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a b s t r a c t 

In this study, we have developed a combined lattice Boltzmann-smoothed profile method to explore coupled 

mechanisms governing transport of colloids and their retention in porous media. We have considered flow in a 

constricted tube and included hydrodynamic, gravity, buoyancy, van der Waals and electrostatic forces to simu- 

late colloid transport and aggregation. A major advantage of this complete formulation is that it does not require 

any common assumptions which neglect the effects of inter-particle forces (e.g., dilute suspension, or clean bed 

filtration), and pore structure changes due to colloid retention. The results show an increase in colloid aggregation 

and surface coverage as pore velocity decreases. However, the pore void fraction and its conductivity show a re- 

duction with decreased velocity. In the presence of a secondary energy minimum, rolling of colloids on the grain 

surface is demonstrated to be the major mechanism that prevents pore clogging. Details of these observations are 

provided and a comprehensive sensitivity analysis of model parameters is performed and discussed. 
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. Introduction 

Understanding colloid transport processes is essential for predict-

ng transport of colloidal contaminants and microorganisms such as

oxic nanoparticles and viruses. Colloids may act as pollutants or may

arry other contaminants deep into the subsurface ( Roy et al., 2018 ;

akshi et al., 2015 ; Gavrilescu, 2014 ; Sen, 2011 ). Several mechanisms

nfluence colloid filtration. A major mechanism is straining which refers

o colloid removal by a spectrum of physical process including size ex-

lusion, bridging across pore spaces, or the retention of colloids in low

elocity regions of porous media such as crevice sites and dead end

ores. This mechanism is affected by the colloid to collector diame-

er, pore size distribution, van der Waals, electric double layer, and

ydrodynamic forces ( Torkzaban et al., 2008 ; Bradford et al., 2007 ;

radford et al., 2006 ; Bradford et al., 2002 ). When the colloid size

s larger than the pore throat size, size exclusion takes place which

ay completely clog the pore space ( Bradford and Torkzaban, 2013 ;

abakhani, 2019 ). For smaller colloids with size comparable to the

ore throat size, the bridging mechanism may occur when several par-

icles simultaneously arrive at a throat location. This mechanism is

ffected by colloid concentration, hydrodynamic forces, the ratio of

article size to the throat size, the pore size distribution, and it is

hown to be the mechanism responsible for permeability reduction

n porous media ( Ramachandran et al., 2000 ; Bacchin et al., 2014 ;
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orkzaban et al., 2015 ). When particles are much smaller than the

ore size, surface deposition is primarily influenced by adhesive forces

nd mass transfer of particles to the surface which occurs by intercep-

ion, gravitational sedimentation, and Brownian motion ( Yang and Bal-

off, 2017 ; Yao et al., 1971 ). 

Many studies have reported results from column experiments to un-

erstand and simulate transport and removal mechanisms of colloids,

icroorganisms, and nanoparticles. Results have shown that many fac-

ors influence colloid transport and retention including: solution ionic

trength (IS) ( Bradford and Torkzaban, 2013 ; Jin et al., 2017 ; Chen et al.,

017 ; French et al., 2009 ; Zevi et al., 2009 ); pH ( French et al.,

009 ; Fujita and Kobayashi, 2016 ; Zhang et al., 2010 ); electrolyte

alence and type ( French et al., 2009 ; Zhang et al., 2010 ); particle

nd pore surface zeta potential ( 𝜁) ( Saleh et al., 2008 ; Dunphy Guz-

an et al., 2006 ); fluid velocity ( Zhang et al., 2018 ; Perez et al., 2020 ;

ennacer et al., 2017 ; Zhang et al., 2015 ; Johnson and Tong, 2006 );

uspension concentration ( Wang et al., 2012 ; Bradford et al., 2009 );

oating materials ( Mici ć et al., 2017 ; Morales et al., 2011 ); col-

oid and grains size and shape ( McNew et al., 2017 ; Syngouna and

hrysikopoulos, 2012 ; Pelley and Tufenkji, 2008 ); grain size distribu-

ion ( Ahfir et al., 2017 ; Hammadi et al., 2017 ; Chalk et al., 2012 );

ravity ( Chrysikopoulos and Syngouna, 2014 ; Kim and Whittle, 2006 );

urface roughness ( Xinqiang et al., 2019 ; Henry and Minier, 2018 ;

radford et al., 2017 ; Torkzaban and Bradford, 2016 ); and physical

nd chemical heterogeneities ( Bradford et al., 2013 ; Li and Ma, 2019 ;
 2020 
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Fig. 1. DLVO interaction energy profile versus surfaces 

distance (particle size d p = 3 μm, IS = 0.3 M, 𝜁 = ± 45.56 mV). 

(a) A completely attractive profile between oppositely charged 

particles and surfaces; (b) A profile with SEM, PEM, and 

energy barrier between particles and surfaces with similar 

charges. 
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i et al., 2017 ; Bradford and Torkzaban, 2013 ; Shen et al., 2013 ).

onsiderable amounts of retained colloids can be released by increas-

ng the flow velocity, decreasing the solution IS, increasing the pH,

hen adsorbed divalent cations are exchanged for monovalent cations,

fter flow interruptions, and following water drainage and imbibi-

ion cycles ( Bradford and Torkzaban, 2013 ; Torkzaban et al., 2008 ;

eetha et al., 2014 ). For example, scouring of colloids and co-existing

ggregates by hydrodynamic forces can contribute significantly to re-

ease and mobilization of colloids to deeper depths ( Chaumeil and Crap-

er, 2014 ; Ahfir et al., 2017 ). The macroscopic advection-dispersion

quation with one-site or two-site kinetics is commonly used to sim-

late measured breakthrough curves ( Katzourakis and Chrysikopou-

os, 2019 ; Schijven et al., 2013 ; Simunek et al., 2005 ; Schijven and

assanizadeh, 2000 ). However, breakthrough curves and profiles of re-

ained colloids typically exhibit time- (e.g., plateau region increases or

ecreases with time) and depth-dependent (e.g., hyper-exponential or

on-monotonic distributions with depth) retention behavior that can de-

end on physical parameters such as grain size, water content, flow rate,

nd chemical properties such as solution IS and pH ( Torkzaban et al.,

008 ). A fundamental understanding and ability to predict the control-

ing mechanisms and factors that influence colloid transport, retention,

nd release is hampered by the complexity, coupling, and the number

f processes that occur at the column-scale. 

To overcome this challenge, several studies have employed Eulerian

r Lagrangian approaches to numerically simulate colloid transport, re-

ention, and release at the pore-scale ( Seetha et al., 2014 ; Seetha et al.,

015 ; Raoof and Hassanizadeh, 2010 ; Raoof et al., 2010 ). However, the

ull complexity and coupling of various factors have not been consid-

red in these works. For example, previous pore-scale simulations have

ade simplifying assumptions such as dilute suspension, clean bed fil-

ration, and irreversible attachment ( Seetha et al., 2014 ; Seetha et al.,

015 ; Raoof and Hassanizadeh, 2010 ; Raoof et al., 2010 ). Dilute suspen-

ions imply that interactions among particles can be neglected. Clean

ed filtration neglects the influence of attached particles on pore struc-

ure, flow streamlines, and particle transport, whereas irreversible at-

achment disregards particle release and remobilization. It is important

o develop pore-scale simulation approaches that are not constrained by

hese simplifications in order to assess the validity and impact of these

ssumptions on colloid transport and fate. 

The interaction energy between two charged surfaces is commonly

alculated using theory by Derjaguin-Landau-Verwey-Overbeek (DLVO)

hich considers the combined effects of van der Waals and electric dou-

le layer interactions ( Derjaguin and Landau, 1941 ; Verwey and Over-

eek, 1948 ). The net interaction can result in conditions with an entirely

ttractive or a totally repulsive, or an energy profile in which a primary

nd a secondary minimum exist. For surfaces with opposite charges,

article deposition is favorable because both van der Waals and electric

ouble layer interactions are attractive ( Fig. 1 a). In this case, a deep pri-

ary energy minimum (PEM) is formed at very close distances between

he two surfaces such that attached particles do not detach from the
 n  
urface (e.g., irreversible attachment). When the two surfaces are simi-

arly charged, the electric double layer interaction is repulsive and the

an der Waals interaction is attractive. An energy barrier against depo-

ition can exist under these electrostatically unfavorable conditions. In

his case, particle attachment in a PEM can only occur if the energy

arrier is sufficiently small for particles to diffuse over it. However,

articles may reversibly attach in a secondary energy minimum (SEM)

hich is developed at distances exterior to the energy barrier ( Fig. 1 b)

 Messina et al., 2015 , p. 25). Early trajectory analysis applications that

ave studied particle retention surfaces have been found to be unre-

listic because deposited particles can continue to roll over the surface

 Bai and Tien, 1997 ; Das et al., 1994 ; Sharma et al., 1992 ; Hubbe, 1984 ).

Although several valuable experimental observations and numerical

odels exist which include different transport and adsorption parame-

ers, there is still a gap due to the lack of mechanistic studies that provide

nsights on parameters influencing colloid fate in porous media. This

tudy aims at filling this research gap by mechanistically simulating col-

oid transport and retention at the pore scale. We have developed fully

oupled numerical models to perform several simulations under both

avorable and unfavorable conditions that explicitly included detailed

hysical processes with no assumptions of dilute suspensions and clean

ed conditions. The effect of fluid flow on the movement of particles as

ell as the effect of particle motion and rotation on fluid flow was sim-

lated by including buoyancy/gravity forces and hydrodynamic effects

or both shear and normal stresses (e.g., a two-way coupling between

uid flow and particle transport equations). The interactions between

articles as well as particle-surface interactions were considered and

alculated using DLVO theory. The presence of aggregates was consid-

red on deposition processes, whereas classical filtration models assume

omogeneous pore space and largely ignore colloid aggregation. More-

ver, retained particles that interact with the SEM can roll over the sur-

ace to the outlet, be immobilized, or detach to the bulk flow under un-

avorable conditions. We consider the mentioned mechanisms and per-

orm a large number of simulations (over 160) to explore the effects of

ow velocity, colloid size, and pore structure evolution on colloid trans-

ort, retention, aggregation and release. The effects of these parameters

n colloid behavior is quantified using dynamically changing particle

gglomerates, particle-particle, and particle-grain surface interactions,

vailable surface area, pore hydraulic conductivity and void fraction.

esults from this study provide a clear image of mechanisms control-

ing colloids transport and fate in the pore space of a porous medium. 

. Methods and parameters 

.1. Lattice Boltzmann method 

The developed model uses D 2 Q 9 lattice Boltzmann method (LBM)

o solve mass balance and momentum conservation equations for the

teady-state flow of an incompressible Newtonian fluid at low Reynolds

umbers. This model uses the discretized form of the Boltzmann equa-



M. Samari Kermani, S. Jafari and M. Rahnama et al. Advances in Water Resources 144 (2020) 103694 

t  

(

𝑓

w  

t  

a

𝑓  

w  

t  

i

𝒆

𝜔

 

𝜏  

c  

k  

a  

w  

d  

u

𝜌

𝜌

 

S  

a  

S

2

 

(  

p  

p  

r  

r  

t

𝜑

 

d  

p

𝜑  

a  

o  

v  

fl  

t  

m  

a

𝑓  

w  

r  

m  

d  

p

𝐹  

𝑇  

 

Y

2

 

(  

s  

E  

V  

o  

n  

F  

d  

T  

h  

g  

s  

f  

a  

i  

f  

t

 

f  

t  

r  

p  

s  

w  

t  

m  

m  

l  

1  

c  

t  

b  

T  

n  

s  

l  

p  

c  

c  

p  
ion with an external force term and applies the Bhatnagar-Gross-Krook

BGK) collision approximation as: 

 𝛼

(
𝒙 + 𝒆 𝜶Δ𝑡, 𝑡 + Δ𝑡 

)
− 𝑓 𝛼( 𝒙 , 𝑡 ) = − 

1 
𝜏

[
𝑓 𝛼( 𝒙 , 𝑡 ) − 𝑓 𝑒𝑞 

𝛼
( 𝒙 , 𝑡 ) 

]
− 3 𝜔 𝛼𝜌𝒆 𝜶 . 𝑭 ∕ 𝑐 2 

(1) 

here f 𝛼 and 𝑓 
𝑒𝑞 
𝛼 are the distribution and equilibrium distribution func-

ions, respectively. The equilibrium distribution function can be written

s: 

 

𝑒𝑞 
𝛼

= 𝜔 𝛼𝜌

[ 

1 + 3 
𝒆 𝜶 . 𝒖 

𝑐 2 
+ 

9 
2 

(
𝒆 𝜶 . 𝒖 

)2 
𝑐 4 

− 

3 
2 
𝒖 . 𝒖 

𝑐 2 

] 

(2)

here c , x , and t are lattice speed, lattice coordinate and time, respec-

ively. The weight coefficients, 𝜔 𝛼 , and the discrete velocity vectors, e 𝜶 ,

n each of the nine 𝛼 directions in the D2Q9 model are described as: 

 𝜶 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
( 0 , 0 ) 
( 1 , 0 ) , ( 0 , 1 ) , ( −1 , 0 ) , ( 0 , −1 ) 
( 1 , 1 ) , ( −1 , 1 ) , ( −1 , −1 ) , ( 1 , −1 ) 

𝛼 = 0 
𝛼 = 1 , 2 , 3 , 4 
𝛼 = 5 , 6 , 7 , 8 

(3) 

 𝛼 = 

⎧ ⎪ ⎨ ⎪ ⎩ 
4∕9 
1∕9 
1∕36 

𝛼 = 0 
𝛼 = 1 , 2 , 3 , 4 
𝛼 = 5 , 6 , 7 , 8 

(4) 

The dimensionless relaxation time, 𝜏, is defined as 𝜏 = 𝜈∕ 𝑐 2 
𝑠 
Δ𝑡 + 0 . 5 .

controls the relaxation time-scale of the viscous stress in the numeri-

al formulation which in its physical representation relates to the fluid

inematic viscosity, 𝜈, and the speed of sound in the lattice (defined

s 𝑐 2 
𝑠 
= 𝑐 2 ∕3 ). F considers the external body forces exerted on the fluid

hich in this study simulates the effect of particles on fluid flow. In the

iscretized velocity space, the macroscopic fluid density, 𝜌, and velocity,

 , can be defined as: 

( 𝒙 , 𝑡 ) = 

8 ∑
𝛼=0 

𝑓 𝛼( 𝒙 , 𝑡 ) (5) 

( 𝒙 , 𝑡 ) 𝒖 ( 𝒙 , 𝑡 ) = 

8 ∑
𝛼=0 

𝒆 𝜶𝑓 𝛼( 𝒙 , 𝑡 ) (6) 

By using the Chapman-Enskog procedure, the incompressible Navier-

tokes equations can be obtained from Eq. (1) . Details of the LBM

nd derivation of Navier-Stokes equations can be found in Luo (1993) ,

ucci (2001) , Guo and Shu (2013) . 

.2. Smoothed profile method 

In the developed model, we have applied a Smoothed Profile Method

SPM) to represent the individual particles. The SPM represents the solid

articles using a profile function ( 𝜙) which is equal to one within the

article and approaches zero within the fluid phase. We have considered

ound particles and Eq. (7) provides the profile which uses the particle

adius ( R P ), the center position of the particle ( R P ), and the interface

hickness ( 𝜉) to provide the domain occupied by a given particle p : 

 𝑃 ( 𝒙 , 𝑡 ) = 𝑠 
(
𝑅 𝑃 − 

||𝒙 − 𝑹 𝑃 ( 𝑡 ) ||)
𝑠 
(
𝐿 𝑃 

)
= 

⎧ ⎪ ⎨ ⎪ ⎩ 
0 𝐿 𝑃 < − 𝜉∕2 
1 
2 

(
𝑠𝑖𝑛 

(
𝜋𝐿 𝑃 

𝜉

)
+ 1 

) ||𝐿 𝑃 
|| ≤ 𝜉∕2 

1 𝐿 𝑃 > 𝜉∕2 
(7) 

The calculated total profile function, 𝜑 ( 𝒙 , 𝑡 ) = 

𝑁 𝑃 ∑
𝑃=1 

𝜑 𝑃 ( 𝒙 , 𝑡 ) , is used to

etermine particle regions based on all N particles present within the

ore space. Afterwards, the particles velocity 

 ( 𝒙 , 𝑡 ) 𝒖 𝑷 ( 𝒙 , 𝑡 ) = 

𝑁 𝑃 ∑
𝑃=1 

𝜑 𝑃 ( 𝒙 , 𝑡 ) 
[
𝑼 𝐶 𝑝 

( 𝑡 ) + 𝝎 𝑃 ×
{
𝒙 − 𝑹 𝑃 ( 𝑡 ) 

}]
(8)
t time t and position x , u P ( x ,t ), is calculated by assuming rigid motion

f particles as: where 𝑼 𝐶 𝑝 
and 𝝎 P are the translational and the angular

elocities of particles, respectively. In this study, particles dynamically

ow through the fluid-filled pore space. We apply f H function to obtain

he fluid-solid interaction forces and add this function to the LBM for-

ula (i.e., in form of a body force F in Eq. (1) ). The f H function is written

s: 

 𝐻 

= − 𝜑 ( 𝒙 , 𝑡 ) 𝑓 𝑃 ( 𝒙 , 𝑡 ) = − 𝜑 ( 𝒙 , 𝑡 ) 
(
𝒖 𝑷 ( 𝒙 , 𝑡 ) − 𝒖 ( 𝒙 , 𝑡 ) 

)
(9)

here u ( x , t ) is the fluid velocity at time t and position x , and 𝜙f P rep-

esents the fluid-solid interaction forces acting on the solid phases. The

omentum conservation law can be used to obtain the integrated hy-

rodynamic force, 𝐹 𝐻 

𝑃 
, and torque, 𝑇 𝐻 

𝑃 
, exerted on each individual solid

article as: 

 

𝐻 

𝑃 
= ∫∀𝑝 𝜌𝜑 ( 𝒙 , 𝑡 ) 

(
𝒖 ( 𝒙 , 𝑡 ) − 𝒖 𝑝 ( 𝒙 , 𝑡 ) 

)
𝑑 ∀𝑝 (10)

 

𝐻 

𝑃 
= ∫∀𝑝 

(
𝒙 − 𝑹 𝑃 

)
× 𝜌𝜑 ( 𝒙 , 𝑡 ) 

(
𝒖 ( 𝒙 , 𝑡 ) − 𝒖 𝑝 ( 𝒙 , 𝑡 ) 

)
𝑑 ∀𝑝 (11)

Details of the SPM can be found in Jafari et al. (2011) , Nakayama and

amamoto (2005) . 

.3. Equations of motion and force components for particles 

To calculate a particle’s translational velocity ( 𝑼 C p ) and position

 R P ), we have included hydrodynamic ( F H ), gravitational ( F G ), particle-

urface ( 𝑭 𝐸𝐷𝐿 
𝑃− 𝑆 , 𝑭 

𝑣𝑑𝑊 

𝑃− 𝑆 ), and particle-particle ( 𝑭 𝐸𝐷𝐿 
𝑃− 𝑃 , 𝑭 

𝑣𝑑𝑊 

𝑃− 𝑃 ) forces in

q. (17) ( Chaumeil and Crapper, 2014 ; Derjaguin and Landau, 1941 ;

erwey and Overbeek, 1948 ; Hogg et al., 1966 ). The angular velocity

f a particle ( 𝝎 p ) is updated using Eq. (18) in which T p is the total exter-

al torque exerted on a particle and I p is the particle moment of inertia.

or particle sizes considered in this study (i.e., 1, 3, and 10 μm), particle

iffusion is negligible, and it is not considered in transport equations.

able 1 provides a summary of equations employed in this study. We

ave calculated the particle-surface interactions assuming a sphere-plate

eometry and assumed that the curved pore surface is microscopically

mooth (i.e., while the surface is curved there is no roughness on the sur-

ace) initially. Particle and pore surfaces are chemically homogeneous

nd uniformly charged. We should note that these conditions are the

nitial settings and during simulations, retention of particles (with dif-

erent sizes and charges) on the pore surface alters the homogeneity of

he pore. 

A large number of simulations for colloid transport were performed

or various solution IS, pore and particle surface zeta potentials ( 𝜁), par-

icles sizes ( d p ), and average fluid velocities ( U ). To obtain systematic

esults, we have chosen a set of three values for each of these parameters

resented in Table 1 . Average fluid velocities ( U ) are related to steady-

tate flows before particles were injected. The fluid velocity field ( u )

as dynamically calculated (i.e., in each time step) after particles en-

ered the pore space using coupled formulas for fluid flow and particle

otion. This allowed the effects of fluid hydrodynamic forces on particle

ovement and the effect of particles on fluid flow to be captured with

ocal velocity variations. The selected range of parameters resulted in

62 different simulations to cover a range of favorable and unfavorable

onditions. Several simulations were run simultaneously on a worksta-

ion PC with 32 cores and 128 GB memory. This approach was found to

e more time efficient than running each simulation on multiple cores.

he computational time for each simulation was, on average, around

ineteen days after which a new set of simulations was run until all 162

imulations were completed. In describing results of the simulations, un-

ess otherwise stated, particles were retained in the SEM zone of other

articles to form agglomerates (which are shown by orange-color parti-

les in figures) or in the SEM zone of the grain surface under unfavorable

onditions (which are indicated by red-color particles in figures). Strong

article attachment in PEM takes place when there is no energy barrier
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Table 1 

This table includes the list of different forces acting on particles, equations of motion, and the considered range of parameters selected for simulations 

in this study. 

Gravitational and DLVO forces 

Gravitational forces 𝑭 
𝐺 

𝑃 
= 𝜌𝑃 𝑉 𝑃 𝑔( 1 − 

𝜌

𝜌𝑃 
) Eq. (12) 

Electrostatic force between particles and surfaces 𝑭 
𝐸𝐷𝐿 

𝑃− 𝑆 = 4 𝜋𝜀 0 𝜀 𝑟 𝜁𝑃 𝜁𝑆 𝜅𝑅 𝑃 ( 
exp ( − 𝜅ℎ ) 

1+ exp ( − 𝜅ℎ ) 
− ( 𝜁𝑃 − 𝜁𝑆 ) 

2 

2 𝜁𝑃 𝜁𝑆 
exp ( −2 𝜅ℎ ) 

1− exp ( −2 𝜅ℎ ) 
) 

𝜅R P > 5 Eq. (13) 

van der Waals force between particles and surfaces 𝑭 
𝑣𝑑𝑊 

𝑃− 𝑆 = 
𝐻 𝑎 𝑅 𝑃 

6 ℎ 2 
Eq. (14) 

Electrostatic force between two particles 𝑭 
𝐸𝐷𝐿 

𝑃 𝑖 − 𝑃 𝑗 
= 32 𝜋𝜀 0 𝜀 𝑟 𝜅𝑅 𝑃 ( 

𝐾 𝐵 𝑇 

𝑍𝑒 
) 2 𝑡𝑎𝑛ℎ ( 𝑍𝑒 𝜁𝑖 

4 𝐾𝑇 
) tanh ( 𝑍𝑒 𝜁𝑗 

4 𝐾𝑇 
) exp ( − 𝜅ℎ ) 

𝜅R P > 5 Eq. (15) 

van der Waals force between two particles 𝑭 
𝑣𝑑𝑊 

𝑃 𝑖 − 𝑃 𝑗 
= 32 

3 
𝐻 𝑎 𝐷 𝑃 𝑖 − 𝑃 𝑗 

𝑅 3 
𝑃 𝑖 
𝑅 3 
𝑃 𝑗 

( ( ( 𝐷 𝑃 𝑖 − 𝑃 𝑗 + 𝑅 𝑃 𝑖 ) 
2 − 𝑅 2 

𝑃 𝑗 
)( ( 𝐷 𝑃 𝑖 − 𝑃 𝑗 − 𝑅 𝑃 𝑗 ) 

2 − 𝑅 2 
𝑃 𝑖 
) ) 2 

Eq. (16) 

Particles equations of motion 

New translational velocity 𝑀 𝑃 

𝑑 𝑼 𝐶 𝑃 

𝑑𝑡 
= 𝑭 𝐻 

𝑃 
+ 𝑭 𝐺 

𝑃 
+ 𝑭 𝐷𝐿𝑉 𝑂 

𝑃− 𝑃 + 𝑭 𝐷𝐿𝑉 𝑂 
𝑃− 𝑆 Eq. (17) 

New angular velocity 𝐼 𝑃 . ̇𝝎 𝑃 = 𝑻 𝑃 Eq. (18) 

New position of particles 
𝑑 𝑹 

𝑷 

𝑑𝑡 
= 𝑼 𝐶 𝑃 Eq. (19) 

Values of different parameters used in the simulations 

Particle diameters, dp [μm] {3, 5, 10} Solution Ionic strength, I.S. [M] {0.001, 0.05, 0.3} 

Mean fluid velocity, U [m/day] {1, 5, 10} Particles and pore surface zeta potential, 𝜁 [mV] { ± 17.5, ± 45.56, ± 60} 

u  

i

 

v  

m  

t  

i  

t  

t  

i  

i  

N

2

 

g  

c  

r  

f  

c  

b  

c  

p

 

i  

g  

h  

t  

(  

t  

a  

(  

j  

r

3

 

o  

r  

s  

r  

p  

s  

i  

a  

w  

p  

a  

w  

e  

i  

t  

r  

f  

fl  

t  

i  

t  

2  

r  

f  

o  

t  

i  

c  

t

4

4

 

t  

f  

h  

p  

i  

s  

t  

o  

c  

c  

t  

t  

s

 

a  

w  
nder favorable conditions (which are shown by white-color particles

n figures). 

𝜌P = 1055 [Kg/m 

3 ], M P [Kg], and V P [m 

3 ] are density, mass, and

olume of particles, respectively. K B = 1.38 × 10 − 23 [J/K] is the Boltz-

ann constant, T = 298 [K] is temperature, e = 1.6 × 10 − 19 [C] is elec-

ron charge, 𝜀 0 = 8.85 × 10 − 12 [C 

2 /Jm] is vacuum dielectric permittiv-

ty, 𝜀 r = 78.54 is dielectric constant of the media, H a = 1.5 × 10 − 21 [J] is

he Hamaker constant, D ij [m] is the center to center distance between

wo particles, h [m] is the separation distance, Z is the valence of each

on species in the electrolyte, and 𝜅 = (2 × 10 3 N A e 
2 IS / 𝜀 0 𝜀 r K B T ) 

1/2 [m 

− 1 ]

s the reciprocal Debye length for a monovalent electrolyte where

 A = 6.02 × 10 23 is Avogadro’s number. 

.4. Torque analysis 

To calculate the torque, when particles enter into the SEM of the

rain surface a contact area with a lever arm of I x = ( F r d P /8 K ) 1/3 was

alculated, where F r is the sum of forces providing torques to prevent

olling ( Johnson et al., 1971 ), and K is the composite Young’s modulus

or which a value of 4.014 × 10 9 Nm 

− 2 was chosen in this study. We cal-

ulate torques at the two ends of the contact area (which is represented

y a line in 2D simulations) to determine whether the trapped particles

an roll forward, backward or they remain immobile on the sinusoidal

ore surface ( Torkzaban et al., 2007 ). 

When a particle is moving in the bulk flow its rotation is around

ts center; however, when it is retained within the grain SEM, it be-

ins rolling around the edge of its contact line. Pore-scale simulations

ave shown that the secondary minimum plays an important role in re-

ention of both small and large size colloids in the absence of diffusion

i.e., for particle sizes larger than 1 μm). The contribution of SEM in par-

icle retention increases when the interaction energy barrier increases

nd favorability for attachment in the PEM of the surface is reduced

 Seetha et al., 2014 ). For much smaller particles that diffusion is a ma-

or transport mechanism, the SEM retention role is reduced and diffusive

elease of particles may occur. 

. Geometry and boundary conditions 

In this study, we have considered a sinusoidal pore with a length

f 200 μm, and an opening of 50 μm at the inlet and outlet which is

educed to 20 μm in the middle of the pore. This pore structure repre-

ents a typical pore present in glass beads or sand packs between pairs of

ounded grains. The chosen pore size falls in the range of medium-sand

acks, and is within the common range of pore size distributions for

andstone and carbonate rocks. The importance of the sinusoidal shape
s that it captures the presence of diverging and converging velocities

nd streamlines in porous media. A curve boundary bounce back method

as applied to simulate the pore surfaces ( Bouzidi et al., 2001 ). At the

ore inlet boundary, a parabolic velocity profile was implemented, and

 constant pressure was assigned at the pore outlet. These conditions

ere chosen to obtain a mean steady-state flow velocity along the pore

qual to 1, 5, and 10 m/d before injection of any particles. The particle

njection height was selected to allow particles to enter randomly along

he pore inlet face to resemble colloid trajectories in porous media. The

ate of colloid injection was continued and chosen such that the sur-

ace area of entering colloids would be equal to 1188 μm 

2 per injected

uid pore volume (shown by PV in the text and figures). For example,

he particle injection rates were equal to 168, 60, and 15 particles per

njected fluid PV in simulations using 3, 5, and 10 μm particles, respec-

ively, when the bulk velocity was 10 m/d. These rates were equal to

 × 10 8 , 9 × 10 8 , and 27 × 10 8 particles per milliliter of injected fluid,

espectively. This approach allowed us to provide a well-defined basis

or comparison of results from different simulations. The initial velocity

f particles at the inlet was chosen to be equal to the fluid velocity at

hat location. The constructed numerical grid included 400 × 100 cells

n each principal direction. We chose to only simulate 2D geometries be-

ause of the considerable computational time that was required to solve

he coupled equations. 

. Results and discussion 

.1. Hydrodynamic effect 

The flowing water creates a hydrodynamic force on moving and at-

ached colloids. Our results have shown that lower velocities generate

orces which are relatively weak and may not be able to overcome ad-

esive forces even for particles retained within the SEM zone of other

articles or the pore surface. Therefore, pore clogging was more frequent

n these simulations due to lower velocity values. As all the colloids are

imilarly charged, the condition for aggregation is unfavorable and due

o colloid-colloid SEM interactions. However, the retention of colloids

n the grain surface can occur within the SEM zone under unfavorable

onditions, or within the PEM zone under favorable conditions. Once

olloids are attached on the pore surface under favorable conditions,

hen condition may reverse from favorable to unfavorable and SEM in-

eractions between approaching and already-attached colloids may re-

ult in multilayer deposition. 

Fig. 2 a and b examine the attachment and clogging behavior of 5

nd 3 μm sized particles at several velocities under favorable conditions

hen an intermediate IS of 0.05 M was considered. Pore clogging was
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Fig. 2. Hydrodynamic effects on particles transport. (a, b) Pore clogging only takes place under the lowest fluid velocity of 1 m/d under favorable conditions. 

(a) dp = 5 μm, IS = 0.05 M, 𝜁 = 60 mV, and (b) dp = 3 μm, IS = 0.05 M, 𝜁 = 17.5 mV. (c) Hydrodynamic shear forces pushes agglomerates through the pore 

throat which causes significant variations in the local velocity ( dp = 3 μm, IS = 0.05 M, 𝜁 = 45.56 mV, U = 1 m/d, favorable conditions). (d) Hydrodynamic forces 

detach and remobilize the SEM-retained particles from the grain surface under unfavorable conditions. Rectangle markers are used to show particle remobilization 

( dp = 5 μm, IS = 0.001 M, 𝜁 = 17.5 mV, U = 5 m/d). (e) The increased hydrodynamic force generated in the pore throat ruptures agglomerate clusters and releases 

colloids which can easily pass through the pore throat ( d p = 5 μm, IS = 0.001 M, 𝜁 = 45.56 mV, U = 5 m/d, favorable conditions). 
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at low IS of 0.001 M. 
bserved at a fluid velocity of 1 m/d for 5 μm particles when 𝜁 = 17.5,

5.56, and 60 mV and for 3 μm particles when 𝜁 = 17.5 mV. Conversely,

olloids formed a single attached layer on the grain surface that delayed

ore clogging when higher velocities of 5 and 10 m/d were applied; e.g.,

olloids did not form multi-layers that were needed to clog the pore. 

Approaching particles moving in the bulk solution can generally at-

ach within the SEM zone of deposited particles and form multilayer de-

osition. During this process, the pore size available to flow decreases,

nd generates larger shear forces which are more effective in mobilizing

articles and agglomerates. The increased shear forces therefore ham-

er strong pore clogging. This effect is shown in Fig. 2 c where the in-

reased shear force resulted in separation of retained particles and re-

obilization of aggregates. The non-uniform shape of the pore gener-

tes hydrodynamic forces which are stronger at the location of the pore

hroat and can remobilize retained particles. We describe this effect us-

ng Fig. 2 d. This figure shows a particle (the red particle in the blue
ox) which is rolling over the surface to reach the pore constriction.

he increased shear force detaches this particle from the grain surface

nd makes it rotate around its own center while still experiencing DLVO

nteractions with the surface (shown as the white particle in the blue

ox). Ultimately, this particle is completely released from the surface

nd enters the bulk flow (shown as the light blue particle in the blue

ox). 

The velocity field may change due to particle retention and pore

hape, and this can deform clusters of aggregated colloids. The gener-

ted velocities may break a cluster of aggregated colloids into smaller

roups depending on the relative strength of the shear force to the depth

f the SEM. In Fig. 2 e, two agglomerates are shown in blue and red

oxes. Each aggregate remains intact until passing through the throat,

ut then they disaggregate due to increased fluid velocity and shear

orce that can overcome weak SEM interactions among these particles
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Fig. 3. Colloid remobilization and clogging. (a, b) Mobile agglomerates can collide with stagnant agglomerates and remobilize them (a) d p = 3 μm, IS = 0.05 M, 

𝜁 = 17.5 mV, U = 5 m/d, favorable conditions. (b) d p = 5 μm, IS = 0.3 M, 𝜁 = 60 mV, U = 1 m/d, unfavorable conditions. (c) When hydrodynamic force is not 

sufficiently large, colloids approaching the pore throat will accumulate and ultimately clog the pore ( d p = 3 μm, IS = 0.3 M, 𝜁 = 45.56 mV, U = 1 m/d, favorable 

conditions). (d) Dynamic remobilization and clogging events create considerable fluctuations in local velocity field and pressure gradient which cause changes in 

the hydrodynamic force acting on colloids ( d p = 3 μm, IS = 0.3 M, 𝜁 = 45.56 mV, U = 5 m/d, favorable conditions). 
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The velocity field begins to diverge after passing the pore throat and

ydrodynamic forces decrease. Particles and agglomerates become less

obile due to this decrease in force. In this situation, approaching mo-

ile colloids and aggregates with higher velocities can collide with less

obile agglomerates after passing through the narrow pore throat. The

utcome of this collision depends on the acquired momentum of the

ggregate and it may begin to move faster. Fig. 3 a-b show that ag-

lomerates become less mobile after passing through the throat loca-

ion (marked by red boxes in figures) and then they start to move faster

nce approaching mobile colloids (marked by blue boxes) collide with

hem. 

The coupling between fluid flow and colloid transport generates tran-

ient changes in the velocity field. In particular, clogging builds up fluid

ressure and increases fluid velocity among agglomerated particles to

aintain the fluid flow prescribed by the inlet boundary condition. If

he generated force is not large enough to break the cluster and remo-

ilize retained particles, agglomerates begin to clog the pore as shown

n Fig. 3 c. However, if the increase in shear flow is enough to break

p the agglomerates, the free pore space recovers and remobilization

elaxes the pressure field and lowers the fluid velocity. Fig. 3 d shows

xamples of pressure gradient fluctuations caused by pore clogging and

ubsequent rupture of agglomerates. Similar observations were made by

unphy Guzman et al. (2006) . They found that shear forces increased
 s
ithin narrow channels when nanoparticles started to clog, but that ag-

regates can break apart and reform. 

In this section we provided some physical insights in how particles

nteract with each other and the pore surface at the pore scale. The

ffect of these interactions on particle agglomeration, pore surface cov-

rage, conductivity and void fraction is discussed in Sections 4.1.1 and

.1.2 under favorable and unfavorable conditions, respectively. 

.1.1. Effects of velocity on colloid transport and change of pore properties:

avorable conditions 

In this section we will explore how flow velocity influences colloid

ransport, agglomeration, grain surface coverage, pore conductivity, and

ore void fraction. The size and stability of an aggregate is influenced

y flow velocity. We define particle coordination number to describe

he connectivity of colloid members within an aggregate. The particle

oordination number for any colloid is the number of particles that are

ttached to that colloid. The average coordination number was calcu-

ated from this information for each aggregate and for the whole pore.

he normalized grain surface coverage was calculated as the ratio of

ccupied grain surface area by deposited particles to the total grain sur-

ace. In this study, grain surface area that was occupied by a retained

olloid was calculated by projecting the colloid diameter on the grain

urface. 
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Fig. 4. Change of aggregates connectivity, grain surface coverage, pore void fraction, and hydraulic conductivity under favorable conditions. Change of 

average particle coordination number (a) , pore surface coverage (b) , pore void fraction (c) , and pore conductivity (d) with injected pore volume at different fluid 

velocities and IS ( d p = 3 μm). Z [mV] denotes the zeta potential and IS [M] the solution ionic strength. 
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Our results show that the average coordination number (i.e., con-

ectivity among colloid members of aggregates) decreases as the flow

elocity and hydrodynamic force increases because aggregates are rup-

ured into smaller clusters ( Fig. 4 a). The generated clusters can often

ow deeper into the pore space due to their smaller size and this in-

uences the arrangement of the retained colloids on the grain surface.

he increased hydrodynamic force lowers the grain surface coverage

 Fig. 4 b) and increases the void fraction and conductivity of the pore

 Fig. 4 c-d). These observations agree with findings from Li et al. (2017) .

Column experiments in Ko and Elimelech (2000) showed that larger

ow velocities create a greater distance between attached particles. This

pace is called the shadow zone, and colloids do not deposit within this

pace ( Ko and Elimelech, 2000 ). As flow velocity decreases, shadow

ones grow smaller and their effect on retention of other particles and

hange of grain surface coverage becomes negligible. Our simulations

howed the same general trend in grain surface coverage. However,

light deviations from this trend are probable because interactions be-

ween colloids and fluid flow are complex and dynamic. For example,

n Fig. 4 b (plots f and h) the simulations with flow velocity of 10 m/d

howed a higher surface coverage than the simulations with a lower ve-

ocity of 5 m/d. For the simulation shown in Fig. 4 b (f) with a velocity

f 5 m/d, we observed that an agglomerate near the inlet changed the

ow field such that fewer particles were carried towards the grain sur-

ace and attached. In this case, the grain surface coverage was lower at

elocity of 5 m/d than 10 m/d until the aggregate started to move and

he relaxed fluid flow allowed more attachment. 

Fig. 4 b (h) shows that the pore space was clogged for all three ve-

ocities when the IS was 0.3 M. However, several remobilization events

appened for the 3 μm agglomerates before complete pore clogging. Re-

obilization happened when an increase in the velocity to 10 m/d made

ore particles detach and move further along the pore space. This in-

reased velocity ruptured aggregates into individual or small-size clus-
ers which deposit on the grain surface in a single layer pattern and

ncrease the surface coverage compared to a lower velocity of 5 m/d. 

When particle size was increased from 3 to 5 μm, the observed

urface coverage for most combinations of parameters was lower for

 = 10 m/d compared to U = 5 m/d. The exceptions to this trend were

he simulations with IS = 0.3 M for which pore clogging took place close

o the pore inlet before the grain surface could contact many colloids.

herefore, for larger particles, fast clogging close to the pore inlet and

lockage of flow through the pore can prevent an increase in the grain

urface coverage for the whole pore. The 5, and 10 μm particles showed

ess remobilization events in comparison to 3 μm particles mainly be-

ause they formed stronger attractive particle-particle forces. These re-

ults agree with findings of Ahfir et al. (2017) who showed that under

ower flow velocities the hydrodynamic forces were not sufficient to

revent deposition or to mobilize attached particles ( Ahfir et al., 2017 ).

ccording to their study, while attachment happened to colloids of dif-

erent sizes, larger colloids attached mainly close to the inlet of the sam-

le. However, larger particles could travel further when the flow veloc-

ty was increased and this resulted in a smoother profile of adsorbed

ass along the sample ( Ahfir et al., 2017 ). 

.1.2. Effects of velocity on colloid transport and change of pore properties:

nfavorable conditions 

The connectivity among the aggregated colloids under unfavorable

ondition is shown in Fig. 5 a for 3 μm colloids. Simulations using the

ower velocity of U = 1 m/d provided the highest particle coordination

umber. The particle coordination number shows more fluctuations un-

er low IS (0.001 M) because retention and remobilization take place

everal times. The coordination number becomes larger at a higher IS

ecause of a deeper SEM. In comparison with favorable conditions, the

oordination numbers under flow velocities of 5 and 10 m/d have closer

alues to the coordination numbers related to velocity of 1 m/d under
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Fig. 5. Change of aggregate connectivity, grain surface coverage, hydraulic conductivity, and pore void fraction under unfavorable condition. Change of 

average particle coordination number (a) , pore surface coverage (b) , pore conductivity (c) , and pore void fraction (d) with injected pore volume at different fluid 

velocities ( d p = 3 μm). (e) Pore conductivity and void fraction fluctuations due to leaving of a large agglomerate out of the pore ( d p = 3 μm, IS = 0.3 M, 𝜁 = 60 mV, 

U = 5 m/d, unfavorable conditions). Z [mV] denotes the zeta potential and IS [M] the solution ionic strength. 

u  

l  

c  

t  

p  

c  

t

 

t  

t  

g  

f  

c  

5  

fl  

t

 

W  

t  

a  

l  

t  

z  

t  

(  

a  

i  

c  

f  

s  

z  

t  

A  

t  

s

 

e  

g  

c  

t  

l  

a  

c  

i  

c  

o  
nfavorable conditions. This is because under this condition, the second

ayer of retained particles in SEM distance of the surface rolling parti-

les can remain connected to them while these particles are rolling on

he pore surface. However, under favorable conditions, the first layer of

articles is strongly attached to the surface, and the second layer parti-

les in their SEM distance have to be separated from them to continue

heir path toward the outlet. 

An important transport mechanism under unfavorable condition is

he rolling of retained particles over the surface which enables them

o move forward without detaching from the surface. Particles and ag-

lomerates move faster when the applied velocity and hydrodynamic

orce increases. They can collide and form new aggregates with larger

oordination numbers during movement. While simulations using 3 and

 μm particles showed similar behaviors, 10 μm particles showed larger

uctuations because hydrodynamic forces and SEM interactions with

he grain surface and other particles were stronger. 

Surface coverage is highly affected by the formation of agglomerates.

hen conditions are not favorable for creation of large agglomerates,

ransport happens in the form of individual colloids or small agglomer-

tes which can deposit on grain surfaces, especially at lower flow ve-

ocities. This occurred under low IS = 0.001 M condition, and when

he IS = 0.05 M for fluid injection of less than 2 PV or high values of

eta potential (about 60 mV) because the surface coverage increased as
he flow velocity decreased ( Fig. 5 b, plots (a, b, c, f, and d (PV) < 2, e

PV < 2)). Fig. 5 b also shows that for moderate to high IS values (0.05

nd 0.3 M) the surface coverage raised considerably when the veloc-

ty increased from 5 to 10 m/d ( Fig. 5 b, plots (d, e, h, i) (PV > 2)). In

ontrast, surface coverage was higher for lower flow velocities under

avorable conditions due to the reduction of the shadow zones behind

trongly attached particles. Under unfavorable conditions, the shadow

one can change as particles roll over the grain surface and the dis-

ance among rolling particles will change until they leave the channel.

s velocity increased to 10 m/d, some large agglomerates moved faster

oward the outlet. The blocked area behind them grew smaller and the

urface coverage increased. 

The conductivity and the void fraction of the pore space are influ-

nced by particle agglomeration. The presence of smaller and mobile ag-

lomerates under higher flow velocities help the pore void fraction and

onductivity to have large values. The conductivity is not sensitive to

he flow velocity under low IS (0.001 M) conditions ( Fig. 5 c). However,

arger agglomerates are formed under larger IS values (0.05 M or 0.3 M)

nd the pore conductivity becomes lower and larger variations in the lo-

al velocity field are observed. In this case, the generated force of the

ncreased velocity remobilizes particles and agglomerates, and the pore

onductivity (shown in Fig. 5 c) and void fraction ( Fig. 5 d) can fluctuate

r rise over time. Torkzaban et. al., suggested that hydrodynamic bridg-
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Fig. 6. Colloid size effect on particle behavior. (a, b) Development of energy barrier (plot a), and SEM region (plot b) under unfavorable conditions as d p changes 

from 3 to 10 μm (IS = 0.001 M, 𝜁 = 17.5 mV). (c) Strong DLVO interactions among 5 μm particles resulted in pore clogging (IS = 0.3 M, 𝜁 = 45.56 mV, U = 5 m/d, 

favorable conditions). (d, e) Change of average coordination number of particles against injected pore volume under different IS values and unfavorable conditions: 

(d) ( d p = 10 μm). (e) ( d p = 3 μm). Z [mV] denotes the zeta potential and IS [M] the solution ionic strength. 
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ng was the main cause of permeability reductions ( Torkzaban et al.,

015 ). They have showed that an increase in the flow velocity can break

 fraction of colloid bridges and increase the permeability. 

Recall that the pore conductivity was diminished as a result of clog-

ing under favorable conditions. In contrast, unfavorable conditions

ere very effective in maintaining the pore conductivity due to rolling

f particles over the grain surface (except for the simulations with

S = 0.3 M and 𝜁 = 17.5 mV, shown in Fig. 5 c plot g, where the combi-

ation of high IS and low zeta potential resulted in pore clogging). 

Fig. 5 d shows the change of pore void fraction with PV. The ob-

erved behavior corresponds with the dynamics of grain surface cover-

ge (which is discussed before and is shown in Fig. 5 b). Higher values

f grain surface coverage indicate an increase in colloid retention which

owers the void fraction. Sharp reductions in the value of surface cov-

rage corresponds with fluctuations of pore conductivity and pore void

raction (shown by the red box in plot (i) of Fig. 5 b–d), and are related

o previously attached large size agglomerates that move out of the pore

 Fig. 5 e). 
.2. Colloid size effect 

Larger size colloids create stronger DLVO forces which are developed

t larger distances from the grain surface and are more sensitive to IS

nd zeta potential changes ( Fig. 6 a-b). This relation makes 10 μm size

olloids to be retained more easily, compared to the 5 μm or the 3 μm

ize colloids. Our simulations show that under favorable conditions, the

0 μm colloids clog the pore space in a short time (on the order of 1 PV),

hereas the 3 μm size colloids produced much less clogging. Deposition

f these large particles changes the pore structure and results in filtration

f the approaching particles. 

Due to stronger DLVO interactions, detachment of large size colloids

nd their agglomerates is unlikely unless a considerably higher flow rate

s applied. Fig. 6 c shows that a pore clogged with 5 μm size colloids did

ot able to re-open during the simulation time. The flow and chemistry

onditions applied in this simulation are the same as those applied in

ig. 3 d, except that a smaller colloid size of 3 μm was employed. Fig. 3 d

hows re-opening events for the pore due to the smaller colloid size and
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Fig. 7. Effect of pore shape on particles transport. (a) Aggregates deform and become elongated when they pass through the pore throat ( d p = 5 μm, IS = 0.05 M, 

𝜁 = 45.56 mV, U = 5 m/d, favorable conditions). (b) The effect of evolved pore shape on flow and velocity fields due to particles retention ( d p = 10 μm, IS = 0.05 M, 

𝜁 = 45.56 mV, U 10 m/d, favorable conditions). (c) The deviated and accelerated flow streamlines by aggregates ( d p = 5 μm, IS = 0.05 M, 𝜁 = 45.56 mV, U = 10 m/d, 

favorable conditions). (d) The bottleneck created by deposited particles force the approaching colloids to flow along the center of the pore where deposition is less 

likely to happen ( d p = 10 μm, IS = 0.001 M, 𝜁 = 45.56 mV, U = 5 m/d, favorable conditions). (e, f) The location of clogging impacts the grain surface coverage that 

can be achieved in a pore: (e) ( d p = 5 μm, IS = 0.3 M, 𝜁 = 60 mV, U = 5 m/d, favorable conditions). (f) ( d p = 5 μm, IS = 0.3 M, 𝜁 = 45.56 mV, U = 5 m/d, favorable 

conditions). 

w  

b  

c

 

1  

s  

a  

n  

m  

c  

t  

w  

a  

i

4

 

i  

b  

c  

c  

c  

i  

s  

t  

p  

t  

c  

t  

fl  

i  

fi  

d  

c

 

a  

o  

t  

a  

c  

T  

s  

s  

g  

c  
eaker DLVO interactions. Yang and Balhoff have shown that colloid

ridging becomes the controlling retention mechanism when the parti-

le to pore size ratio is > 1:7 ( Yang and Balhoff, 2017 ). 

Under unfavorable conditions the average coordination number for

0 μm particles ( Fig. 6 d) shows stronger fluctuations in comparison with

maller 3 μm particles ( Fig. 6 e) when the IS = 0.05 and 0.3 M. There

re two reasons for such observations. First, the larger agglomerates

eed to considerably deform to pass through the narrow throat which

ay change the coordination number of each particle. Second, as the

olloid size increases, there may be less particles available in the pore

o make large agglomerates. If these agglomerates are defragmented

hile moving, the coordination number for a larger fraction of avail-

ble particles changes and the fluctuations in agglomerates connectivity

ncreases. 

.3. Pore structure effect 

The constricted pore shape used in this study has initially converg-

ng and diverging sections to provide a non-uniform flow field. In the

eginning of the simulations, the curved pore surface is also microscopi-

ally smooth (i.e., with no roughness on the curved surfaces) and chemi-

ally homogeneous. However, throughout the simulations, deposition of

olloids with different sizes and charges make the pore surface increas-
ngly heterogeneous, both physically and chemically. The evolved pore

tructures influence the size and form of aggregates. We have observed

hat generally aggregates become more elongated upon approaching the

ore constriction, and afterwards then may re-form into rounded clus-

ers (shown in Fig. 7 a). The attached colloids or aggregates can signifi-

antly change the fluid streamlines. Fig. 7 b shows that the 10 μm par-

icles has squeezed the fluid into a few remaining narrow spaces where

ow velocity increases. Fig. 7 c shows how flow streamlines are deviated

nto a new path due to the presence of an agglomerate (marked in the

gure using a box). As the pore space available for flow shrinks, the

eviated streamlines have larger velocity magnitudes, and can mobilize

olloids present in their newly-established path. 

The non-uniform pore shape and particle attachments causes vari-

ble shear forces to act on particles or agglomerates in different locations

f the pore space. Fig. 7 d shows that the initial deposition of 10 μm par-

icles at the pore constriction (marked by numbers 1, 2, and 3) created

 partial bottleneck for other particles where the streamlines directed

olloids into the center of the pore (i.e., away from the grain surface).

herefore, this simulation showed very late pore clogging in compari-

on with other simulations with 10 μm particles. Our simulations have

hown the effect of clogging location on surface coverage. In Fig. 7 e, the

rain surface coverage remains lower as clogging occurs at a distance

loser to the pore inlet (shown by blue boxes) in comparison with Fig. 7 f.
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his is because the clogging prevents accessibility of mobile colloids to

ownstream regions. 

. Summary and conclusions 

A wide range of experimental and numerical studies have explored

olloid retention and release in porous media to determine controlling

echanisms. However, there is great uncertainty in characterizing these

echanisms at the column-scale because of the complexity and coupling

f many processes and factors. To overcome this limitation a model has

een developed to simulate colloid transport, retention, release, and per-

eability alterations within a single pore. Our novel approach considers

he interlink between different processes that were neglected in previ-

us studies, including the influence of bulk and retained particles on

he flow field and particle-particle interactions. The effects of hydrody-

amic forces, solution IS, zeta potentials, colloid size, and pore structure

n colloids transport and retention under both favorable and unfavor-

ble conditions were subsequently investigated. 

The results show that particle-particle interactions can create aggre-

ates that rupture, deform, attach, and remobilize in the presence of

arious hydrodynamic forces, solution IS, and surface charge conditions.

ggregates caused complete pore clogging under favorable conditions.

t the same time, attachment increased the shear force by lowering

he pore space available for flow which resulted in colloid remobiliza-

ions and rupture of aggregates. The re-opening of the pore space results

n sharp increases in pore hydraulic conductivity and its void fraction.

ur results have shown that the flowing colloids and agglomerates can

roduce the required momentum to remobilize stagnant agglomerates

hich are often formed ahead of a pore throat where streamlines di-

erge, and the flow velocity decreases. Simulations under unfavorable

onditions showed that the rolling of particles on the grain surface hin-

ers pore clogging and considerably affects the shadow zone behind

rapped particles. Observed differences in surface coverage and particle

oordination number for favorable and unfavorable conditions were at-

ributed to colloid rolling. When hydrodynamic forces were sufficiently

trong to mobilize the agglomerates, the pore void fraction and conduc-

ivity increased, whereas the coordination number and fluid pressure

radient decreased. These findings are in agreement with previous stud-

es based on the DLVO theory. However, our detailed direct transient

imulations over a range of fluid velocities showed how the combined

ffects of IS, zeta potential, colloid size and pore structure alterations

etermine the particle deposition behavior. Moreover, we have shown

nd discussed how the complex and deformed flow can result in colloid

ransport behaviors which deviate from the expected general trends. 

The observed mechanisms and their coupling provide a detail un-

erstanding that can be used to help explain and correctly model ex-

erimental observations at larger scales; e.g., breakthrough curves and

etention profiles in column experiments. For example, the underlying

auses for hyper-exponential and non-monotonic retention profiles and

ipening processes. Furthermore, this information can be used to derive

orrelation equations for parameters such as retention/release rate co-

fficients. Insight gained from the 162 two-dimensional simulations in

his work can also be used in identify specific conditions and factors that

arrant additional research in 3D simulations but that are much more

omputationally intensive. 
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