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ARTICLE INFO ABSTRACT

Keywords: Clogging of porous media is controlled by attachment of particles and their subsequent detachment. In this
Porous media study, we explore particle transport at the pore scale by considering attachment and detachment processes. We
Pore scale

use pore structures of three samples which have similar topological properties but different initial porosities. The
main focus is on particle detachment, after they are attached to the solid grain boundaries, and to explore how
particle detachment affects hydraulic properties and clogging of porous media. A new approach was proposed by
combining the lattice Boltzmann method with a Lagrangian method to simulate fluid flow and particle transport,
respectively. Comparisons between several simulations, with and without detachment, were used to evaluate the
impact of particle detachment on fluid flow velocity distributions. The coefficients of Carman-Kozeny relation
were used to relate porosity changes of each sample to its permeability alterations. Additionally, the influence of
the initial porosity of the sample and flow velocity on the detachment process was analysed. The results show that
compared to the impact of flow velocity, the initial porosity of the media has a greater influence on controlling

Detachment process
Lattice boltzmann method
Attachment process

Fine particles clogging

the rate of detachment and change of pore structures.

1. Introduction

Understanding attachment and detachment of fine particles in
porous media is critical in several applications including chemical
(Stewart and Buriak, 2000) environmental ((Abdul Mujeebu et al.,
2009); Raoof and Hassanizadeh 2010, Raoof et al., 2010), and petroleum
technologies, oil exploitation (Parazzo et al., 2018), industrial filter-
ing (Netter and Conti, 2016), groundwater utilization (Chequer et al.,
2019;Wang et al., 2020), grouting engineering (Zhou et al., 2018) and
industrial waste disposal (Tong et al., 2019). Several approaches includ-
ing experimental (Bergendahl and Grasso, 2000; Silliman et al., 2001;
(Haque et al., 2017), Chu et al., 2019), computational (Raoof et al.,
2013; Klimenko and Maryshev, 2019; (Benioug et al., 2017; Gaebler and
Eberl, 2018), Yoon et al. 2015; and mathematical (Bedrikovetsky et al.,
2011, (Bedrikovetsky et al., 2012), Bergendahl and Grasso, 2000;
Schulz and Knabner, 2016) methods have been developed, focusing on
particle transport, attachment, and detachment of colloids in porous me-
dia. Attachment of particle at the solid grains alters topology and geom-
etry of the pore structure and varies the fluid flow regime. At the same
time, attachment of particles increases the hydrodynamic shear next to
the grain surfaces which may cause detachment of the deposited par-
ticles.(Coronado and Diaz-Viera, 2016) studied permeability loss due
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to fine migration and clogging using three experiments. Based on the
study of Bedrikovetsky et al. (2011), they applied an extended math-
ematical model to simulate permeability impairment. Endo Kokubun
et al. (2019) explored the effect of hydrodynamic forces on accumula-
tion of particles in water-saturated porous media. Their numerical re-
sults showed significant accumulation of particles in both low and high-
velocity regions. They reported that during particle transport in homo-
geneous media, particles are significantly accumulated in low-velocity
regions, however, the ultimate porous media clogging is occurred at
high velocity regions. In addition to particle attachment and retention,
detachment of fine particles can play a significant role in the clogging
behaviour of porous media.

Several studies have included particle detachment process to ob-
tain effective parameters for adsorptive transport (Tufenkji, 2007;
Kapellos, et al., 2007; Han et al, 2019; (Zhang et al., 2019)).
Zheng et al. (2014) used a combined experimental-mathematical analy-
sis, and found that detachment does not necessarily occur under lower
Darcy velocities and there exist a significant relation between the attach-
ment/detachment parameters and flow velocity. Cui et al. (2017) eval-
uated the influence of flow velocity and its direction on detachment
process using experimental observations. Quartz powder with sizes of
18 and 41 pm were used as colloids and quartz sand was used as porous
media. They observed that both parameters influence the detachment
rate of the deposited particles, however, the magnitude of fluid velocity
showed a larger impact on the detachment rate. (Huang et al., 2017) in-
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Nomenclature

fa Boltzmann distribution function

Cy Velocity vector in a-direction

T Hydrodynamic relaxation time

f3a Equilibrium distribution function

C Lattice sound speed (m/s)

Ax Lattice length

At Lattice time

Wg Weight coefficient for the a-direction
Cs Sound speed (m/s)

v Kinematic viscosity(m?/s)

p Fluid density (kg/m3)

u Fluid velocity (m/s)

m Mass of particle (kg)

v Particle velocity (m/s)

Fp Hydrodynamic drag force

u Dynamic viscosity (Pa.s)

a, Particle radius (m)

c Shear stress (Pa)

Cer Critical shear stress(Pa)

Fy Adhesive force (N)

[ Friction coefficient

k; Particle stickiness to surface (m)
G Particle mass concentration

a Empirical constant

H Hamaker coefficient

1 Separation distance between the particle surfaces in fil-
ter cake (m)

N, Critical mobility number

Nge,, Critical Reynolds number

Ver Critical shear velocity (m/s)

Vs Specific weight of particle

Re Reynolds number

K Permeability(m?)

K, Initial permeability(m?)

¢ Porosity

b0 Initial porosity

i Horizontal nodes counter

j Vertical nodes counter

nx The number of lattice nodes in horizontal direction
ny The number of lattice nodes in vertical direction
s Sphericity

K4 Stress tensor

o; Standard deviation

T Mean stress

* Normalized shear stress

vestigated the role of flow conditions, fine sizes and fracture aperture on
particles detachment during dewatering process. A mathematical model
was developed to describe single particle detachment mechanism. They
found a critical pressure gradient under which a massive amount of fine
detachment occurred. Their results showed that, with increasing the size
of fine particles, the pressure gradient required for fine detachment ini-
tially decreased to a minimum value (called critical gradient pressure)
and subsequentlyincreased to a larger value. During the attachment and
detachment of fine particles permeability alterations occur due to poros-
ity variation and change of pore structures.

The complex nature of porous media have caused challenges in de-
veloping relationships among permeability, porosity, grain size and fine
sizes (Hommel et al., 2018). Several modelshave been developed to
predict the permeability reduction due to particles retention including
experimental (Verma and Pruess, 1988; Civan, 2001; Thullner, 2010;
Bacci et al., 2011) and numerical (Zhang et al., 2015; Ju et al., 2017;

Advances in Water Resources 151 (2021) 103888

Joodat et al., 2018) approaches. While some studies have applied a more
realistic and complex pore structures (Xiao and Yin, 2016; Rabbani et al.,
2018), many others were limited to simpler grain geometries like cylin-
drical shapes (Yazdchi et al., 2011; Endo Kokubun et al., 2019). Porous
media with identical porosity values often have different topologies (i.e.,
the way that pore structures with different sizes are interconnected).
This difference can significantly affect the relationship between poros-
ity and permeability of porous media which even have similar porosities.
Lima et al. (2020) showed that samples with higher pore connectivities
(i.e., larger pore coordination numbers) provide much larger permeabil-
ities compared to samples with similar porosities but with a less num-
ber of connected pores. Deo et al. (2010), in an experimental-modelling
study, investigated the permeability reduction in concrete samplesby re-
tention of fine particles and pore clogging. They used fine and coarse
concrete samples as the matrix materials and observed a substantial
permeability reduction when an incremental amount of finer sand was
added to the porous concrete mixtures. Based on their observations,
they proposed a ratio of pore size to particle size under which per-
meability reduction is maximum and its reduction would not have a
significant trend for coarser sands. Sato et al. (2013) investigated the
effect of trapped particles on permeability reduction using an image of
real sand grains and applying Lattice Boltzmann Method (LBM) to sim-
ulate fluid flow. They used volume fraction and specific surface areas
of both grains and the clogging particles to define a relation for perme-
ability alteration. They found that the reduction in permeability could
not only be attributed to changes in volume fraction of fine particles to
the pore volume, but also to the size distribution of fine particles. Ac-
cording to their results, when medium porosity is more or lessconstant
along the sample, the order of magnitude of the resulting permeabili-
ties is identical to porosity values, whether the fine particles are fixed
at random positions or they are trapped within the narrow pore throats.
Montessori et al. (2015) and (Montessori et al., 2016) employed lattice
Boltzmann method to simulate strongly non-equilibrium flows in porous
media and reactive flow related to nano porous materials. Their results
showed that non-equilibrium effects increase the reactivity of the porous
sample and provided quantitative assessment of the reactivity using the
thickness of the reactive layer inside a nano-porous catalytic sample.

Ahfir et al. (2016) investigated the influence of porous medium grain
size and fine particle sizes on clogging and found that a larger number
of particles were retained within the narrower pores. However, the fun-
damental mechanism of clogging in porous media caused by particle
transport was not stated. Liu and Mostaghimi (2017) performed par-
allel computations on 3D samples using lattice Boltzmann and finite
volume methods and simulated dissolution of a carbonate rock sample
together with particle migration and reactive transport. Their simula-
tions were conducted under low Peclet regime to study the effect of
flow rate on reactive transport. Using image based pore structures, they
showed that the resulting permeability-porosity relation from mod-
elling are less accurate when low-resolution images are used for sim-
ulations.

Li and Prigiobbe (2018) developed a numerical model by the help of
LBM, Immersed Boundary Method (IBM), and Discrete Element Method
(DEM). They investigated fine particles motion in porous media using
a two-way coupling implemented between fluid flow and fine particles.
Their results showed that both particle size and the structure of porous
media can influence particle transport and retention. This consequently
could alter the flow regime and decrease the permeability. In addition,
simulations showed that increase of pressure drop because of the re-
tained particles can promote detachment and allow restoring the initial
permeability. Ahkami et al. (2020) studied pore-scale behaviour of min-
eral precipitation patterns in a fractured porous medium, employing a
2D phase field lattice-Boltzmann method. They introduced a porosity-
permeability relation that considered species transport, mineral precip-
itation and pore space geometry changes. A wide range of diffusivity
and reaction rates was explored to study different flow regimes ranging
from advection to diffusion-dominated regimes. Their results showed
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that permeability reduction is affected by clogging regime close to the
flow inlet.They found a linear reduction in permeability for the fracture
isolation regime when the precipitation reactions narrowed down the
fractures, and permeability reduced slowly in the diffusive precipita-
tion regime where precipitation reactions spread between solid grains.
In order to a better understanding of grain detachment and migration
during reactive flow, Liu et al. (2020) studied the effect of permeable
grain boundaries on dissolution of carbonate rock with complex struc-
ture and porosities by a 2D grain-scale modelling. Their results showed
a decrease in permeability due to the clogging of transport pathways
caused by grain detachment. In addition, they found that an increase
in flow rate causes a reduction in detachment and fracture clogging by
reducing local dissolution along grain boundaries.

Parvan et al. (2020) investigated the influence of initial porosity and
different topology on the porosity-permeability relationship using LBM
for fluid flow simulation. Six real geometries were used to evaluate the
clogging process. Three geometries with identical topologies but differ-
ent initial porosities were used for investigating the influences of porous
media geometrical effect and an extra three samples, for which the solid
grain were repositioned, were used to study the porous media topologi-
cal effects. In our previous study (Parvan et al., 2020), we explored the
dependency of clogging on both porous media geometrical and topolog-
ical propertiesby only considering particle attachment. In this article, in
addition to particle attachment, we include detachment of particlesto
explore its impact porous media clogging.Particle detachment isimple-
mented by computing a critical shear force at the surfaces of solid grains.
Several hydrodynamicalparameters are presented at the pore scale and
the results are compared between simulations with and without parti-
cle detachment process. The findings are explained by providing fluid
velocity fields, distribution of shear forces, and particle attachment and
how these are affected when particle detachment in included. Finally,
to show the influence of particle detachment at the larger sample scale,
we explored the effect of detachment process on coefficients of Carman-
Kozeny relation and how these coefficients change during adsorptive
transport for simulations with and without detachment process.

2. Methodology and modelling assumptions

To simulate fluid flow and particle transport, including attachment
and detachment of fine particles, we have considered two sequen-
tial steps in our simulations. First, fluid flow is simulated to obtain a
steady state flow for a given pore structure. The pore structure is de-
termined by the initial pore geometry as well as the subsequent at-
tachment/detachment of particles changing the pore structure. In a sec-
ond step, using the established flow, particle transport including attach-
ment and detachment processes are simulated.

The challenges encountered in lattice Boltzmann modelling of com-
plex geometries are two folds. First, the representation of the complex
geometry in the Cartesian grid does not conform to the curved bound-
aries. Secondly, in implementing the boundary conditions, inaccurate
distribution functions originated from the solid nodes may be gener-
ated during the streaming operation. In our study, the complex geom-
etry is converted into binary data before the numerical solution. The
no-slip boundary conditions are included using the Standard Bounce
Back (SBB) scheme in this study. SBB scheme reverses the distribution
functions at the stationary solid surfaces and is used very often in LBM
method to represent the non-slip boundary conditions. It reverses and
sends back the distribution functions penetrated to the stationary solid
surface. For our simulations, we have combined the LBM (for flow sim-
ulation) with a Lagrangian method for particle transport simulation in
porous media. The following assumptions have been considered for par-
ticles motion during attachment and detachment processes: a) through
the simulations, physical properties of fluid such as its dynamic viscos-
ity and densityare unaffected because the concentration of the point
particles in the fluid is sufficiently low. b) Particle transport and par-
ticle detachment occur due to hydrodynamic drag forces and hydrody-
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namic shear force, respectively, and mechanism including interactions
between fine particles, gravity, van der Waals forces, and electrostatic
double layer forces are not considered. This assumption is often made
in studies considering horizontal flow (Feng et al., 2015;Bagalkot and
Kumar, 2018;parvan et al., 2020) which is consistent with our simula-
tions. c) the injected particles have small size relative to the pore size,
and, therefore, their effect on fluid flow regime is negligible up to their
deposition time (after which the flow field is solved and velocities are
updated accordingly). d) The distance between the surface of particles
and grain boundaries are used as a measure for attachment and detach-
ment of fine particles through defining a critical value for hydrodynamic
shear force.

3. Mathematical model
3.1. Fluid flow simulations

LBM is an effective approach for numerical simulations of fluid
flow, which has been used in diverse studies (Succi, 2001; Sukop and
Thorne, 2006; Aidun and Clausen, 2010, Parvan et al., 2019) in-
cluding pore-scale simulation of flow through different porous media
(Koponen et al. 1998; Koivu et al. 2009; Mattila et al. 2016). LBMis a
mesoscopic numerical method that can bridge the micro and the macro
scales. In LBM, the fluid flow is solved based on discrete version of the
Boltzmann equation. Often bounce-back algorithm is used in LBM to ap-
ply no-slip boundary condition at the interface of fluid and solid grains.
In this study, the D2Q9 scheme is used and at each time step, LBM equa-
tions are solved in a transient form until steady-state flow is reached.
The LBM for fluid flow is described by the following discretized Boltz-
mann equation:

LX) = £

T

Ffa(X+CeAt 1+ A1) = fo(x,1) = M

here,f, is Boltzmann distribution function to calculate density and ve-
locity field and f,? is distribution function in equilibrium state used
for direction a. In addition, = and ¢, mention hydrodynamic relaxation
time and velocity vector in a-direction, respectively.These parameters
are expressed as:
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here C = Ax/At s related to the lattice sound speed. Ax and At are lattice
length and lattice time that both are selected as 1, and w,, is the weight
coefficient for the a-direction expressed as:
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spectively. The macroscopic variables of fluid, such as density p(x, t)
and velocity u(x, t) can be calculated by using of:
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3.2. Implemented boundary conditions

In present simulations, a non-slip boundary condition is applied for
top and bottom boundaries and a periodic boundary condition is used at
the inlet and the outlet boundaries. The unknown distribution functions
in D2Q9 lattice arrangement for each boundary are computed as:

Sai,ny) = fr(i,ny)
f1G,ny) = fs(i,ny) (3)
3@, ny) = fo(i,ny)

top boundary (bounce back) :

Fo(i, 1) = f4G, 1)
fs@, 1) = f7(i, 1) )
Sfelis 1) = f3(i, 1)

bottom boundary (bounce back) :

S1(LJ) = fi(nx, j)
Is(L,j) = fs(nx, j) (10)
S5(1,J) = fy(nx, j)

inlet boundary (periodic) :

S3nx, j) = f3(1, )
Jo(nx, j) = fo(1.J) an
Sr(nx, j) = f7(1,J)

outlet boundary (periodic) :

where i, j,nx, and ny are the horizontal node indices, the vertical node
indices, the number of lattice nodes in the horizontal direction, and the
number of lattice nodes in the vertical direction, respectively. Moreover,
the fluid flow is driven by an extremely small body force on the fluid.

3.3. Simulating particle transport

The motion of a particle in the flow field occurs in the Lagrangian

simulation step in response to the hydrodynamics drag forces. The La-
grangian equation of motion of a particle suspended in a fluid is given
as:
m% =Fp 12)
where m is the mass of particle, v is particle velocity, and Fj, is hydrody-
namic drag force. The actual diameter size of the injected fine particles
and the average grain diameter are 0.608 um and 35-40 pum, respec-
tively. When the Reynolds number of the domain is low and the particle
is not close to the channel wall, the Stokes drag force effects on the
particle can be expressed as (Stokes, 1850; Horwitz and Mani, 2016;
Horwitz and Mani, 2018; Qiu, 2015):

Fp =6rua,(u—v) (13)

wherey is dynamic viscosity,a, is particle radius, u fluid velocity, and v
is particle velocity.

3.4. Attachment mechanism

After fluid flow simulation, hydrodynamic drag force is implemented
on the existing particles which include the attached particles at the solid
boundaries as well as the suspended particle in the fluid phase. The at-
tachment of fine particles at the solid boundaries of grains during their
transport could ultimately cause permeability reduction and clogging of
the pores. If conditions for clogging are favourable, porous media be-
comes completely clogged and its permeability approaches zero. In this
research, the distance between the surface of colloid and the boundary
of grains was used as the main criterion to determine particle settlement.
If the distance between the fine colloid and grain boundary is equal or
lower than the assumed particle radius, the fine particle is considered
as attached to the grain surface. When the accumulated volume of at-
tached particles in a numerical cell exceeds 90% of the cell volume that
fluid cell is converted from fluid into a solid phase cell and the pore
structure is updated accordingly. The deposited particles can, however,
detach in the presence of sufficient shear rate and the pore spaces re-
open (Parvan et al., 2020).
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Table 1
Proposed formulations to calculate shear force at the solid-
fluid interfaces.

6 =3CruDp v (14)
op = oer = GFy (15)
o, =k,c* (16)

c

Shear stress on deposited particles
Gupta and Civan (1994)

Civan (1990, 1996a)

Potanin and Uriev (1991)
Tremblay et al. (1998)

o= 5 (17)
6., = pv7, (18)

3.5. Detachment mechanism

In the presence of fluid flow, when the shear force next to the sur-
face of the deposited colloid increases and passes a critical value, parti-
cle release and re-entering into the balk fluid takes place. Some of the
methods for computing the shear force on the boundary of solid grains
are expressed in Table 1:

In Eq. (14), o is shear stress, and C is used to account for deviation
from a sphere shape, and y, Dp and v are the fluid viscosity, particle
diameter and interstitial fluid velocity, respectively. The direction of
the interstitial fluid flow is parallel to solid the surface.

A friction force is considered in Eq. (15) to compute the critical shear
forces between the attached particles and the pore surface. This value
could be additionally considered as a criterion for particle detachment.
Fy is adhesive force acting on the deposited particles which results from
summation of hydrodynamic force and including viscous drag force and
DLVO forces. The latter includes attractive Lifshitz-van der Waals and
electrostatic double layer forces acting on the deposited particles. The
parameter C, denotes a friction coefficient which is different for rolling,
sliding or other forms of particle motion. In Eq. (16), Civan (1990,
1996a) considered a critical shear stress, where k, denotes the particle
stickiness to surface, and ¢, and a are particle mass concentration and
an empirical constant, respectively. The critical shear stress predicted
by Potanin and Uriev (1991) is based on the interactive van der Waals
energy between solid phases in the filter cake (Eq. (17)). In this relation,
H is the Hamaker coefficient, D, and [ are the average particle diameter
and the separation distance between the particle surfaces in filter cake,
respectively. Tremblay et al. (1998) developed a critical condition for
onset of particle mobilization by fluid shear based on the study of Yalin
and Karahan (1979), and provided the following relation:

Ny, =0.122Ng, (19)
where a is -0.206 and Ny, and Ny, are the critical mobility number
and the critical Reynolds number, respectively. These parameters can

be expressed as:

2
PV,

N, = (20)
Mer Vs DP
pvDp
Re, = —M @21

where v,, and y, are the critical shear velocity and specific weight of par-
ticles suspended in the fluid, respectively. By using Eq. (16) and using
dimensionless groups, Tremblay et al. (1998) correlated their experi-
mental data on a full logarithmic scale and introduced a critical shear
velocity as:

a
Ve = 0.385<§> v? DS, pf 22

where a, b, ¢, and d considered 0.0934, 0.453, 0.36, and -
0.453,respectively. Then, they predicted the critical shear stress on the
surface as:

Cor = P02, (23)

We used relations developed by Tremblay et al. (1998) mainly be-
cause of its simplicity. Using this relation, we obtain the critical shear
force needed for particle detachment in the presence of fluid flow.
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4. Results and discussions

Simulations are conducted on real geometries from a sand pack with
an original porosity of 36%. The geometry of domains was obtained us-
ing x-ray tomography method with a resolution of 10 um. A 2D slice of
this image was used as the pore scale domain. Furthermore, a numeri-
cal erosion was performed on this 2D slice to generate two extra pore
scale domains (i.e., a total of three pore structures) which had similar
arrangement of pores and grains but different porosity values. In doing
so, to obtain a domain with a desired porosity value the ImageJ package
(Rueden et al., 2017) was used and image pixels corresponding to the
surface of the solid grains were removed in a layer-by-layer manner for
all grains until a desired porosity was obtained for each domain. The
physical size of the real porous domain is 380 x 800 pmin horizontal
and vertical directions, respectively. The three geometries had initial
porosity values of 38.2%, 45.9%, and 52.1%, which we refer to them as
samples S1, S2, and S3.

A non-slip boundary condition was applied using a bounce
back method at the top and bottom boundaries and the periodic bound-
ary condition was implemented for both the inlet (located at the left
side of the domain) and the outlet (positioned at the right side of the
domain) boundaries. To prevent the effect of inlet and outlet boundary
conditions on fluid flow thorough porous domain, two fluid jackets were
considered before and after the inlet and outlet, respectively. Grid in-
dependency tests have provided an optimum grid size of 237 x 500
in lattice unit for our porous domain. The relaxation time was as-
sumed to be 0.65 in lattice unit. The parameter values are chosen in
the range of natural groundwater and clay particles in the earth sub-
surface. The bulk density of water is set to 1000 & and the den-
sity of clay, or clay loam, immersed in groundwater should be be-
tween1000 and 1600 % (Brady, 1974). In our simulations, colloid trans-
port is driven by the hydrodynamic drag force and since density of col-
loids (1055%) is very close to that of fluid solution, the gravity and
buoyancy forces are neglected in this study.

We validated our numerical model against a well-known benchmark
problem which uses cylindrical-shape grains and uses Kozeny—Carman
equation to calculate permeability as a function of domains porosity
(Hommel et al. 2018; Voronov et al, 2010; (Lee and Yang, 1997)):

22
K = & _ 24)
180 (1 - oy?
where ¢, is the sphericity, a dimensionless particle geometry parameter
computed from Li et al. (2012), D, is the characteristic particle diameter,
and ¢ is the porosity.

The results of modeming tests and Carman-Kozeny relation results
are provided in Fig. 1.

The validated model was used to perform simulations for particle
transport thorough porous domains. The diameter of the injected parti-
cles was 0.61 pm and the average grain diameters in three geometries
were 40.5, 37.9, and 35.9 micrometres, respectively. Fine particles were
injected into the fluid phase at equal distances at the inlet. Since the aim
of this study was to explore detachment of the settled particles under dif-
ferent flow regime, we began with applying low velocities in the inlet by
using an extremely small body force on fluid, for which no detachment
happens. In the subsequent simulations as inlet velocity was increased
the critical velocity was found (below which the detachment would not
occur). The Reynolds number, Re = %, based on the inlet fluid velocity
and the average grain diameter for these three cases are 0.0005, 0.0009,
and 0.0019, respectively. The magnitude of critical velocity was found to
be larger for samples with grater initial porosities. This trend could be at-
tributed to the existence of wider pore throats in samples S2 and S3 and
lower average velocity values under identical inlet fluid velocity through
the pores of these samples. Fig. 2 shows flow velocity distributions for
the three pore structures using the same inlet flow velocity. Fig. 3 shows
the permeability reduction due to particle attachment during clogging
process. Because of the larger initial porosity and fluid flow thorough
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Fig. 1. Predicted permeability values using modelling together with values ob-
tained from Carman-Kozeny relation.

domain S3, attachment occurs almost at the boundary of all grains. In
the other two samples (particularlyS1) fluid was transported thorough
distinct pathways and the injected fine particles accumulated only in
specific zones.

To highlight the influence of particle detachment in domains, for
each domain two series of simulations with velocities greater than criti-
cal inlet velocities were performed, one by considering detachment pro-
cess and one without detachment. Fig. 4 shows simulation results for
two situations (i.e., with and without detachment). Green regions show
zones where particle deposition at grains surfaces is occurred. In this
Figure the inlet velocities for sample S1, S2, and S3 are set to 2.8, 4.5,
and 8.4 m/day, respectively. The Reynolds number, Re = 22, based on
the mean fluid velocity at inlet and the average grain diameter for all
three cases are 0.0013, 0.0019, and 0.0034, respectively. Particle de-
tachment caused obvious differences between pore structures and simu-
lation results while considering or neglecting the detachment. For better
visualization and comparison, yellow frames are sketched in the sam-
ple with initial porosity of 38.2%. In sample S1, due to the low initial
porosity, clogging could occur fast, but detachment delays clogging and
because of this reason, the attached particles in the final geometry in
the state with detachment are more than the state without detachment.
In sample with initial porosity of 45.9% it is obvious that in the state
without detachment, attachment occurs in the whole domain but due
to detachment process in other state, attachment has almost negligible
effect.

For sample S1, when detachment was included, clogging occurred
in longer period of time, compared to simulations without detachment,
and solid particles had more time to deposit at the surface of grains (see
Figure S3 for sample S1). In addition, in presence of detachment in sam-
ple S1, most of particle deposition took place during time periods close
the complete clogging. In cases with detachment in samples S2 and S3,
porous geometry was ultimately clogged. However, in cases without de-
tachment, a complete clogging did not occur which allowed the flow
to continue and more particles could flow in and attach to the grains
surfaces.

In Fig. 5, dimensionless permeability-porosity relation, porosity-time
relation, and dimensionless permeability-time relation are provided for
different simulations. Variations in physical parameters such as poros-
ity and permeability in sample S1 follow the same trend both with and
without detachment included. It is obvious that detachment process de-
lays the clogging (almost by two times) during which lower porosities
and permeabilities could be reached. In sample S2, while a complete
clogging occurred under no detachment scenario, no significant varia-
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Fig. 2. The flow velocity distribution us-
ing an identical inlet fluid velocity applied
to domains with different initial porosities. The
average fluid velocity in pores of sample S1
is larger than sample S2 and S3 (note differ-
ent velocity legends for each plot). To observed
considerable particle detachment in these three
geometries, the inlet flow velocity should be in-
creased for Sample S2 and S3.

Fig. 3. Porosity-permeability relation
for the three geometries (i.e., S1, S2, and
S3 with different initial porosities) with and
without considering the colloid attach-
ment process. The inlet fluid velocities are 1.2,
2.2 and 4.7 m/day and the initial poros-
ity values are 38.2%, 45.9%, and 52.1%,
respectively.
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Without detachment With detachment

Sample S1 (¢, = 38.2%)

Fig. 4. Pore structures with different geometrical properties in two states. The
physical domain sizes were 380pum x 800um in horizontal and vertical direc-
tions, respectively.

tion in porosity and permeability was observed when detachment was
included. In sample S3, no variation in porosity and permeability was
observed when inducing detachment processes. However, without de-
tachment, both porosity and permeability reduced and complete clog-
ging occurred.

4.1. Fitting simulation data on Carman-Kozeny relation

There are several relations to explain the permeability reduction
resulted from a decrease in porosity (Kozeny, 1927; Carman, 1937;
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Table 2

The fitted coefficients of Carman-Kozeny
relation to the pore scale simulation data
with and without considering the detach-
ment process.

With detachment =~ Without detachment

Sample S1(¢y = 38.2%)

a 1.013 1.005

b 29.69 49.12

c -37.62 -67.32
Sample S2(¢, = 45.9 %)

a 0.998 0.999
b 145.40 32.54
c -174.1 -33.92
Sample S3(¢y = 52.1%)

a 0.999 1.006
b 216.00 12.33

c -199.80 -7.85

Hommel et al., 2018) during particle deposition on grains. One of the
well-known relations in this field is Carman-Kozeny relation which we
used to fit on our results. We used Carman-Kozeny relation in the form
of:

(2)
Kol 5)
()

1-eg

Where K and K|, are permeability and initial permeability and ¢ and
¢, are porosity and initial porosity, respectively. Parameters a, b, and ¢
in this relation have been fitted to present relation between porosity and
permeability based on Carman-Kozeny relation. This procedure was re-
peated for different simulations to investigate the impact of detachment
process on these coefficients. Values are provided in Table 2:

The value of these parameters depends on different factors such as
fluid flow properties, specific surface area, tortuosity, sphericity, par-
ticle diameter, etc. The value of coefficient a in all samples for with
detachment and without detachment are almost 1, but there are differ-
ences in other parameters. The magnitudes of b and ¢ parameters de-
crease with an increase in initial porosity for without detachment state,
but these values are increased for the with detachment state. It is no-
table that the difference between the magnitudes of both parameters b
and c is increased with an increase in initial porosity. It can be related
to the increase in detachment influence in samples with higher initial
porosities.

4.2. Detachment effect on velocity distribution

Fig. 6 shows the fluid velocity distribution and facilitates the evalu-
ation of the detachment effect on fluid velocity and the maximum fluid
flow in the last step of simulation process. The inlet fluid flow velocity
for samples S1, S2, and S3 are 2.8, 4.5, and 8.4 m/day, respectively. Ac-
cording to this figure, although sample S1 has the lower inlet velocity,
the fluid flow velocity in its pore throats is higher than others. Because
of high detachment intensity in sample S2 and S3, fluid velocity in their
pore throats cannot exceed too much. Detachment intensity in sample
S2 and S3 is not very different and due to the higher inlet velocity, the
maximum fluid velocity value in sample S3 is more than its value in
sample S2. The unaffected pore structures of samples S2 and S3 helps
these samples to maintain their flow pathways over time. Fig. 6 shows
that major flow pathways are approximatelythe same in all samples and
parameters such as inlet flow velocity, difference in initial porosities,
and particle attachment/detachment did not affect them significantly.

Fig. 7 shows the average fluid velocity histogram of three samples.
The behaviour of sample S1 varies over time, while samples S2 and S3
does not show any significant changes in their porous structures and
their average fluid velocities (calculated at successive cross sections) is
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Fig. 5. Porosity-permeability,
permeability-time relations for
with different initial porosity.

porosity-time, and
sample S3 geometries
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SamplC Sl ((po = 38-2%) Sample Sz ((po = 45'9 %) Sample S3 ((po = 52'1%) Fig. 6. Fluidvelocitydistributionsforthree ge-

ometries with different initial porosities in the
presence of detachment process.
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unchanged over time. In all three samples, because of the porous ge- 4.3. Detachment effects and adsorbed mass along porous domains
ometry of the domain, the average fluid velocities near the outlet are
greater than the inlet. Geometry changes of sample S1 (due to particle During flow, a fraction of the injected particles reach to the outlet
attachment and particle detachment) causes variations in sample cross boundary and exit porous domain, while the rest of particles deposit on
sections with time, and, therefore, the average fluid velocity grows in the solid grain surfaces. A fraction of the deposited fine particles are
this sample. detached and may redeposit on other solid grain located downstream of

the flow and some of them may exit the domain. The detachment process
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Fig. 8. Amount of absorbed mass at different

longitudinal regions from the inlet (i.e., at re-
gions with sizes 0-136, 136-272, and 272-408
um). The regions are chosen to represent the
initial, middle, and end regions of the porous
media samples.
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can postpone or prevent porous media clogging, and, in some cases, fluid
flow paths are considerably affected by the detached and attached par-
ticles. Fig. 7 shows the adsorbed mass (i.e., due to particle attachment)
in different locations of porous domains along the flow when sorption
is with and without detachment process at the solid grains. Remark-
ably, in the sample with initial porosity of 38.2% (i.e., S1) the adsorbed
mass, when particle detachment is included, is larger compared to the
attached mass without detachment. This behaviour is because, the de-
tachment process postpones complete clogging of the media (by remobi-
lizing a fraction of the attached particles) which enables the fluid flow to
continue for longer times and more particles will enter into the domain
and attach on solid grains. Without possibility for detachment, the pore
structure is clogged at the earlier stages and flow is terminated. Fig. 8
also shows that for the sample with initial porosity of 38.2% (i.e. sample
S1), more fine particles deposited near the inlet. In samples with initial
porosity of 45.9% and 52.1%, because of higher initial porosity and
higher inlet velocity, detachment prevents strong clogging and attach-
ment of fine particle occurs rather uniformly throughout the domain.
However, without detachment, the density of attached mass is larger at
regions closer to the inlet of the porous media.

4.4. Evaluation of shear force in porous domain

For better visualization of detachment in the samples, Fig. 9 is
sketched to show the distribution of shear forces in porous domains.
Due to the lower initial porosity and inlet fluid velocity, the value of
shear forces in sample S1 are lower than sample S2 and S3. Although
the inlet fluid velocity in sample S3 is almost two times greater than
sample S2, there is no significant difference in the values of shear force
between them. It can be concluded that the initial structure of porous
domain has more effective influence on detachment phenomenon than
inlet fluid velocity. It is obvious that in addition to lower maximum
shear force in sample, the average shear force in many pores is low and
detachment cannot occur. By comparing Figs. 9 and 6, we can conclude
that in all samples, there is a main path flow and detached particles are
related to this path flow.

10

As change of porosity modifies the flow field, the flow-induced stress
tensor z can be utilized to evaluate this modification (Pham et al, 2014):
= %y(Vu+VuT) (26)
whereuis the dynamic viscosity of the fluid and u is the velocity vec-
tor. The calculation of the probability distribution function of the fluid
stresses in the pore space excluded the surface stresses on the fluid-solid
interfaces. Eq. (26) is normalized by subtracting the mean stress, z, and
dividing by the standard deviation, o;, of the stress distribution as fol-
lows (Porter et al., 2005):

" T—7
T =

(e2))

oy

Fig. 10 provides the probability distribution function of the normal-
ized shear stress in three porous domains. The difference in the number
of modes might be attributed to the non-uniformity of the pore sizes.

Using distributions shown in Fig. 10, it is possible to estimate prob-
ability of finding a certain range of stress in the flow field for a given
porous.

In Fig. 11, the average shear forces at some cross sections are
sketched. The values of average shear forces do not vary during all sim-
ulations. The rate of the variations of average shear forces is identical
in three samples. The highest shear forces occur near the outlet. We can
conclude that, compared to inlet fluid velocity, the average shear forces
depend more on initial pore structure.

4.5. Detachment intensity in porous domains

In Fig. 12, the frequency of detached cells has been sketched. It is
notable that detachment may occur in each detached cell more than
one time. In all cases, the higher intensity of detachment occurs in the
second half of porous domains (the third and fourth quarters). In sample
with initial porosity of 38.2%, the minimum detachment occurs near to
the inlet, but in other two samples the minimum detachment occurs in
the second quarter of porous domain. By considering Figs. 9 and 12, it
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can be concluded that the detachment pattern follow the geometry and

initial porous domain of porous domain more than fluid inlet velocity.

In addition, the most detachment in all samples occurs exactly in
the same zones that we have the most shear stress in the final third of
domains. By comparing Figs. 8 and 11, it is found that in zones with
lower detachment, more particles are attached to the boundary of solid

grains.
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Fig. 9. Simulation results showing the spatial
distribution of shear forces in all three porous
media domains. Plots S1, S2, and S3 show that
shear forces (responsible for particles detach-
ment) are much localized and are present at
the location of certain pore throats which have
large velocities due to their size as well as their
spatial locations within the pore network.

Fig. 10. Normalized stress distributions of
three tested porous domains.

5. Summery and conclusion

Porosity and permeability of porous media are changed due to at-
tachment and detachment of moving particles at the fluid-solid inter-
faces. In this study, the importance of particle detachment and its effects
on fluid flow and change of solid structures was explored. Three real

porous media samples with identical topological properties, but with

11



A. Parvan, S. Jafari, M. Rahnama et al.

Disance from inlet (um)

ample S1 (¢o = 38.2%) Sample S2 (@o = 45.9 %)
2.0E-04 3.0E-04
16504 2.5E-04
3
= 8 [ 2.0E-04
S| 12E-04 ;‘5’
8 | 15804
% 8.0E-05 _?:”
% | 1.0E-04
4.0E-05
5.0E-05
0.0E+00 0.0E+00
inlet 190 pm 285um 380 um inlet 190 pm 285um 380 um
Distance from inlet (um) Distance from inlet (um)
Sample S3 (@, = 52.1%)
6.0E-04
5.0E-04
[0}
2| 4.0E-04
&
= | 3.0E-04
[}
5| 2.0E-04
1.0E-04
0.0E+00
inlet 190 um 285 um 380 um
Distance from inlet (um)
Sample S1 (¢, = 38.2%) Sample S2 (¢, = 45.9 %)
— 0.025 0.3
el
© T 025
= 0.02 o
o =
= 2 02
o =
80015 =
< 3015
]
o
£ om 2
A -
= ]
'S 0.005 )
m & 0.05
0 0
0-102pm 102-204pm 204-306pm  306-408pm 0-102pm 102-204pm  204-306pm  306-408pm

Distance from inlet (um)

Sample S3 (¢y = 52.1%)

0.45

S
S

0.35

=
w

Relative detached particle
S e S
- n ~ W

e
s °
7

=l

0-102 pm  102-204 pm  204-306 pm  306-408 pm

Distance from inlet (um)

12

Advances in Water Resources 151 (2021) 103888

Fig. 11. Cross-sectional averaged shear force
obtained at several longitudinal distances from
the inlet (i.e., at 0, 190, 285, and 380 um)
for all three samples. All samples reached to
steady-state condition where the shear force
stayed unchanged over time.

Fig. 12. The detached particles in the four
parts of porous domain.
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different initial porosities of 38.2, 45.9, and 52.1% were considered.
Our main results have shown that:

o A wide range of pore velocities with large values (relative to the
average pore velocities) exist within a subset of pore throats. The
distributed large velocities resulted in creation of highly localized
shear forces with magnitudes larger than the critical value needed
for colloid detachment.

e The initial porosity significantly impacts the location and distribu-
tion of large velocity location and shear forces and influenced the
detachment behaviour. The sample with lower initial porosity value
showed a transient behaviour developing to the complete clogging
of the sample. Samples with larger initial porosity values reached
to early state-state behaviour with no clogging of the media. Sam-
ples with larger initial porosities required higher average velocities
to generate sufficiently large shear forces for particle detachment.

e Neglecting particle detachment results in early clogging events
(since detachment is absent to re-mobilize some of the attached par-
ticles and to re-open the pore space) and also impacts the form of
porosity-permeability relation. Our resultsshow that coefficients of
the porosity-permeability relation are more sensitive to particle de-
tachment for samples with larger initial porosities. In General, par-
ticle detachment significantly influenced coefficients b and c of the
Carman-Kozeny relation and coefficient a showed negligible sensi-
tivity.

e Including particle detachment affects the pattern and distribution
of the attached mass. Porous media with larger initial porosities
showed relatively lower detachment and the detached mass was con-
centrated within the downstream locations of the sample.
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