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Abstract

The dynamics of fine particle entrapment, transport, and deposition within pore systems, particularly
the ability of mobile fines to impair permeability within porous media, are critical to a variety of
natural and manmade phenomena, impacting oil and gas recovery, slope stability, filter capacity, and
the efficiency of lab-on-chip diagnostics in medical disciplines. According to the research, clogging
of pore throats in the porous media is not a random process; clogged throats, in particular, modify
flow conditions and promote subsequent clogging nearby which is called dependent clogging. Over
the last several decades, significant efforts have been made to identify and parameterize the role of
dependent clogging in permeability reduction, with studies applying a combination of physical
investigation and numerical simulation to this objective. In this work, we deploy a coupled
computational fluid dynamics-discrete element method-based framework to investigate fines
migration and consequent pore-throat clogging within a geologically realistic pore system extracted
from an x-ray microtomographic image of a sand pack. The analysis of the simulation results revealed
a spatial correlation between the clogged throats, implying that throats in close proximity became
clogged dependently around the same time. Furthermore, dependent clogging was observed to be
more frequent than independent clogging and it impacts system permeability more efficiently. This
suggests that the distribution of clogged throats has a significant impact on the system’s permeability
reduction other than the total number of clogged throats.

Keywords: Fine migration; Pore-throat dependent clogging; Permeability reduction; CFD-DEM
simulations

1 Introduction

Many researchers have lately focused on the transport and fate of fine particles in porous surfaces
due to their significance in a variety of industrial and environmental applications (Han et al., 2019;
Jang et al., 2018; Jarrar et al., 2020). Fine migration can induce physical damage to the pore structure,
such as clogging and permeability reduction (Frimmel et al., 2007). Clogging in porous media has an
influence on a wide range of industrial applications, including water filtration, inkjet printing, and oil
recovery (Tavakkoli et al., 2015). Clogging dynamics are also significant in a range of suspension
flow in porous media applications, ranging from biophysical systems to filters and sensors, as well as
fractured rocks (Bécher et al., 2017; Huang et al., 2014; Pang et al., 2015). In general, three main
processes for fines migration in porous media are defined: piping, which occurs when there is no
contact between fines and grain particles, bridging, which is the process of pore-filling or the start of
clogging, and complete clogging (Kartic and H. Scott, 1998).
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Clogging in porous media is not a random process; clogged pores modify flow conditions and
promote more clogging nearby. According to pore network model simulations in the literature,
dependent clogging reduces the permeability of the porous medium more efficiently than independent
clogging (Liu et al., 2019). Clogging is classified as a dependent when one or more of the
neighbouring pore throats are already clogged. This classification is developed for the symmetrical
homogenous geometry that was used in the research; however, this is not the case with a
heterogeneous pore geometry where the range of influence of each clogged throat must be established.
(Sauret et al., 2018) used parallel micro-channels to conclude that the distribution of clogged pore
throats has a substantial impact on the reduction in permeability of porous media. Despite this, the
study’s use of parallel microchannels restricts its ability to mimic the natural behaviour of true porous
media. Furthermore, the assumption that the flow rate in a microfluidic channel is equal to zero when
it is obstructed by only one particle is exceedingly restricting. (Liot et al., 2018) used parallel
microchannels in a microfluid experiment, as well, and determined that the presence of a clogged
throat can shift flow to neighbouring channels, increasing their chances of being clogged as well. This
leads to complex clogging dynamics described in the literature as a “cross-talk” interaction (Liot et
al., 2018; Sauret et al., 2018; van Zwieten et al., 2018).

The dependent clogging, also known as cross talking, mechanism and the range that defines
dependent clogging for a realistic, non-homogeneous, and non-symmetrical porous media geometry
were not covered in any of the studies published in the literature. Furthermore, the dynamic influence
of dependent clogging on the lowering of permeability in realistic porous media has received little
attention. In this research, we examine the dependent clogging behaviour in natural porous media
using Computational Fluid Dynamics (CFD) combined with Discrete Element Methods (DEM)
numerical models for a geologically realistic pore system extracted from an x-ray microtomographic
image of a sand pack. The goal of this study is to examine the correlation between clogged pores in
natural porous media, determine the likelihood of dependent clogging and its different behaviour and
determine the effect of the dependent clogging behaviour on the permeability reduction.

The structure of this paper is as follows, implementation details of the coupled CFD-DEM modelling
framework and the used porous media geometry are presented in section 2. The clogging dependency
range and ratio as well as their effects on permeability reduction are presented and discussed in section
3. Finally, the main results and conclusions are drowned out in section 4.

2 Methodology
2.1 Numerical Model

A CFD-DEM architecture connected with IBM is used to model fine particle migration, attachment, and
detachment. The coupled framework is capable of modelling a high content of fine particles traveling in
realistic pore geometries generated from computed tomography 3D images. The model is designed to
operate in parallel to simulate a large concentration of fine particles within the pore space by splitting the
simulation domain among processors and utilizing MPI for communication. The model was validated
against a micro-model experiment to ensure its ability to capture complex behaviour (Elrahmani et al.,
2022). The framework’s CFD component solves the fluid velocity and pressure field for an
incompressible fluid. The open-source toolkit OpenFOAM was used to solve the Navier-Stokes equations
and the continuity equation, Eq. 1a and 1b, for single-phase fluid flow. (Weller et al., 1998).

%(pu) + V- (puw) =Vp + [V - (u(Vu + Vu"))] + E, (1a)
V-u=0 (1b)
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Within each simulation, the Discrete Element Method (DEM) was employed to compute the
trajectory of individual particles. The trajectory of a specific particle | was computed by accounting
for its interactions with other particles and/or the pore walls around it (Goniva et al., 2012). The open
source solver LIGGGHTS solved the following equations, Eq. 2a, and 2b, that were derived from
Newton’s equations of translational and rotational motion, respectively, and provide a foundation for
describing particle motion inside the system.

dv; _ _ _
mid_vt= mig + Zw, F 7+ En, P+ F/TT (22)
dwj - — —
I da: = ZNpric XFip P +2Nwric XFl-W P +Tif p (2b)

The CFD-DEM model takes into account both fluid-particle and particle-particle interactions,
yielding a four-way coupling system. To enable coupling, the Eulerian-Lagrangian technique is
adopted in the model, with the addition of a volume fraction term, accounting for the granular phase,
inside the Navier-Stokes equations (Goniva et al., 2012; Zhou et al., 2010). The Immersed Boundary
Method is used to incorporate the influence of a flowing particle on the system into the simulation
(IBM). The pressure and velocity field from the previous time step tn-1 are utilized within the DEM
to update the particle’s position, velocity, and associated properties for each time step tn. Following
that, the Navier-Stokes equations for pressure and velocity are calculated while accounting for the
volume fraction of the solid phase. The pressure and velocity of the fluid are then rectified using a
neighbourhood of cells to represent each mobile particle. These procedures are repeated for each
iteration until the simulation is finished (Goniva et al., 2011; Hager et al., 2014).

2.2 Porous Media Geometry

The geometry of the porous media utilized in the study was extracted from Argonne National
Laboratory (ANL) synchrotron x-ray micro-computed tomographic image of a sand pack (Jarrar et
al., 2020). The sand pack was scanned in 3D computed tomography using the ANL synchrotron
facility. The photos were binarized using global thresholding, and grain boundaries were
reconstructed and converted into lines that were converted into polylines in AutoCAD after a
morphological opening was done. The geometry has 6700x5000um lateral dimensions and a channel
depth of 40um. The details of the image processingas well as the mesh generation followed
the procedure described in (Elrahmani et al., 2022).

The pore system used in this research, presented in Figure 1a, had geometrical parameters of (4.28um?
permeability, 0.483 porosity, 79um median grain radius, 33.1um median pore radius, 1.33 tortuosity,
and 2.82 coordination number). The pore system was subjected to four CFD-DEM simulations using
various monodisperse suspensions with particle sizes of 5, 7, 10, and 15um. The density of the fine
particles was 1.05 g/cm®. For all simulated situations, the flow velocity was constant (0.06 cm/min),
and the initial particle content was 2% by volume.

Clogging events in the modelled porous medium were discovered in this study by binarizing the
simulation grid so that cells inside the flow domain with zero velocities were set to true and no-zero
cells were set to false, shown in Figure 1b. It is worth mentioning that this method defines clogging
as a total blockage of water passage through the cells. The pore-throat size distributions of the
examined porous media were then determined using the technique proposed by (Rabbani et al., 2016).
This made it possible to count the number of clogged throats in each time step by comparing the
number of throats in the picture at time t» to the original geometry at time to.
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Fig. 1: lllustration of clogging after injecting 15um diameter fine particles (the clogged fluid cells with zero flow
velocity are coloured in red)

3 Results and Discussion
3.1 Dependent Clogging Parameters

Since the semi-variogram is defined as a measure of spatial variability, it could be utilized to assist
in the spatial autocorrelation of clogged throats and to determine the range of dependency (Kigobe
and Kizza, 2006; Olea, 1999). The premise here is that throats next to one other are expected to clog
around the same time, compared to throats separated by larger distances. The experimental semi-
variogram was calculated using Eq. 3, where N(h) is the number of clogged throats separated by h
distance. T; and T; are the time steps when the throats i and j clogged. The value of h was set to

increase by an increment that equals to the median pore radius of the analyzed geometry.
1 2
y(h) = mZi,jeN(h)(Ti —-T;) (3)

The algorithms proposed by Schwanghart were used in computing and the experimental semi-
variogram and fit its thermotical model as shown in Figure 2a (Schwanghart, 2023). The practical
range is defined as the distance for which the value of the model is 95% of the sill, which is the value
of the variation chart (Mendes and Lorandi, 2006). From the point of the range and forward, it is safe
to assume no more spatial dependence between the clogged throats, hence it is mentioned as the
dependency range in this study.

The dependently clogged throats could be quantified using the stated dependency range. Clogged
throats that are less than or equal to the dependence range away from an initially clogged throat are
classified as dependently clogged. Figure 2b illustrates the separation of the overall clogged fraction,
the number of clogged throats at any time t over the total number of throats, into independent and
dependent clogged fractions. Figure 7b shows a linear trend for the dependent vs independent clogged
fraction, with the slope of the line representing the dependency ratio. The dependency ratio is a
measure of how many throats are impacted by clogging one throat, while the dependency range is a
numerical quantity indicating how far a clogged throat would affect other throats.
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Fig. 2: a) The experimental semi-variogram for the clogged throats and its spherical model fit, b) the dependent,
independent, and total clogged fractions, ¢) the dependent against independent clogged fractions (dependency ratio
1.49) after 15-pore volume injection of 5-micron fines

3.2 Dependent Clogging Behaviours

As shown in Figure 3, the dependency ratio is found to be more than one for all the simulated cases,
which indicates that the dependent clogging is more frequent than the independent clogging.
Moreover, the trend for the dependency ratio was increased by increasing the injected fine sizes, since
larger particles can clog more throats. Furthermore, increasing the injected fine sizes improved the
tendency for the dependency ratio, since bigger particles potentially clog more throats. The trend for
the dependency range, on the other hand, experienced a sharp decline when the system was injected
with 10-micron fine particles. A closer look at the simulation data revealed that the rapid shift in the
dependency range is caused by a change in the dependent clogging mechanism. The simulations
revealed two types of dependent clogging behaviours. The first behaviour is dependent clogging due
to flow path change; this occurs when one throat is clogged, causing the flow streams around it to
shift, leading particles to change their flow path and clog other throats. As illustrated in Figure 4a,
independent clogging of the throat circled in blue prompted the flow to modify its direction and clog
the throat circled in green dependently. The other type is dependent clogging due to pore filling,
which happens when one throat is clogged and the inertia of the flowing particles is significant, so
their flow direction does not change, causing fine particles to accumulate in the pore and clogging
the throats linked to the pore as well. This is seen in Figure 4b, where the independent clogging of
the throat circled in blue caused fine particles to accumulate in the pore, causing the throats connected
to the pore to clog as a dependent clogging, circled in green.
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Fig. 3: The dependency range and ratio against the size of the injected fine particles after 15 pore volume injection
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Fig. 4: llustration from the simulation results with fine sizes a) 10-microns and b) 15-microns showing the behaviours

of dependent clogging. The independent clogging is circled in blue, and the dependent clogging is in green

3.3 Permeability Reduction

Clogging of throats creates a disruption and restriction in the flow channels, resulting in a decrease
in the system’s initial permeability. Figure 5a displays the results for the 5-micron case, whereas
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Figure 5b shows the results for the 15-micron. As shown, the overall clogged fraction is extremely
close in both cases, around 0.1. However, there is a significant variation in the permeability ratios,
which are 0.18 and 0.63 for the 5 and 15-micron examples, respectively. This discrepancy might be
attributed to the dependency ratios, which are 1.49 and 2.06 for the 5 and 15-micron cases,
respectively, resulting in more dependent clogs in the 15-micron example. This demonstrates that
having a greater dependency ratio causes more clogging in throats close to one other, which affects
system permeability more efficiently than the overall number of clogged throats.
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Fig. 5: Permeability reduction and clogged fractions for fine sizes a) 5 microns (dependency ratio of 1.49), b) 15
microns (dependency ratio of 2.06)

4 Conclusion

In this study, we utilize CFD-DEM coupled simulations to examine the dependent clogging behaviour
in a realistic porous media for fine particle sizes. The purpose of this study was to investigate the
correlation between clogged pores in natural porous media, to estimate the probability of dependent
clogging and its different behaviours, and to assess the influence of dependent clogging behaviour on
permeability reduction. The study took into account actual pore geometry determined by computed
tomography. CFD-DEM simulations were run on the geometry four times, with the injected fine
particle size ranging from 5 to 15 microns. The following are the key findings of the study:

e A spatial correlation between clogged throats was demonstrated, implying that throats near
each other became clogged around the same time because of the effect of clogging one
throat on the nearby ones.

e Dependent clogging was discovered to be more common than independent clogging in
porous media with a dependency ratio higher than one.

e Two kinds of dependent clogging behavior were explored: dependent clogging which is
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caused by a change in the flow path, as well as dependent clogging which is caused by the
accumulation and pore filling.

e The higher dependency ratio demonstrates a higher dependent clogging probability
causing throats close to each other to clog. This affects the system permeability more
effectively than the total number of clogged throats.
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