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Abstract 

In porous media, migration of particles in slurry is constrained, and most particles can be retained by 

the structure. As a result, the structure and topology of the porous media are altered, which, in turn, 

varies the fluid dynamics of both the fluid and particles. Clogging issues cause a reduction in flow by 

reducing permeability. The pore-clogging was predominantly determined by the size ratio between the 

opening of the pore throat and the diameter of the particles passing through. In this study, the fluid-

particle flow is simulated numerically to study the dynamics of transport and retention of particles in a 

microscale porous medium. The determinant effects of the volume fraction of particles and stokes 

number were primarily investigated on particle clogging. Meanwhile, the dynamics of the particles and 

fluid field were studied to evaluate the permeability of the porous media due to clogging in a microscale 

analysis.   
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1. Introduction  

Particle filtration in porous media plays a key role in petroleum engineering, water resources, 

environmental engineering, and power engineering. In the oil industry, particulate suspension and 

filtration have a wide range of applications in both petroleum recovery and processing, such as the 

migration of fines and clay minerals during recovery, drilling fluid suspensions, well stimulation and 

fracturing suspensions, and propagation of ultra-dispersed catalyst in porous media for in-situ upgrading 

of heavy oil as a new and innovative technology [1, 2]. In addition, the mechanism of colloidal particle 
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migration in porous or fractured aquifers has aroused the interest the geoscientists in addressing certain 

issues that may affect the sustainability of the exploitation of groundwater resources [3]. Rough filters 

(course media filtration) were used as pre-treatment systems when the raw water contains a large 

number of suspended particles and organic matter [4]. Moreover, diesel particulate filters are widely 

used in vehicles as a piece of effective after-treatment equipment to physically remove the hazardous 

particulate matter from the exhaust gas flow [5,6].  

Most research were focusing on the efficiency and sustainability of operations and treatments, looking 

at the permeability reduction of porous media and productivity damage due to clogging. The 

experimental results showed that injection of the real chlorinated secondary effluent from municipal 

sewage plants caused a significant decrease (> 80%) in permeability of porous medium within 3 days[7]. 

During the filtration process, particles can be carried along the filtrate and deposited within the filter 

medium thereby clogging and reducing the permeabilities of the porous media. This in turn affects the 

growth rate of the compact as well as the density and microstructure uniformity. [8] As each injected 

particle gets trapped, it alters the fluid flow field, which in turn alters the flow field for subsequent 

particles. Also, as particles are diverted away from the blocked pore throats, the concentration of 

particles passing through the open pore throats will increase. This in turn may lead to a rapid build-up 

of particles on these adjacent collectors until they are also clogged. Consequently, if the conditions of 

deposition are such as to encourage extensive particle bridging, this will eventually lead to a situation 

where particle bridging occurs across all the pore throats. If this occurs at, or near, the face of the filter 

bed, the particles will tend to deposit on each other, and the mode of filtration will change from deep 

bed filtration to "cake" formation [9] In principle, particle transport and clogging in porous media 

depend on various factors that generally fall into two categories: straining and non-straining. Particle 

straining is where particles are retained in pore throats that are too small to allow the particles to pass 

through; it is controlled solely by particle size and pore construction[10]. For particles with smaller 

diameters than the pore throat, non-straining, which depends on the particle flow, particle-porous media, 

and particle–particle interactions including electrostatic force, diffusion, multiparticle bridging, surface 

deposition, interception, inertia, and hydrodynamic force play a decisive role in transport[11]. 



Various numerical methods were applied to study particle transport in porous media. Kokubun et al. 

[12] employed the continuous method of the classical mixture theory under the condition that the Stokes 

Number was less than 1, where the particulate phase was described by the volumetric fraction occupied. 

Kim et al. [13] used the RANS equations for the fluid flow and tracked the particles with a Lagrangian 

method, Discrete Phase Model, with the interfacial solute transport phenomena modeled by an upscaled 

stochastic transport model, Spatial Markov model. Parvan et al. [14, 15] developed a Lattice Boltzmann 

method to systematically simulate particle clogging coupled with a Lagrangian method. Hyman et al. 

[16] calibrated an unscaled continuous time random walk approach for adventive transport based on an 

Ornstein-Uhlenbeck model for the particle velocities that accounts for the fracture-matrix coupling 

using a compound Poisson process. Su et al.[17] developed a new algorithm for particle pore-scale 

transport through the porous media with arbitrarily polyhedral mesh, where Navier-Stokes Equation 

was used to describe the continuous phase motion in the Eulerian framework, Discrete element method 

(DEM) to describe the particle-particle interactions, and RIGID to detect the contact state between 

particles with arbitrarily shaped pore walls. Meanwhile, a novel consistent fictitious domain method in 

the arbitrarily collocated polyhedral mesh was developed. Gray et al. [18 ] introduced a hybrid 

simulation model to calculate the hydrodynamic dispersion in the pore scale images of real porous 

media.  A stochastic particle model for simulating the transport of a solute was coupled with a lattice 

Boltzmann algorithm to calculate the flow field. Kermani et al. [19] developed a combined lattice 

Boltzmann-smoothed profile method to explore the coupled mechanism governing the transport of 

colloids and their retention in porous media. These research demonstrated that the microscale 

mechanism of particle filtration in porous media can be investigated using the numerical method.  

In this study, the non-straining scheme of particle filtration in porous media is numerically investigated 

when the particles are smaller than the pore throat. A microscale structure of porous media was built to 

study the dynamics of particle flow in slurries to understand the mechanism of particle clogging and 

multiparticle bridging in porous media. The effects of the fluid, structure of porous media, and particle 

diameters and concentrations on particle transport and retention are studied on the particle clogging in 

porous media.  



2. Numerical method 

The fluid-particle flow was simulated using Computational Fluid Dynamics (CFD)-discrete element 

method (DEM). The liquid phase was simulated by solving the Navier-Stokes equation. [20]  
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DEM was used to trace the trajectory of particles. The governing equations of the translational and 

rotational motions of particles are as follows:  
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Where the forces F and torques T were predicted using the constitutive correlations in Table 1. 

Table 1 Forces and torques impacted on particles [21, 22] 

1. Drag force [23, 24], 

𝐹஽
ሬሬሬሬ⃗ =

1

8
𝐶஽𝜌௟𝜋𝑑௣

ଶห𝑢௟ሬሬሬ⃗ − 𝑢௣ሬሬሬሬ⃗ ห൫𝑢௟ሬሬሬ⃗ − 𝑢௣ሬሬሬሬ⃗ ൯ 

𝐶஽ = ቆ0.62 +
4.8

ඥRe୮

ቇ

ଶ

𝛼௚
ଶିఞ 

𝜒 = 3.7 − 0.65 exp ቂ−൫1.5 − logଵ଴Re௣൯
ଶ

/2ቃ 

2. Reynolds number of particles, 
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3. Pressure gradient force, 
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4. Viscous force [25], 
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5. Normal component of the contact force between particle i and particle j, 
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7. Torque due to friction at the contact point, 
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8. Torque due to rolling friction [26], 
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3. Simulation of particle filtration 

Figure 1 shows the microscale structure of the porous medium used in this study, built by particles in a 

square lattice, where D0 was the diameter of particles on the lattice and W was the distance between two 

such particles. The flow domain in this study was characterized as a wave channel as in the red box in 

Figure 1. The depth of the 3-D geometry in the direction vertical to the surface seen in Figure 1 was 

assumed as D0/4 in this study. Therefore, the cross-section of this medium is the width of D0 and depth 

of D0/4. The width of the narrowest gap of the 2-D wave channel is 0.40 times of D0. The slurry with 

particles carried by liquid flowed from the left to the right. 

In the study, the density and viscosity of the liquid were 866 kg/m3 and 1.23e-3 kg/m‧s, respectively. 

The particle density was 829 kg/m3. The particle diameter, dp, was assumed in the range of D0/40 to 

D0/5, which was about 1/16 to 1/2 times of the gap width of the narrowest pore throat. Assume that D0 

= 200 µm. The mean velocity of slurry, a mixture of liquid and particles, was denoted as U0, in this 

study. 



 

Figure 1. Microscale structure of the porous medium  

3.1 Particle dynamics of single particles 

As a single particle injected in the 2-D structure of porous media, the particle was carried by the liquid 

flowing along the wave channel of the porous medium. The particle in the porous medium was solely 

affected by the flow dynamics and porous structure. In Figure 2, the particles of D0/40, D0/20, D0/10, 

and D0/ 5 in diameter were simulated, as the single particle carried by the liquid passing through the 

porous medium. The initial location of particles is seen on the top of Figure 2-(a). Where from top to 

the bottom, the resident time of particles increased from 0 to 2.5 τ. The time intervals were τ and 0.5 τ, 

where, the characteristic time, τ ≡ D0 / U0. It is observed from Figure 2-(a) that the flow positions of 

various particles were close, carried by a lower mass flow rate of liquid when Re = 0.4.  

From Figure 2-(a) to (c) the mass flow rate of liquid increased. When Re = 4.0, the smaller particles 

moved ahead of the larger particles. When Re = 20, the largest particle, dp = D0 /5, was observed being 

left behind and wandering near the corner at the second wave.  

In Figure 2-(d), the size of the pore throat was varied by reducing the distance between two packed 

cylindrical “particles”, where W = 1.8 D0. The liquid was assumed at the same mass flux as that in 

Figure 2-(b), whereas the large particles moved slower when W = 1.8 D0 in Figure 2- (d) than those 

when W = 2.0 D0 in Figure 2- (b). The instantaneous distance between the smaller particles in the 

diameter of D0/40 and D0/20 was simulated increased in the wave channel with a narrower gap in Figure 

2-(d).  



   

(a) W= 2.0 D0, Re = 0.4 (t/τ = 0, 1, 2, 2.5)                     (b) W= 2.0 D0, Re = 4.0 (t/τ = 1, 2, 3, 4) 

 

(c)W= 2.0 D0, Re = 20 (t/τ = 1, 2, 3, 4)                      (d) W= 1.8 D0, Re = 3.6 (t/τ = 1, 2, 3, 4) 

Figure 2. Single-particle flow in porous media. 

Figure 3 shows the lateral displacement of each particle carried by the liquid varying with time. In 

Figure 3(a), when the mass flow rate of particles was lower, the lateral locations of all sizes of particles 

were close. The values of the lateral displacements of particles were higher than the liquid displacement 

at the mean velocity represented by the line at the unit gradient. This means that the velocity of the 

particles was higher than the mean velocity of the liquid, owing to the particles moving close to the 

center line of the wave duct where the local velocity is higher than the mean velocity of the liquid.  

As the mass flow rate of the slurry increased from cases from Re = 0.4 in Figure 3(a) to Re = 4.0 in 

Figure 3(b), the gradient of particle displacements reduced close to the liquid gradient. The gradient of 

the larger particles at the diameter of D0/5 was much lower than the others and the velocity of this large 

particle was much lower than the mean velocity of the fluid. As the mass flow increased further in 



Figure 3(c) when Re = 40, the gradient of the lateral distance of particles reduced further, and the 

velocities of all sizes of particles were lower than the mean velocity of the liquid, U0. It was observed 

that the particles biased further from the liquid flow field when the mass flow rate increased.  

   

  

Figure 3 Lateral distance of single particle flow varying with time.  

The size of the pore throat reduced in Figure 1-(d), where W = 1.8 D0. Using the same mass flux as in 

Figure 1-(b), the gradient of the particle distance reduced obviously. The lateral velocities of all sizes 

of particles were modelled less than the mean lateral velocity of the liquid. Therefore, the flow dynamics 

of particles is affected by the structure of the porous media.  

3.2 Fluid dynamics of multiple particles 

Figure 4 shows the transport of multiple particles in porous media. The diameter of the mono-sized 

particles varied from D0/20, D0/10 to D0/5. The mass flow rate of slurries increased, where the Reynolds 

number varied from 0.4 to 4.0. The volume fraction of particles, αs, was 5.0%. The left and right 

boundaries were assumed as the periodic boundary condition.   



Figure 4 (d) shows the lateral component of the averaged velocity of particles varying with time. This 

averaged velocity was the velocity spatially averaged over all the particles in the flow region. Initially, 

the particles were uniformly distributed in the flow region, then accelerated by the liquid flow, hence 

the particle velocity increased to follow the liquid flow field. Gradually, the lateral mean velocity varied 

with the time at a pseudo-steady state. It is seen from the figure that, the velocity of smaller particles at 

the diameter of D0/20 and D0/10 varies little at this time resolution. The velocity of larger particles at 

the diameter of D0/5 varied regularly with time, since the number of the large particles was less than 

the other two sizes of particles.  

 

(a) Re = 0.4                                                         (b) Re = 2.0 

 

(c) Re = 4.0                                               (d) lateral averaged  velocity of particles varying with time 

Figure 4 Particle flow in porous media when the volume fraction of particles = 5.0%, W= 2.0 D0, dp = 

D0/20, D0/10, and D0/5. 

Figure 4 (a) to (c) present the instantaneous distribution of particles in the pseudo-steady state. Most 

particles moved along the center line of the wave channel in the form of a particle belt. The higher the 

slurry velocity is, the thinner the belt is. The bias of the large particles from the center path in Figure 4-

(c) is due to its higher inertia.  



 

Figure 5 Lateral averaged velocity of particles varying with St, W = 2.0 D0. 

Figure 5 calculated the lateral averaged velocity of particles varying with the stokes number. As the 

stokes number increased, the lateral velocity of particles reduced. The higher inertia of particles reduced 

the carrying capability of the liquid. Therefore, the lateral velocity of particles reduced accordingly. In 

addition, Figure 5 compared the averaged velocities of the multiple particles with those of single 

particles carried by the liquid. The lateral velocities of the single particle were close to those of multiple 

particle flow at the volume fraction of 5%. The inter-particle collision was little for the multiple particle 

flow at the volume fraction of 5%.   

3.3 Volume fraction of particles 

The effect of the volume fraction of particles on the particle clogging was studied by increasing the 

volume fraction of particles, αs, from 5.0%, 10.0%, and 20.0% to 40.0%. Figure 6 shows the 

instantaneous distribution of particles in the porous medium when the particle diameters increased from 

(a) D0/20, (b) D0/10, to (c) D0/5. In these figures, most particles were also distributed near the center 

path of the channel. As the volume fraction of particles increased, the particle belts widened. The 

particle velocity near the center line was simulated higher than that of particles near the porous medium. 

In Figure 6-(a), the particles at the diameter of D0/20 were able to pass through the channel carried by 

the liquid at all these volume fractions.  

In Figure 6-(b) and (c), the particles were trapped in the channel under the condition with a higher 

volume fraction of particles. The D0/10 particles were trapped in the channel when the volume fraction 

raised to 40%, and the D0/20 particles were trapped when the volume fraction was 20% and 40%. The 



multiparticle bridging was found to be built and trapped the particles in the porous media, by which the 

local volume fraction was increased behind the bridging front. 

 

(a) dp =D0/20                                        (b)  dp =D0/10 

 

(c) dp =D0/5                                        (d)  particle velocity affected by volume fractions 

Figure 6. Particle flow affected by the volume fraction of particles. From top to bottom αs = 5.0%, 

10.0%, 20.0% and 40.0% 

Figure 6-(d) shows the lateral averaged velocity of particles affected by the volume fraction of particles 

in the porous media. It is observed that the lateral velocity of smaller particles was higher than that of 

the large particles with all the volume fractions of particles. When the volume fraction of particles 

increased, the particle velocity reduced accordingly when some of the particles moved aside the center 

line of the wave channel, where the fluid velocity was lower near the surface of the porous medium. 

When αs = 40%, the velocities of particles at the diameter of D0/10 and D0/5 reduced to zero as the 

particles were trapped in the porous media. At the same mass flow rate of the slurry, the particle velocity 

reduced when the volume fraction of particles was increased. 



3.4 Particle clogging  

          

(a) dp  = 1/5 D0, dt = τ.                                                 (b) dp  = 1/10 D0, dt = τ 

Figure 7. Distribution of particles varying with time when clogging. αs = 40%  

Figure 7 presents the distribution of particles when the multiparticle bridges were formed. The volume 

fractions of particles were both 40.0%. From top to bottom, the figure shows the evolution of the particle 

distribution varying with time. The time interval was τ. The colour of particles represents the magnitude 

of the force acting on themselves. On the top of Figure 7-(a), the red circle labelled the location where 

the bridge was formed. When moving toward the pore throat, the four particles circled were trapped, 

then built the bridge. The interaction between these particles increased the instantaneous force acting 

on each particle trapped. Meanwhile, the momentum loss of each particle generated additional force on 

particles impacted by the porous media surface. At the next time step, the forces on coming particles 

increased when hitting on the particle trapped in the wave channel. As the time varied, the kinetic energy 

from the coming particles wasn’t high enough to break the bridge, which resulted in more particles 

trapped throughout the porous medium. This mechanism is also observed in the distribution of 1/10 D0 

particles in figure (b), where a larger number of the smaller particles formed the bridge.  

Figure 8 shows the particle velocity varied with time when the particles were trapped in the porous 

media. Initially, the particles were accelerated, then the averaged velocity of particles reduced gradually 

until the velocities of all particles turned to zero when they were all trapped in the porous media. When 

dp = 1/5 D0, the particles in the high-volume fraction were trapped earlier. Comparing velocities of two 

sizes of particles at the same volume fraction of 40%, the large particles at 1/5D0 were fully stopped 



earlier. These simulations evidenced that the critical condition of the particle clogging in the wave 

channel of the porous media existed when the particle size was large, meanwhile, the volume fraction 

of particles was high.  

 

Figure 8. Particle velocities varied with time when clogging occurred. 

 

Figure 9. Total pressure drop and volume fraction of particles. 

The particle clogging increases the volume fraction of particles and reduces the permeability by 

increasing the local static pressure. Figure 9 shows the total pressure drop of the porous media varied 

with the volume fraction and diameter of particles in the studies of Figure 6. The particle diameters 

were D0/5 and D0/10. The predicted pressure drops of both sizes of particles increased when the volume 

fraction of particles increased. The pressure drop created by the presence of the smaller particles at the 

diameter of D0/10 was simulated higher than that by the larger particles when their initial volume 

fractions of particles were the same.  



 

Figure 10. Pressure distribution when particle clogging occurred. From top to bottom, (a) dp  = D0/10, 

αs = 40%; (b) dp  = D0/5, αs = 20%; (b) dp  = D0/5, αs = 40% 

Figure 10 shows the pressure distribution when the particles were trapped at the pore throat. The middle 

figure shows the pressure distribution when dp  = D0/5 and αs = 20%. It is seen that the particles were 

trapped in the middle of the porous media. On both the left and right sides of the particles, the pressure 

drops were much less than that in the particle-clogging region.   

 

Figure 11. Local pressure drop and volume fraction of particles when particle clogging. 

Figure 11 calculated the pressure drop along the lateral direction of the channel in Figure 10. It is 

observed in figure (b) that the pressure drop where x/D0 = 3~4 was much highest, where the calculated 

volume faction of particles was also higher than that in other regions. In Figure 11-(a) and (c), the 

particles were trapped at the left and right sides of the channel. The volume fractions in these regions 

were predicted highest, where the pressure drop was also raised. The simulation result shows evidence 

that the local static pressure was raised by the particle clogging at the pore throat.  

The relation between the local pressure drop and the volume fraction of particles is presented in Figure 

11-(d). Among these simulation results with particle clogging, the local pressure drop raised with the 



increment of the local volume fraction of particles. The values of the local pressure drop in the system 

built with the smaller particles were higher than that with larger particles, when their local volume 

fractions were equal. Comparing the two conditions of various volume fractions of the large particles, 

when (a) dp  = D0/5, αs = 20%; and (b) dp  = D0/5, αs = 40%, their local pressure drop varies with the 

volume fraction of particles was discovered in a close relation. Therefore, particle clogging occurs when 

the local volume fraction increases to a condition where particle bridging can form. The pressure drop 

due to particle clogging is determined by the size and volume fraction of particles.  

4. Conclusions 

In this study, the liquid-particle flow was simulated using the CFD-DEM method to investigate the non-

straining scheme of the particle filtration in porous media, where the particle diameter was smaller than 

the pore throat and the particle clogging was mainly due to the multiparticle bridging at the pore throat 

in porous media. The flow dynamics of the single particle and mono-sized multi-particle flow in slurry 

were simulated to study the effect of the volume fraction of particles on the particle clogging due to 

bridging and characterize the flow dynamics of fluid-particle motion when clogging occurred in porous 

media. 

When Re < 1 and St << 1, the particle flow in the porous medium was dominated by the flow carrier 

and the particle’s flow path and velocity followed the dynamics of the liquid in the porous media.  As 

the Re increased and St increased to over 1, the larger particles were simulated moving slower than the 

liquid flow and/or biasing from the flow path of the liquid. The inertia of particles dominated the particle 

flow when St >1.  

The particle clogging in porous media was predicted when the volume fraction of particles was high, 

and the ratio of the particle diameter to the size of the porous throat was large at 0.25 ~ 0.5. At the clogs, 

the coming particles were trapped behind the particle bridge and increased the volume fraction of 

particles locally, where the local static pressure was predicted to jump suddenly which increased the 

permeability of the porous media eventually. From the microscale simulation, particle clogging due to 

bridging occurs when St > 1, meanwhile, the local volume fraction of particles increases on the 

condition that particle bridging can form.  
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