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Abstract The migration and retention of fine particles in porous media are important phenomena in
natural processes and engineering applications. Migrating particles experience physicochemical
interactions with carrier fluids, pore walls, and other migrating particles. The governing dimensionless
ratios capture particle‐level forces, flow conditions, and geometric characteristics. This study explores
micron‐size particle migration and retention in microfluidic chips during convergent radial flow,
which is the prevalent flow condition in water extraction and oil production. Pore‐scale observations
reveal the role of electrostatic interactions on clogging mechanisms: Glass particles experience
retardation‐accumulation bridging, while quasi‐buoyant latex particles involve capture and clogging.
Consequently, flow rates exert opposite effects on the clogging behavior of inertial glass particles versus
electrostatically affected latex particles. Migrating particles experience a varying fluid velocity field in
convergent radial flow, and clogging reflects the evolving local conditions (Nad, Ar, Stk, and Re). In
particular, clogged pores alter local flow and promote further clogging nearby. Pore network model
simulations suggest that such “dependent clogging” lowers the permeability of the porous medium more
effectively than independent clogging at random locations.

1. Introduction

The migration and retention of fine particles in porous media are critically important to natural pro-
cesses and engineering applications such as soil erosion (Aitchison & Wood, 1965; Jones, 1971), ground-
water flow (Ryan & Elimelech, 1996), oil production (Khilar & Fogler, 1983; Mungan, 1965), and the
performance of geothermal reservoirs (You et al., 2015). Clogging at pore throats reduces the permeabil-
ity of the medium and changes flow patterns (Krueger, 1988; Muecke, 1979).

Migrating particles experience physicochemical interactions with carrier fluids, pore walls, and other
migrating particles (Mcdowell‐boyer et al., 1986). The resulting particle‐level forces include the buoyant
weight, inertia, drag, and particle‐wall interaction forces. Interaction forces and the constriction‐to‐
particle size ratio dc/d play a central role in clogging (Marin et al., 2018; Sakthivadivel & Einstein,
1970; Sherard et al., 1984; Valdes & Santamarina, 2008). In the extreme case of dc/d➔1.0, large particles
or large particle aggregations cause clogging by sieving (Dersoir et al., 2015; Dersoir et al., 2017; Sauret
et al., 2014). In addition, the probability of clogging depends on the volume fraction of migrating par-
ticles (Valdes & Santamarina, 2006; Wyss et al., 2006), path tortuosity (Bacchin et al., 2014; Kampel
et al., 2009), and ensuing inertial retardation (Valdes & Carlos Santamarina, 2007).

Convergent radial flow is the prevailing flow condition in water extraction and oil production opera-
tions. Drag and inertial particle‐level forces evolve from the far field to the wellbore because of the spa-
tially varying fluid velocity field. Yet limited research to date has been reported on the influence of
radial flow on clogging patterns and changes in permeability. Furthermore, there is also limited insight
about the migration and retention of fine‐grained particles affected by electrical interactions, that is,
micron‐ and submicron‐size particles (Liu et al., 2019; Valdya & Fogler, 1992).

Microfluidic devices allow the direct observation of migrating fines and pore clogging in porous media
(see Dressaire & Sauret, 2017, for a detailed review). This study explores micron‐scale particle migration
and retention during convergent radial flow within microfluidic chips and places emphasis on
electrostaic interactions, inertial and drag forces, geometric ratios, and causal links between
clogging events.

©2019. The Authors.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

RESEARCH ARTICLE
10.1029/2019JB017813

Key Points:
• This study explores particle

migration and retention in
microfluidic chips during
convergent radial flow

• The flow rate and radial flow exert
different influences on glass
particles and quasi‐buoyant latex
particles

• Experimental results indicate that
clogging in porous media is not a
random process

Correspondence to:
B. Zhao,
budi.zhao@kaust.edu.sa

Citation:
Liu, Q., Zhao, B., & Santamarina, J. C.
(2019). Particle Migration and Clogging
in Porous Media: A Convergent Flow
Microfluidics Study. Journal of
Geophysical Research: Solid Earth, 124.
https://doi.org/10.1029/2019JB017813

Received 7 APR 2019
Accepted 26 AUG 2019
Accepted article online 30 AUG 2019

LIU ET AL. 1

https://orcid.org/0000-0001-5245-1311
https://orcid.org/0000-0003-1627-9280
http://dx.doi.org/10.1029/2019JB017813
http://dx.doi.org/10.1029/2019JB017813
mailto:budi.zhao@kaust.edu.sa
https://doi.org/10.1029/2019JB017813
http://publications.agu.org/journals/


2. Experimental Study: Materials and Methods
2.1. Microfluidic Chips

We use soft lithography to fabricate microfluidic chips for convergent radial flow. The process includes (i)
mask layout using computer‐aided design software, (ii) mask printing, (iii) fabrication of the silicon wafer
master with negative photoresist (SU‐8 2050), (iv) polymerization of polydimethylsiloxane PDMS using
themaster as a mold, and (v) bonding of the PDMS slabs onto a glass substrate with the use of oxygen plasma
(see Mazutis et al., 2013 for a detailed protocol). The microfluidic chip consists of 300‐μm cylindrical col-
umns separated by dc = 40‐μm‐wide pore constrictions; all pore channels are 50 μm high. The inlet cavity
ahead of the porous network ensures a uniform flow field (Figure 1a).

2.2. Particle Suspensions

We use glass particles (440345 and 44054, Sigma‐Aldrich, specific gravity Gs = 2.60) and polystyrene latex
particles (polystyrene plain, PS010UM and PS005UM, Magsphere, Gs = 1.05) of two diameters d = 5 and
10 μm. These four particle types create different conditions among governing forces and geometric ratios
(constriction‐to‐particle size ratios dc/d = 4 and 8, Figure 1b). All particle suspensions are prepared with
deionized water at a 0.2% mass concentration.

2.3. Test Protocol

Figure 1c presents the flow system. We saturate the radial flow microfluidic chip with deionized water
(trapped air escapes through the gas permeable PDMSwalls) and use a peristaltic pump to withdraw the sus-
pensions from the “central port” at a constant flow rate (PeriWave microfluidic pump). A pressure sensor
monitors the pressure at the central port (uPS0250, LabSmith). A magnetic stirrer prevents settlement or
coagulation prior to injection. Digital video microscopy records particle movements within pores and cap-
tures emerging clogging patterns at the chip scale.

2.4. Image Analysis

We wrote an image processing algorithm to automatically detect pore clogging events at any of the 1,078
constrictions parallel to the flow direction in the full chip. The algorithm extracts the image of each constric-
tion and assesses clogging based on (1) the gray value relative to the maximum, minimum, and threshold
gray values and (2) the total number of pixels in the dark area (red box, Figure 2). Data gathered with the
calibrated algorithm allow the interpretation of spatial and temporal correlation among clogging events.

Figure 1. Microfluidics system. (a) Radial flow chip. (b) Cross section of a pore constriction and the relative sizes of par-
ticles used in this study. (c) Flow system (P: pressure transducer). PDMS = polydimethylsiloxane.
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3. Results and Analyses
3.1. Dimensionless Ratios

A migrating particle experiences its buoyant weight, the drag force, inertia against motion changes, and
electrical attraction toward other particles and the pore walls. Dimensionless ratios capture the govern-
ing processes in terms of the particle size d, obstacle size D, particle mass density ρp, fluid mass density
ρf, fluid viscosity μ, fluid velocity v, gravity g, and attraction force FA to pore walls (the sum of van der
Waals force, electrostatic force, and hydrophobic adhesion force). The three main dimensionless ratios
are as follows:

Figure 2. Image analysis. (a) The plugged constrictions shown within red boxes are identified by the image analysis algo-
rithm. (b) Gray value distribution of a pore constriction.

Figure 3. Clogging: pore‐scale observations. The solid columns are 300 μm in diameter in all cases (refer to Figure 1).
Note: there is no clogging with 5‐μm glass particles.
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Adhesion number : Nad ¼ Attraction
Drag

¼ FA

3 π μdv
(1)

Archimedes number : Ar ¼ Terminal velocity
Flow velocity

¼
gd2 ρp−ρf

� �

μv
(2)

Stokes number : Stk ¼ ρpd
2v

18μD
inertial effectð Þ (3)

The Stokes number Stk is the ratio between the particle response time to the fluid field response time; a par-
ticle with a large Stokes number is dominated by inertia and tends to follow its trajectory, while a particle
with a low Stokes number follows fluid streamlines. The ratio NG between the constriction size dc and the
size of the migrating particle d is the main geometric descriptor:

Geometric ratio : NG ¼ dc=d (4)

In addition, the Reynolds number Re = ρfvD/μ characterizes flow conditions around an obstacle.

3.2. Clogging Mechanisms

Figure 3 illustrates salient pore‐scale observations gathered for the four particle suspensions. Distinct clog-
ging mechanisms take place when glass particles and latex particles are involved.

Figure 4. Clogging mechanisms. (a) Gravity retardation and inertial retardation. (b) Sketch of the retardation‐accumula-
tion bridging process. (c) Direct interception (modified from Espinosa‐Gayosso et al., 2012). (d) Sketch of the capture‐
clogging process.
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3.2.1. Glass particles
Nonbuoyant glass particles (specific gravity Gs = 2.60) experience gravity and fall toward the bottom sub-
strate (high Ar value); on the other hand, their inertia causes collisions against obstructing pore walls (high
Stk, Figure 4a), and particles suffer significant retardation relative to the fluid displacement along the flow
paths. Inertial retardation develops where streamlines bend and the flow velocity changes at a high Stokes
number Stk. Retardation results in a gradual increase in the local volume fraction of particles at the pore
scale (Figure 3). High local concentrations near pore constrictions facilitate the formation of granular
bridges. Figure 4b illustrates the retardation‐accumulation bridging process.

Dimensionless ratiosAr and Stk scale with the square of the particle size d2; hence, retardation becomes neg-
ligible when particles are small. Figure 3 shows no evidence of retardation and accumulation for the d =
5‐μm‐glass particle suspension.

Clogging for a geometric ratio NG = 4 (Figure 3, top left) exceeds previously reported thresholds from single‐
pore constriction experiments with spherical particles that showed stable bridge formation when NG < 3
(Marin et al., 2018; Valdes & Santamarina, 2006). This result hints to stabilizing electrostatic effects when
small micron‐scale particles are involved. Furthermore, a clogged pore throat in porous medium alters flow
pathways instead of generating a large pressure drop across the clogged pore throat, which is the case for the
single channel systems. Both effects combine to allow for bridging atNG values larger than 3 when small par-
ticles migrate in pore networks.

Figure 5. Time lapse photographs: clogging sequence for migrating 10‐μm latex particles (NG = dc/d = 4).
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3.2.2. Latex particles
Quasi‐buoyant latex particles (Gs = 1.05) experience negligible retarda-
tion and follow along streamlines (Ar≈0 and small Stk). However, latex
particles experience attraction toward PDMS walls and may be captured
if in close proximity (high adhesion number Nad). Figure 4c illustrates
the process of direct particle interception. Indeed, latex particles experi-
ence a high adhesion number Nad toward the hydrophobic PDMS pore
walls which ensures a strong particle‐surface bonding. Captured particles
reduce the size of pore throats, and particle‐particle interaction favors
aggregate formation near constrictions (Dersoir et al., 2015; Dersoir
et al., 2017). Reduced constriction size and grain aggregation combine to
form bridges even at large constriction‐particle size ratios NG (NG = 4
and 8; Figures 3 and 4). The sequence of time lapse photographs shown in
Figure 5 highlights the capture‐clogging process at pore constrictions.

3.3. The Effect of Flow Rate

Experimental results suggest that both particle retardation and capture
are flow velocity dependent (Note: Velocity v is involved in governing
dimensionless ratios Nad, Ar, Stk, and Re). We study the influence of the
suspension injection rate on clogging at the pore scale using the conver-
gent radial flow chips (Figure 1). The Reynolds number is Re < 35 in all
experiments. Let us define the clogging ratio as the number of clogged
pore constrictions with respect to the total number of constrictions.
Figure 6 shows the effect of flow rate on the clogging ratio evolution for
both glass and latex particles.

Clearly, a high flow rate leads to fewer clogged pores for glass particles (Figure 6a). The prevalent retention
mechanism for glass particles is retardation‐accumulation bridging. A high flow rate decreases the
Archimedes number Ar and minimizes gravity retardation (the maximum Archimedes number for the

Figure 6. The effect of flow rate on the evolution of clogging. (a) Glass par-
ticles. (b) Quasi‐buoyant latex particles. Flow rates q= 20, 40, and 60 μl/min.
In both cases: d = 10 μm.

Figure 7. Evolution of clogging ratio distribution across radial flow microfluidic chips from 0 to 500 permeated pore
volumes. Glass particles: (a) flow rate q = 40 μl/min and (b) q = 60 μl/min. Latex particles: (c) flow rate q = 40 μl/min
and (d) q= 60 μl/min. The row sequence is defined in Figure 1a. In all cases, d= 10 μm, so thatNG= dc/d= 4. Refer to (a)
for color coding of pore volumes.
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various flow rate is Armax = 2 when q= 20 μl/min, Armax = 1 when q= 40 μl/min, and Armax = 0.7 when q=
20 μl/min).

The flow rate exerts a reversed effect on the clogging behavior of latex particles compared to glass particles
(Figure 4b): The clogging ratio increases with the increase in flow rate q from q= 20 μl/min (Remax = 11) to q
= 60 μl/min (Remax = 33). Streamlines compress at high Reynolds numbers and improve particle “capture
efficiency by direct interception” ηDI (Figure 4c). A detailed hydrodynamic formulation by Espinosa‐
Gayosso et al. (2012) shows the relationship between the capture efficiency ηDI, Reynolds number Re, and
the relative size d/D between the migrating particle size d and the obstacle size D. Their results can be
approximated as (valid for passive particles and Re≤47) follows:

logηDI ¼ 0:4logReþ 6 d=Dð Þ−3 (5)

Hence, the particle capture efficiency by direct interception ηDI increases
with both Reynolds number Re and the particle‐to‐obstacle size ratio d/D.

3.4. The Effect of Radial Flow

The spatially varying velocity field in convergent radial flow changes local
dimensionless ratios Ar, Stk, Nad, and Re from the far field to the central
producing well. Figure 7 shows the evolution of row clogging ratios in
the radial flow microfluidic chip during the injection of 500 pore volumes
at two different flow rates. The clogging ratio for glass particles decreases
linearly from the far field to the central port as glass particles experience
higher gravity retardation far from the central extraction port
(Figures 7a and 7b).

On the other hand, streamline compression at high flow velocity increases
the capture efficiency of latex particles (Figure 4c, equation (5)); yet the
very high near well velocity drags particles away and hinders capture
(lowNad). These two competing mechanisms lead to a maximum clogging
ratio at a characteristic radial distance away from the well wall (Note:
Annular clogging was reported in Valdes & Santamarina, 2006).

Figure 8. Dependent versus independent clogging. (a) Definition of dependent clogging. Cumulative dependent and
independent clogging ratios: (b) glass particles and (c) latex particles. Flow rate q = 40 μl/min. The clogging ratio is
∑ΔN/Navawhere ΔN is the incremental number of clogged pore constrictions and Nava is the number of open pore
constrictions.

Figure 9. The effect of dependent clogging on permeability reduction—
Pore network model simulations. The vertical axis shows the evolution of
permeability k normalized by the permeability of the unclogged medium k0.
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3.5. Dependent Clogging: Implications

Experimental observations show that a clogged pore constriction alters the flow patterns in nearby open
paths, affects retardation, and may promote further clogging. We wrote a postprocessing algorithm to quan-
tify the spatial dependence of clogging in convergent radial flow. Let us call a new clogging event “depen-
dent” when one or more of the neighboring pore constrictions are already clogged; otherwise, the new
clogging event is called “independent” (Figure 8a). Figures 8b and 8c show the evolving clogging ratios
for dependent and independent pore clogging events in the case of glass and latex particles under the same
flow rate q = 40 μl/min. The increment of the clogging ratio ΔN/Nava is calculated within 5‐min time inter-
vals, given the fact that the number of open pore constrictions for dependent/independent clogging Nava

evolves with time. Dependent clogging is significantly more frequent than independent clogging, especially
for glass particles due to the heightened inertial retardation in the surroundings. These results underscore
the “cross talk” between pores observed in parallel microchannel experiments (Liot et al., 2018; Sauret
et al., 2018; Van Zwieten et al., 2018).

The distribution of clogged pore throats profoundly influences the reduction in permeability of porous
media (Dai & Seol, 2014; Sauret et al., 2018). We use a simple pore network model to explore the effect of
dependent clogging on the evolution of permeability. The porous medium is a 2‐D square network model
made of 50 × 50 tubes of the same radius. Each clogging event is treated as a random event. Initially, all con-
strictions have the same clogging probability Pind. We assume Hagen‐Poiseuille flow in each tube until it
clogs; thereafter, the conductivity of the tube becomes zero. Once a tube clogs, neighboring tubes have a
dependent probability of clogging Pdep. Figure 9 shows the influence of Pdep/Pind on the evolution of perme-
ability. Clearly, spatially correlated dependent clogging lowers the permeability of the porous mediummore
effectively than independent clogging.

4. Conclusions

Migratory particles in porous media interact with fluids, pore walls, and other particles. Dimensionless
ratios capture the effect of particle‐level forces (Nad, Ar, and Stk), flow conditions (Re), and geometric char-
acteristics (NG). These ratios define the domains for particle retardation, adhesion, and bridging.

Micron‐scale nonbuoyant glass particles and quasi‐buoyant latex particles exhibit distinct clogging mechan-
isms. Glass particles experience retardation from gravity and inertial effects; the increase in the local volume
fraction of particles promotes the formation of multigrain bridges at pore constrictions. Quasi‐buoyant latex
particles emphasize electrical interactions and may adhere to pore walls. Captured latex particles and aggre-
gates may eventually plug constrictions, even at relatively high geometric ratios NG.

Flow rates exert opposite effects on the clogging behavior of glass and latex particles. A high flow rate
diminishes gravity retardation and hinders the formation of stable multigrain bridges (case: nonbuoyant
glass particles). On the other hand, high flow rates compress streamlines and facilitate adhesive capture to
pore walls (case: quasi‐buoyant latex particles).

Particles experience varying fluid velocity fields in convergent radial flow. Therefore, clogging distributions
in radial flow reflect the local conditions (Nad,Ar, Stk, and Re). Glass particles show a higher clogging ratio in
the far field (gravity retardation under low flow velocity), while electrically affected latex particles tend to
clog pores at a characteristic distance from the well wall and form an annular clogging pattern.

Clogging in porous media is not a random process. In particular, clogged pores alter flow conditions and pro-
mote further clogging nearby. Pore network model simulations suggest that dependent clogging lowers the
permeability of the porous medium more effectively than independent clogging.

List of Notations

d Migrating particle diameter
dc Constriction size
D Obstacle size
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Gs Specific gravity
ρp Particle mass density
ρf Fluid mass density
μ Fluid viscosity
v Fluid velocity
G Gravity

Nad Adhesion number
Ar Archimedes number
Stk Stokes number
NG Geometric ratio
Re Reynolds number
V Permeated volume
q Flow rate

ηDI Capture efficiency
Pdep Probability of dependent clogging
Pind Probability of independent clogging

References
Aitchison, G. D., & Wood, C. C. (1965). Some interactions of compaction, permeability and post‐construct ion deflocculation affecting the

probability of piping failure in small Earth dams. Proceeding of the 6th international conference on soil mechanics and foundation
engineering, 442‐446.

Bacchin, P., Derekx, Q., Veyret, D., Glucina, K., & Moulin, P. (2014). Clogging of microporous channels networks: Role of connectivity and
tortuosity. Microfluidics and Nanofluidics, 17(1), 85–96. https://doi.org/10.1007/s10404‐013‐1288‐4

Dai, S., & Seol, Y. (2014). Water permeability in hydrate‐bearing sediments: A pore‐scale study.Geophysical Research Letters, 41, 4176–4184.
https://doi.org/10.1002/2014GL060535

Dersoir, B., Schofield, A. B., & Tabuteau, H. (2017). Clogging transition induced by self filtration in a slit pore. Soft Matter, 13(10),
2054–2066. https://doi.org/10.1039/c6sm02605b

Dersoir, B., de Saint Vincent, M. R., Abkarian, M., & Tabuteau, H. (2015). Clogging of a single pore by colloidal particles.Microfluidics and
Nanofluidics, 19(4), 953–961. https://doi.org/10.1007/s10404‐015‐1624‐y

Dressaire, E., & Sauret, A. (2017). Clogging of microfluidic systems. Soft Matter, 13(1), 37–48. https://doi.org/10.1039/C6SM01879C
Espinosa‐Gayosso, A., Ghisalberti, M., Ivey, G. N., & Jones, N. L. (2012). Particle capture and low‐Reynolds‐number flow around a circular

cylinder. Journal of Fluid Mechanics, 710, 362–378. https://doi.org/10.1017/jfm.2012.367
Jones, A. (1971). Soil piping and stream channel initiation. Water Resources Research, 7(3), 602–610. https://doi.org/10.1029/

WR007i003p00602
Kampel, G., Goldsztein, G. H., & Santamarina, J. C. (2009). Particle transport in porous media: The role of inertial effects and path tortu-

osity in the velocity of the particles. Applied Physics Letters, 95(19), 1–4. https://doi.org/10.1063/1.3263718
Khilar, K. C., & Fogler, H. S. (1983). Water sensitivity of sandstones. Society of Petroleum Engineers Journal, 23(01), 55–64. https://doi.org/

10.2118/10103‐PA
Krueger, R. F. (1988). An overview of formation damage andwell productivity in oilfield operations. Journal of Petroleum Technology, 38(2),

131–152. https://doi.org/10.2118/10029‐PA
Liot, O., Singh, A., Bacchin, P., Duru, P., Morris, J. F., & Joseph, P. (2018). Pore cross‐talk in colloidal filtration. Scientific Reports, 8(1),

12460. https://doi.org/10.1038/s41598‐018‐30389‐7
Liu, Q., Sun, Z., & Santamarina, J. C. (2019). Transport and adsorption of silica nanoparticles in carbonate reservoirs: A sand column study.

Energy and Fuels, 33(5), 4009–4016. https://doi.org/10.1021/acs.energyfuels.9b00057
Marin, A., Lhuissier, H., Rossi, M., & Kähler, C. J. (2018). Clogging in constricted suspension flows. Physical Review E, 97(2), 21102. https://

doi.org/10.1103/PhysRevE.97.021102
Mazutis, L., Gilbert, J., Ung, W. L., Weitz, D. A., Griffiths, A. D., &Heyman, J. A. (2013). Single‐cell analysis and sorting using droplet‐based

microfluidics. Nature Protocols, 8(5), 870–891. https://doi.org/10.1038/nprot.2013.046
Mcdowell‐boyer, L. M., Hunt, J. R., Itar, N., McDowell‐Boyer, L. M., Hunt, J. R., & Sitar, N. (1986). Particle transport through porous media.

Water Resources Research, 22(13), 1901–1921. https://doi.org/10.1029/WR022i013p01901
Muecke, T. W. (1979). Formation fines and factors controlling their movement in porous media. Journal of Petroleum Technology, 31(02),

144–150. https://doi.org/10.2118/7007‐PA
Mungan, N. (1965). Permeability reduction through changes in pH and salinity. Journal of Petroleum Technology, 17(12), 1449–1453.

https://doi.org/10.2118/1283‐PA
Ryan, J. N., & Elimelech, M. (1996). Colloid mobilization and transport in groundwater. Colloids and Surfaces A: Physicochemical and

Engineering Aspects, 107, 1–56. https://doi.org/10.1016/0927‐7757(95)03384‐X
Sakthivadivel, R., & Einstein, H. A. (1970). Clogging of porous column of spheres by sediment. Journal of the Hydraulics Division, 96(2),

461–472.
Sauret, A., Barney, E. C., Perro, A., Villermaux, E., Stone, H. A., & Dressaire, E. (2014). Clogging by sieving in microchannels:

Application to the detection of contaminants in colloidal suspensions. Applied Physics Letters, 105(7), 074101. https://doi.org/10.1063/
1.4893459

Sauret, A., Somszor, K., Villermaux, E., & Dressaire, E. (2018). Growth of clogs in parallel microchannels. Physical Review Fluids, 3(10),
104301. https://doi.org/10.1103/PhysRevFluids.3.104301

10.1029/2019JB017813Journal of Geophysical Research: Solid Earth

LIU ET AL. 9

Acknowledgments
Support for this research was provided
by the KAUST endowment. G. E.
Abelskamp edited the manuscript. Data
Sets presented as part of this study are
available from the KAUST Repository
(http://hdl.handle.net/10754/656179).

https://doi.org/10.1007/s10404-013-1288-4
https://doi.org/10.1002/2014GL060535
https://doi.org/10.1039/c6sm02605b
https://doi.org/10.1007/s10404-015-1624-y
https://doi.org/10.1039/C6SM01879C
https://doi.org/10.1017/jfm.2012.367
https://doi.org/10.1029/WR007i003p00602
https://doi.org/10.1029/WR007i003p00602
https://doi.org/10.1063/1.3263718
https://doi.org/10.2118/10103-PA
https://doi.org/10.2118/10103-PA
https://doi.org/10.2118/10029-PA
https://doi.org/10.1038/s41598-018-30389-7
https://doi.org/10.1021/acs.energyfuels.9b00057
https://doi.org/10.1103/PhysRevE.97.021102
https://doi.org/10.1103/PhysRevE.97.021102
https://doi.org/10.1038/nprot.2013.046
https://doi.org/10.1029/WR022i013p01901
https://doi.org/10.2118/7007-PA
https://doi.org/10.2118/1283-PA
https://doi.org/10.1016/0927-7757(95)03384-X
https://doi.org/10.1063/1.4893459
https://doi.org/10.1063/1.4893459
https://doi.org/10.1103/PhysRevFluids.3.104301
http://hdl.handle.net/10754/656179


Sherard, J. L., Dunnigan, L. P., & Talbot, J. R. (1984). Basic properties of sand and gravel filters. Journal of Geotechnical Engineering, 110(6),
684–700. https://doi.org/10.1061/(ASCE)0733‐9410(1984)110:6(684)

Valdes, J. R., & Carlos Santamarina, J. (2007). Particle transport in a nonuniform flow field: Retardation and clogging. Applied Physics
Letters, 90(24), 244101. https://doi.org/10.1063/1.2748850

Valdes, J. R., & Santamarina, J. C. (2006). Particle clogging in radial flow: Microscale mechanisms. SPE Journal, 11(02), 193–198. https://
doi.org/10.2118/88819‐PA

Valdes, J. R., & Santamarina, J. C. (2008). Clogging: Bridge formation and vibration‐based destabilization. Canadian Geotechnical Journal,
45(2), 177–184. https://doi.org/10.1139/T07‐088

Valdya, R. N., & Fogler, H. S. (1992). Fines migration and formation damage: Influence of pH and ion exchange. SPE Production
Engineering, 7(04), 325–330. https://doi.org/10.2118/19413‐pa

Van Zwieten, R., van de Laar, T., Sprakel, J., & Schroën, K. (2018). From cooperative to uncorrelated clogging in cross‐flow microfluidic
membranes. Scientific Reports, 8(1), 5687. https://doi.org/10.1038/s41598‐018‐24088‐6

Wyss, H. M., Blair, D. L., Morris, J. F., Stone, H. A., & Weitz, D. A. (2006). Mechanism for clogging of microchannels. Physical Review E,
74(6). https://doi.org/10.1103/PhysRevE.74.061402

You, Z., Bedrikovetsky, P., Badalyan, A., & Hand, M. (2015). Particle mobilization in porous media: Temperature effects on competing
electrostatic and drag forces. Geophysical Research Letters, 42, 2852–2860. https://doi.org/10.1002/2015GL063986

10.1029/2019JB017813Journal of Geophysical Research: Solid Earth

LIU ET AL. 10

https://doi.org/10.1061/(ASCE)0733-9410(1984)110:6(684)
https://doi.org/10.1063/1.2748850
https://doi.org/10.2118/88819-PA
https://doi.org/10.2118/88819-PA
https://doi.org/10.1139/T07-088
https://doi.org/10.2118/19413-pa
https://doi.org/10.1038/s41598-018-24088-6
https://doi.org/10.1103/PhysRevE.74.061402
https://doi.org/10.1002/2015GL063986


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


