated with the pxirecture.

However, a quantitative study to shed light on #ffects of several microstructural parameters orcrosopic

permeability ang? factor is still lacking. Moreover, although medighwsimple geometries may bear little resemblance

to natural porous materials, it is amendable, amth snodels can be used to implement sensitivityyaisafor structure

complexity due to the well-adjustability of its wttural parameters (Yazdchi and Luding, 2012; Yheét al., 2011;

Yazdchi et al., 2012). The results of this can théso be favorable to the development of the ewcgdirequation to

predict the transport properties of fluid. On thber hand, similar to apparent permeability, theutmsity of a porous

medium is also varied with entering the non-Datoyfregime, which can be responsible for the vamain the flow

patterns of fluids in pore space. However, its alctiependence on complex geometries and topolagiast well

understood. For instance, in the study of Muljadile(Muljadi et al., 2016), a typically inertiatructure, steady eddies



was not formed within the beadpack and Benthimerds@ne, but occurred in Estaillades carbonateinfilas

phenomenon was also found in Ref (Andrade Jr etl8P9). Furthermore, the change of tortuosity ceftect the

variety of flow paths in porous media. However, maofsthe works reported an increase of tortuositglavated flow

rates. To our knowledge, only Yazdchi and LudingZdchi and Luding, 2012) presented an oppositel tfen the

variation of tortuosity, but they did not elaborate that further. As such, the nature of the vagyiortuosity remains

unclear. Collectively, these studies clearly oetlancritical role for the effects of pore structorethe characteristics of

non-Darcy flows. However, a systematic understagndihhow structural properties influence the norrdyaflow in

diverse porous media, including both simple geoyneindels and complicated porous media, is stilbeee

The objectives of this research were thus to egplive non-Darcy flows in porous media with variqusre

complexities through the use of LBM. By conductitige flow simulations, the applicability of the Fbheimer

equation was confirmed, and the effects of somevegilt structural parameters on the onset of nowyDandp factor

was quantitatively examined. Additionally, the maclsms of varied tortuosity in non-Darcy flow wexiso clarified.

The remaining part of the present study will pratas follow: The lattice Boltzmann model was bgiefitroduced in

Section 2. Along with this, Section 2 will also shthe algorithm used for generating different parogedia and the

more detailed non-Darcy flow theory were presentedsection 3, thé factor and the onset of non-Darcy flow were

calculated, and the influence of the pore strutdueéfect, the change of tortuosity, and associdled patterns were

discussed in detail. Finally, some conclusionsdaasvn in Section 4.

2. Theory and numerical methods

2.1 Lattice Boltzmann method

The original Boltzmann equation cannot be direstiived due to its high-order nonlinear nature. Bath commonly

used method is the use of an approximate modeltHerBoltzmann equation, namely the BGK approxinmatio

(Bhatnagar et al., 1954), which is also known a&sdiingle relaxation time (SRT) model. An alternatsolution is the



multiple relaxation time (MRT) method, which incomates multiple collision operators to increase stability and
accuracy of the simulation. Although compared vilte SRT model, the MRT method shows a 30% incréase
computational time (Newman and Yin, 2013), it hasmbwidely used to study single phase flow andiphase flow in
porous materials due to its high accuracy and thiéadjustability of the relaxation time (Chen &t 2014; Zhao et al.,
2017; Zhao et al., 2018a; Zhao et al., 2018b; Atad., 2018c). In this study, the MRT-LBM was eoy@d to simulate
the Darcy flow and inertial flow in porous mediahel standard LB equation with the MRT collision aers is
expressed as

f(x +ceht,t +At)=f (x,t)— (M 2SM)(F (x,t)—f* (x 1)) 2)
Where f(x,t) is the fluid density distribution function at lia# sitex and timet; c is the lattice speed which equals
Ax/ At with At being the lattice time step, as both of them ameegally set as a unity. For the D2Q9 model, the

lattice discrete velocitiesof a given point was given by (Qian et al., 1992)

(001 0-10 1-1-11 3
loo0o10-111-1- 3
The equilibrium distribution functionf,®(x,t) is written as (Qian et al., 1992)
3 9 3
£ = pay | 1+ (6 M) +— (g [l 2——u2} 4
[ pcq[ cz(e' ) 204@ ) 2 (4)

In the above equationg is the weight factor associated with differentiéatvelocities and can be given dy=4/9,
. ,=4/9andws =1/ 36. In addition, the fluid velocity and density ar@laulated through the Equation (4). It is to be
noted that, in this work, the Mach number (theoradf fluid velocity to the sound speed) was keplobe0.1 to
minimize the compressibility effect of flow (Fengad., 2007; Newman and Yin, 2013).
p= 1 (52)
i
pu=>af (5b)
i
In addition,M is the velocity vector transformation matrix tomentum constructed by (Guo et al., 2002b; Yu amd Fa

2010)



1 1 1 1 1 1 1 1 1

-4 -1 -1 -1-12 2 2 2
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0O 1 0 -1 0 1-1-11
M={0 -2 0 2 0 1-1-11 (6)

O 0 1 0 -11 1-1-1

O 0 -2 0 2 1 1-1-1

0O 1 -1 1 -120 0 0 O

0O 0 0 0 0 1-11-]

Sis a diagonal relaxation matrix in moment spisice

S=diag[s;,s,,S3,54,55,56 .57 Sg So (7)

The selection of the parameters in Equation (7)ov¥ed the Ref (Huang et al., 2014), ig.57s, =S;=1.0, s, =1.64,
5=154, 55=5,=1.2 and s; =S, =1/r; in which, the relaxation timel is, safely set as unity. The kinetic
viscosity is also related to the relaxation timaj ¢he sound speed, (= c/\/é ), defined by:

v=ci(r —%)At (8)
Furthermore, boundary conditions in this paper aontthe standard bounce-back scheme and non-equitib
extrapolation boundary condition (Guo et al., 2Q002erein, the former was used to treat the flatidsboundary,
while the latter was applied in the inlet and dutleundaries of the model to assign the specifiedsure difference.
Finally, the conversion of the LBM dimensions toysical units can be simply determined by three atigristic
factors, i.e., lengthLg), time (To) and massM). Since the values of the domain size, fluid dignaind kinetic viscosity
for both the LBM and physical systems are knoweséhcharacteristic factors can be calculated usiedollowing

relationships,

Ly :Axp/Ax (9a)
Ty = vL%/vp (9b)
Mo =130, /P (9¢)

Note that the subscripp” represents the physical dimension, while thealkda without a subscript would mean the

lattice space, unless otherwise stated. Ong€ly and My are determined, other physical parameters canabiye

obtained, e.g. pressure, velocity, permeability, et



2.2 2D porous media generation

The characterization of fluid flow in porous medgchallenging. Aside from the fact that it commoimhvolves

multiple mechanisms, an important factor is thatfibw or transport properties are usually depehdenthe pore

structure of the porous medium. In this study, yroups of geometry models were adopted for the Isiton of the

fluid flow.

One is the porous models constituted by a certaiouat of round particles with an equal diameterisThind of

geometry models is normally regarded as the bendhrfiest the non-Darcy flow in porous media becau$et®

simplicity (Hill et al., 2001; Koch and Ladd, 199¥azdchi and Luding, 2012). Eight geometry modedseacreated by

randomly placing particles into the computationangin that was 508 300 lattices in size, until the expected porosity

was achieved. Additionally, the minimum distanceany two particles is set as 2.2R to inhibit thertap of grains, in

which R is the particle radius. The detailed geoynparameters used in this paper are listed inerablit is worth

noting that the size of the grain model differsnfrthe system size in Table 1, and the main reasothfs will be

discussed later in section 3.1.

Table 1

Properties of the generated porous media: strddhfoamation, porosity, specific surface area.

Geometry model  No. Rufn) System size Poro SSA (thn

C1 144 12 1000x600 0.577 0.107
Cc2 89 15 1000x600 0.579 0.086
C3 63 18 1000x600 0.576 0.073
C4 51 20 1000x600 0.573 0.067
C5 383 6 1000x600 0.712 0.115
C6 259 8 1000x600 0.66 0.115

Cc7 187 10 1000x600 0.605 0.115




C8 150 12 1000x600 0.559 0.115

R1 - - 1500%900 0.393 0.088
R2 - - 1500%900 0.736 0.059
R3 - - 1500%900 0.577 0.079
R4 - - 1500%900 0.799 0.075

No. : the number of particles; R: radius of thetipl; Poro: porosity of the geometry; SSA: specfurface area.
The examples of the geometry models, C4 and C8Jiaptayed in Figure 1a and 1b, where no overlagingrexist and

the white zone represents the pore phase, whelaasrepresents the solid obstacle.
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Fig.1. Examples of pore media studied in this pa@gr (b), (c) and (d) represent the configuratéc4, C8, R2 and
R4 respectively. The remaining models are presdantedr supplementary materials Figure S1.
The generation of the other four geometries wemmaplished using the Quartet Structure Generatien(QSGS)
algorithm developed by Wang et al. (Wang et alQ720The QSGS is a stochastic method which maimtgriporates

four parameters: core distribution probability,editional growth probability, phase interaction gtioyerobability and



volume fraction of each phase. For more detailsiatios algorithm, one may refer to Ref (Wang et2007). Through
the adjustment of these variables, different typeporous media can be obtained. Furthermore,Herstystem with

only one growth and one non-growth phase, the pimseaction growth probability can be neglected.

Here, based on a blank domain with the size 06800 lattice nodes, we set different directionaivgtoprobabilities

and fractions of growth phase for each model teegate four distinctive geometries, with the graphsodel R2 and
R4 as examples, which are also plotted in Figurtt (5 observed that for R2, the solid phase fagageowing in a

longitudinal direction while the solid in R4 wasope to development in horizontal direction. Notatthfter these
porous media were reconstructed, the median filberthe connected phase labeling algorithm (Chah,e2015) were
applied to identify the effective flow paths, as tholated pores have little contribution to flfliol in pore space. It is
also to be noted that both the grain structure tsaaied the reconstructed porous media have aniédéphysical size

of 500X 300 um?.

2.3 Non-Darcy flow theory

Based on the simulation results from LBM, the priyneharacteristics of the non-Darcy flow can bediyadetermined.
Darcy law is used to acquire the intrinsic permiggbof a porous medium. At elevated velocitiese ffow in porous

media is dominated by the fluid inertia, and ashsube linear relationship between the pressuréigna and the
superficial velocity is broken down. Several attésripave been made to quantify the additional presswop caused by
the inertial resistance. Besides the popular caticel (Forchheimer equation), another alternatevéhie cubic law

(Firdaouss et al., 1997; Marusic-Paloka and Miked@@00; Mei and Auriault, 1991), which is definesl a

—op=-+u+au? (10)
Kd
Where a is a constant; ari€}; is the Darcy permeability, mD. Certain scholarse\ikhan and Yin, 2013) have
demonstrated that Equation (10) is only valid iweak inertial flow with a narrow range of velocgieBeyond this

regime, the fluid flow yields the Equation (1).

In addition, the Re is typically used to charaaeihe transition from Darcy flow to non-Darcy flowhich reflects the



ratio of inertial force and viscous effects, antbanmon definition is

Re:w_d

(11)
U

In this definition,d is the average diameter of the grains, m; butafdrighly disordered mediund is difficult to
determine and is inadequate for the representatfothe pore structure characteristic. Hence, amotblemulation

(Muljadi et al., 2016; Newman and Yin, 2013) waspatéd in this study, as described by Equation (12)

Rez_/“i@ (12)

Through combining Equation (1), (10) and (12), aegalized non-dimensional form of non-Darcy flowuation can
be derived, which is similar to the formulationroduced by Yazdchi and Luding (Yazdchi and Ludiggl2) (see
Equation (13))

f =1+ yRé (13)
Where the friction factor isf':Kd/Kapp and the apparent permeability Kg,, =-Vp/ (uU), mD. For quadratic term
equation, y:,B\/K_d andA=1. Likewise . equals two for the cubic correction.
Furthermorep is often calculated by setting a cut-off in thetpdmd fitting the inertia-dominated flow to obtéetime
slope (Chukwudozie and Tyagi, 2013; Chukwudozialgt2012; Muljadi et al., 2016; Newman and Yin 13D We
suggest this method could lead to some errors,cegdlyewhen there is less simulation data. Hefeis directly
determined by fitting all data with Equation (13).
The effect of tortuosity (nameky) on g factor has been highlighted by some researcherski@idozie et al., 2012;

Cooper et al., 1999; Kakouei et al., 2017), ardefined by (Duda et al., 2011; Koponen et al., 3996

T= <U> (24)

Where <UX> is the spatial average of the fluid velocity aldhg macroscopic flow direction, whereé@)is termed

as well as the previous definition.



3. Results and discussion

In this section, a series of LBM simulations wasf@ened in order to investigate fluid flow in grastructures and

stochastically generated porous media. In the Wiollg simulations, the bounce-back (no-slip) bougdaondition is

applied both at the top and bottom of the systesnyeall as the surface of the obstacles, and thespre is set on the

left and right. The features of Darcy and non-Ddtow in pore space were captured by gradually weyyhe pressure

difference between the inlet and the outlet. Nb&t bur numerical models have been validated insapplementary

materials, which include Darcy flow and non-Dartowf simulations.

3.1 Grid refinement analysis

A sufficiently fine grid is exceptionally cruciabf mimicking fluid flow within samples with complexore space or

relatively high Reynolds number. More pore spaceldidoe likely to be created for fluid flow with thggid domain

being refined (Chukwudozie et al., 2012; Muljadiaét 2016). Therefore, in order to acquire a dskedunderstanding

of non-Darcy flows in porous media, one must make $hat the grid resolution is adequate.

Given that two sets of samples with diverse poractires were used, we selected C8 and R1 to cteclgrid

coverage in the LBM simulations, owing to their I@srmeabilities and high SSA. Through subdividingixel into

four and nine smaller pixels, the original modeh ¢t enlarged to a finer geometry with either 2800 or 1500

900 elements. Several simulations were re-runfégrdnt grid resolutions, and the results are sheawhigure 2. One

can see that the mesh resolution has a signifiedfett on the fluid flow in porous media; the ongl grid density is

insufficient for revealing the feature of the noatPy flow, or even the Darcy flow, because thedtife flow channels

cannot be resolved. This includes, for instancépwaer Reynolds number, where the Darcy permeghsitevidently

lower than that at higher mesh resolutions. Thadseof the apparent permeability varying with aaréase in the

Reynolds number under two refined grids are pdgfenatched for C8, indicating that a grid resolatiof 1000< 600

pixels is sufficient for the description of non-Bgrflow in porous media. Although there is a diffiece in simulation

results under the two refined ones for R1, the métaviation is acceptable. The mesh density of 26900 pixels was



used safely in conducting the following simulatiomsth respect to the second group of porous moadslsan be seen

in Table 1.
(a) (b)
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Fig.2. The variation of apparent permeability dsrection of Reynolds number for (a) C8 and (b) Rdliierent grid
resolution.

3.2 Characterization of non-Darcy flow in porous media

On the basis of the theory given in section 2.3nesaelevant parameters can be determined for #wtifitation of
non-Darcy flows. For very low velocities, i.e., tbeeping flows, the Darcy permeabilities of al tinodels have been
summarized in Table 2. The permeabilities for C1+@8 a narrow range from 2436 to 8893 mD, whiley daur
permeabilities for R1~R4 exhibit a large fluctuatioetween 1645 to 40137 mD, which could be duéecstibstantial
variation in pore structures. Plus, the tortuositi¢ various geometries can be calculated fronetitee velocity filed
distribution, which is also seen in Table 2. Theuosity is able to reflect the heterogeneity gioaous medium to some
degree; the values of most of these models areoaippately 1.2. It is also found that R1 has thedstvypermeability
but has the highest value of tortuosity. In corfrRe4 has the highest permeability but minimaluosity. However, it
would seem that there is no monotonous connedtahexists between the permeability and the toityida addition,

it should be noted that the permeability and tastiyowould change as the Re increases up to atiahBlow; as such,
their listed values would correspond to the Daegyime.

Table 2



The acquired results fitted by quadratic and culoic-Darcy correlations. Note that the equationsvshio Table 2 correspond to the quadratic fitting

because of the high&Square.

R?
Geometry model Fitting equations 8 (x10° m?) T Perm (md)
=1 1=2

C1 0.990 0.949 y=1+0.304% 166.88 1.236 3329.4
C2 0.991 0.947 y=1+0.262% 116.63 1.203 5053.3
C3 0.990 0.959 y=1+0.285% 112.35 1.201 6459
C4 0.992 0.931 y=1+0.240% 80.39 1.176 8893.3
C5 0.983 0.962 y=1+0.120% 56.90 1.147 4464.6
C6 0.988 0.953 y=1+0.165% 78.49 1.213 4427.4
C7 0.991 0.944 y=1+0.188% 101.11 1.244 3491.6
C8 0.984 0.962 y=1+0.279& 179.25 1.231 2436.3
R1 0.997 0.917 y=1+1.719% 1340.54 1.545 1645
R2 0.997 0.907 y=1+0.6234& 205.30 1.227 9219.9
R3 0.992 0.945 y=1+0.435& 128.25 1.216 11505
R4 0.995 0.903 y=1+0.075% 11.95 1.072 40137

R? the coefficient of determination; Perm: permeibidf the porous medium.

With the increase of velocity in pore space, tloavfregime progressively transforms from a Darcwfto non-Darcy
flow, and the flow equation can be modified throughguadratic correlation. However, to further irtigege the
application of Equation (1) and (10) in characiedgzthe non-Darcy flow, the graph of the frictioacfor versus
Reynolds number of each model were all fitted séhtwo relations. As can be seen from Table &rims of all the
models, the quadratic term=(1) has a better accuracy than the cubic @r)(due to the higheR. Furthermore, it

appears that the Forchheimer equation might habeteer applicability in the constructed models witle QSGS



method, where all thB? values are >0.99.
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Fig.3. The plots of the friction factor versus Relditted lines for (a) C7 and (b) R1, using quaidrand cubic

correlations.

Taking the cases of C7 and R1 as an example, thelation results and the fitting lines are showrfigure 3. It is

revealed that the cubic law can indeed be useeépoesent the weak inertial flow, i.e., the earbgst of non-Darcy

flows, whereas the quadratic correction is more@ppate for the strong inertial regime. This findiis in accordance

with the conclusions of previous authors (Fourarakt 2004; Koch and Ladd, 1997; Newman and Yin130

Nevertheless, the cubic law only applies to a mamange of Reynolds number (see the inserted arénlFigure 3). In

its entirely, the whole flow regime, as represerigdhe Forchheimer equation, is acceptable. Omther hand, when

the fitting equations are known, tlfefactor can be easily derived (see Table 2). It womyppear that no obvious

regularity was able to be observed betweenstfactor and other parameters due to the scatteredenamplying that

the g factor is controlled by multiple factors that wiké discussed in what follows.

3.3 The impacts of pore structure on non-Darcy flow

The pore structure of a porous medium greatly &ffebe flow in pore space and results in a chaefagy the

determination of the primary properties of non-Daflows, both macroscopically and microscopicaly advantage

of generating grain models is that we can shift gmecific geometrical parameter, while simultangguxing able to

fix the other relevant ones freely. For simplicityis section illustrates the effects of specificface area and porosity



(structural parameters can be seen in Table 1parDarcy flow.
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Fig.4. The effect of specific surface area on namely flow. (a) The plot of apparent permeabilitysies Reynolds
number at various SSA,; (b) Variation of théactor and tortuosity as a function of SSA.

As shown in Figure 4, the variation tendency ofappt permeabilities for these models experiencas@oth phase,
i.e. the Darcy regime, until the point of deviatiavhich is called the onset of the non-Darcy fldwen, at elevated
velocity circumstances, the fluid flow is dominated the inertial effect, which results in a declimethe apparent
permeability. Different criteria have been proposgdseveral authors (Comiti, 2000; Ma and Ruth,31%eng and
Grigg, 2006) in identifying the cession of the Daftow, and a commonly used limit is the definitisnggested by
Comiti (Comiti, 2000), who identified this cessatiat the point when the pressure drop due to tieatiterm becomes
less than 99% of the total. In other words, onee ftiction factorf is more than 1.01, the Forchheimer regime is
assumed. The onset of the non-Darcy flow is matked cross symbol, as depicted in Figure 4a, aditates that a
decreasing trend in the porous medium with a lowmgability is more rapid compared to one with ahkig
permeability, a statement that is in a good agre¢méth the previous numerical results (Chukwudoara Tyagi,
2013; Kakouei et al., 2017; Muljadi et al., 201B)rthermore, it can be found from Figure 4b thattfi@ same porosity,
a porous medium with a larger SSA leads to a Igveemeability and largef factor and tortuosity. This is as for the
porous media with similar structural charactersstia larger SSA generally leads to a more compthektartuous pore

structure.
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Fig.5. The effect of porosity on non-Darcy flow) {éhe plot of apparent permeability versus Reynaolgimber at

different porosities; (b) Variation of thfactor and tortuosity as a function of porosity.

Similarly, as expected, in the same SSA, the pomsadel with a low permeability would mean the aleffective pore

space available for fluid flow. Thus, a smallerugabf the onset of non-Darcy flow is observed fectrsa model, as

shown in Figure 5a. We also notice that if basedh@nobservation of the cases C7 and C8, a larggast in the

permeability for them results in the significanffeliences in theip factor and onset value of inertial flow. However,

while models C5 and C6 have rather similar pernigglthe differences in thg factor and the onset value for inertial

flow of both are relatively large, revealing tha¢rmeability are not purely controlled by the effeetporosity.

Additionally, there is a clear trend of a decremsthe g factor with increasing the porosity of the geometvhile no

obvious correlation was found between the tortyaaitd porosity (see Figure 5b).
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Fig.6. Non-Darcy flow in stochastically constructgarous media. (a) The plot of apparent permeghiétsus



Reynolds number; (b) The relationship betweerptfector and the defined non-Darcy factor Nf forisas models.
As for the naturally porous media, including thecstastically generated models, it would be impdedib perform a
sensitivity analysis of the effect of pore struetaum non-Darcy flow due to the extremely irregudauctural nature.
However, from the above results, a positive or tiegacorrelation was found between tfiefactor, the SSA, and
porosity. Here, we propose a new correlation, witightains the terms of SSA, porosity, and permighib describe
the g factor. Furthermore, it meets the criterion of disienal analysis, and is expressed as
g !

B =af (¢7)(K—d)3 (15)
Wherea equals 2.K 10% S denotes the SSA, ulandf (¢)is a function of porosity, following the conclusmiby
scholars (Ergun, 1952; Yazdchi and Luding, 2012)jctv can be defined as a monotonically decreasimgtion,
f(p=01- ¢)/gf’ . Recently, Newman and Yin (Newman and Yin, 201®)yjued a correlation, see Equation (16), from
which it can be seen that tidactor has a positive relation with thiég) but has a negative relation with SSA. However,
this is contrary to what was observed and to theclosions of previous studies (Ergun, 1952; Yazdustd Luding,
2012), and might need to be corrected.

BJKq =0.0099F (o{dez)_]/z

(16)
In which, f ((t)):qa/\/g is a monotonically increasing function whgiis between 0 and 1.

Similar to the results from Figure 4 and 5, the mledvith more heterogeneous structure exhibit alieeaon-Darcy
regime and lower permeability. Additionally, thesudts presented in Figure 6b show a good fit wheinguEquation
(15) from geometry C1~C8, but a remarkable devafiom the fitting line was viewed for R1~R4. Thisplies that
for the simple geometries, C1~C8 for example, AHfactor being characterized using SSA, Darcy perifigatand
SSA might be sufficient, while for the model witltamplicated heterogeneity, described only by tipegameters may
be found wanting and might need to have more pass@corporated.

It should be noted that there are still some lititas within in our work, and the developed cortiela may not be

directly used to predict non-Darcy flow characticisOne of the reasons for that is the correlaimibased on 2D



simulations, which is inconsistent with realistiosrpus media. Hence, the possibility of applicatiothe 3D medium

remains open. As such, the models used in thisygardhe investigation of the effects of pore sture on non-Darcy

flow are far from sufficient if one intends to page a general equation gofactor. Furthermore, characterization of

pore structures only through the use of SSA, ptyoand permeability are also insufficient; somg kactors, such as

pore-throat size distribution, coordination numitiee, relative position of pore clusters, and twatheven higher-point

correlation function might be needed to accounttf@ complex structure (Rabbani et al., 2016; Shayg 2016;

Tahmasebi and Sahimi, 2013). However, the questiomains that these parameters are hard to determine

experimentally but procurement through the digiatk physics method is possible. In other words,aaourate

correlation which involves multifold impacts to eidate the inertial effect would not be able tovidely used in

relevant industries. The main objective of thisdgtis thus to highlight the effect of pore struetam inertial flow in

porous media, and the development of a strong labioe is of huge practical value, and as suchl, lvalconducted in

our future investigations.

3.4 Analysis of inertial flow modes

As mentioned before, non-Darcy flows in porous raeatie highly dependent of the medium structure,revinigher

complexity magnifies fluid inertial effects (Nissand Berkowitz, 2018). Furthermore, this effeaders various flow

patterns in pore space and the apparent permgadiid tortuosity changes accordingly, as the Reimaolumber

increases.
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Fig.7. Two types of trends of variation in tortugsivith an increase in the Reynolds number. (ajaagal decline in

tortuosity; (b) a gradual increment in tortuosity.

The variation of apparent permeability has beercusised before, when the flow regime transitionsnflonear to

nonlinear, and the feature of tortuosity was preskm this section. Figure 7 displays the variatieends of tortuosity

versus the Reynolds number. Surprisingly, the tianiarend of tortuosity for these models can kassified into two

types; when the non-Darcy flows appear, the Typarle shows a monotonically increasing tendencyenfiype I

shows a decreasing one. Indeed, Type Il has bemorddgrated by some researchers (Chukwudozie angi, 3@13;

Chukwudozie et al., 2012; Kakouei et al., 2017; jsiil et al., 2016), and the main cause for thal lvélelaborated in

detail furthermore in the paper. However, as pdirdat in the introduction, the Type | curve is odigcovered in the

work of Yazdchi and Luding (Yazdchi and Luding, 2p1but they did not provide a reasonable explanator that.

Here, this rather contradictory result will be diad by a visualization analysis of flow modestlre model R4, C4 and

R1. First, from the point view of mathematics, &&piation (14), the intrinsic velocity vectarwould consist of the

components along the X and Y direction. Hence diferease in tortuosity means the contributionwéflzelocity of X

component becomes more significant. On the conttheyincrease in tortuosity indicates the largertipn of the Y

component with respect to the velocity vector.

Fig.8. Plots of velocity distribution within R4 specific points, with the legend being denotedJy., whereU,.is
the average velocity through the entire porous omad{a) the Darcy regime (Re=5<7L0°) and (b) the non-Darcy

regime (Re=6.68).



Figure 8 depicts the fluid velocity fields for Rétavo different Reynolds number, and it is obsertteat at the Darcy

regime, the fluid spreads evenly through the ppeecs in the area where a local high-velocity zoxistg within the

flow domain (marked by a large rectangle). Howeweth increasing the Reynolds number, the high-dpesgion

within Figure 8a is shifted to a straight pore #ir(see the red rectangle in Figure 8b), and aarepp concentration of

fast flow appears and the sweeping efficiency ofdflis also reduced. This finding is qualitativety line with the

findings of previous studies (Muljadi et al., 20DMewman and Yin, 2013). Additionally, another higtte zone takes

place in the lower left of the model. These phenmemean be explained by the “inertial cores” mecsmn{Dybbs and

Edwards, 1984). Furthermore, some small steadyesdsinerge within pore spaces, even at Darcy flawlitions, due

to the confined pores which is only swept by flogcirculation (marked by the purple circles), athieig Reynolds

number more intensive eddies occurs. The genesatddx is detrimental to the fluid flow and makée tflow path

more tortuous. Overall, the variation of tortuosftyr a porous medium is derived as an outcome oftipha

mechanisms acting together. The decreased toyuosiTType | reveals that the total flow flux majnrtomes from the

contribution of these enhanced flow paths, andeffext of inertial core outweighs the effect ofastg eddies.

@ o, 1 o o o, mE o
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Fig.9. Plots of velocity distribution of within Rt specific points; (a) the Darcy regime (Re=110* and (b) the
non-Darcy regime (Re=1.37).
The velocity fields for R1 at different regimes gm@sented in Figure 9. Similar to the case of e eddies were
also observed in the Darcy regime because of tiieate pore structure then grows as the Reynaldsher increases

(see the purple circle). These eddies usually eenettere obstacles touch and the flow cannot trass\effectively, as



pointed out by Fourar et al.(Fourar et al., 2004 addition, another observation made, in relat@mfigure 13, is that a

reversal flow occurs (denoted by a red rectangle), at higher Reynolds number, the flow directisrshifted to the

opposite direction and the values of the local eitikss become negative, which leads to the incrémagertuosity.

Furthermore, we also illustrated the velocity dlsttion of C4, and from Figure 10 we can conclukat the gradual

deviation from Darcy’s law is due to the dynamiowth of flow eddies and some new preferential flgaths. Despite

the distribution of streamlines along the direct@mthogonal toward the direction of applied pressbecoming more

homogeneous, the existence of fluid vortex maylté@sithe increase of tortuosity for C4.

Fig.10. Plots of velocity distribution of within Gat specific points; (a) the Darcy regime (Re=910") and (b) the
non-Darcy regime (Re=6.1).
The LBM simulations at the pore scale indicate that non-Darcy flow in porous media is collectivelyntrolled by
several mechanisms, as one alone cannot be reljeofwi the macroscopic behavior of fluid flow. \8feggest that the
inertial core effect in a large channel will leaml@a more homogeneous flow and decrease the taxtuesiile for
relatively intricate porous models, the steady eddyg reversal flow results from the drag force wwithke the flow
paths more tortuous. Indeed, the features of adefttiw are closely related to the pore structuréhe model; one must
have a clear recognition of the porous model befareying out the investigation of non-Darcy flowporous media.
In addition, we also speculate that these effeatsldvalso appear in 3D porous models, which mighteha faster
transformation from Darcy regimes to non-Darcy negs, as 3D flow paths are more complicated. Bestdeform a

percolated pore space, 3D geometry may need a lpaersity compared to the 2D models. Clearly, astof



non-Darcy flows in various 3D models is worth beaanducted in the future.

4, Conclusion

In this study, we performed a series of non-Datoyfsimulations in various porous models througé tise of the

lattice Boltzmann method, and the capability of twam-Darcy correlations in porous media, the eftéqiore structure

on non-Darcy flow, and the types of non-Darcy flpatterns were revealed based on the simulatioritse3ine main

conclusions of this study are as follows.

(1) The cubic law is only valid in representing tely stages of non-Darcy flows in porous mede&ydnd this regime,

the inertia-dominated flow yields to the quadratizrection, which has a better accuracy than thicderm. On the

whole, the characterization of non-Darcy flows gsthe quadratic correction is acceptable, espgciatl the porous

media with higher complexity.

(2) The features of non-Darcy flow are greatly etfiéel by the pore structure of a porous medium. Gédigemore

heterogeneous pore models always have a fasteaticasand a largep factor. To be specific, when fixing other

structural parameters, the porous media with lop@tosity and higher specific surface area wouldehavmore

tortuous pore space, thus increasing the effefttiiofinertia.

(3) We also attempted to predict thdactor using some relevant structural propertibs; results indicated that for

simple porous media, several parameters may beuattewhile more parameters would be needed tordeterthes

factor for the heterogeneous porous models.

(4) The non-Darcy flow that occurred in porous raedias collectively controlled by several mechanisiwough

increasing the flow rate, the inertial core effach large channel will lead to a more homogeneandg less tortuous

flow, while in porous models with a complicated @@pace, the steady eddy and reversal flow reguitom the drag

force will make the flow paths more tortuous. Thiadyal increase, or decrease, of tortuosity fooys medium in

non-Darcy flow regime thus reflects the combinetioas of such mechanisms.
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Appendix A. Supplementary material

All the geometry models used in the present wordk aalidation of our numerical models can be foumdupporting

information.
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Highlights:
Non-Darcy flowsin porous media are simulated using the lattice Boltzmann method.
The effects of pore structure on non-Darcy flow are studied.

The flow patterns of the fluid in the non-Darcy regime are elaborated.



