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期中精簡報告 

以網路模型探討布朗膠體在過濾中的過濾行為(2/3) 

NSC 94-2214-E-029-003 

張有義教授 
台中市東海大學化工系  

Abstract 

 The track of individual particles moving through a filter bed is simulated by applying the Brownian dynamics 

simulation method and the modified square network model. The effect of the Raleigh type size distribution of particles and 

of pores on the permeability reduction of porous media is also investigated. We find that the pore size distribution of porous 

media has more profound effect on the reducing of the permeability ratio than that of the particle size distribution 

especially at the initial period of filtration. Straining is the main mechanism to reduce the permeability at the initial period 

of injection for the case of Raleigh distribution of the pore size, and vice versa for the case of unique size value where the 

direct deposition mechanism becomes dominant. 

 Email:yichang@thu.edu.tw  Fax:00-886-4-23590009 
1. Introduction 

Deep bed filtration is a process involving the transport 

and deposition of colloidal particles within the porous 

media. During the course of filtration, the accumulation of 

deposited particles increases with time until the 

breakthrough moment is achieved. Consequently, those 

deposited particles reduce the permeability of the filter 

(Tien, 1989). The permeability reduction rate along the 

filter bed is dependent on several system parameters which 

has been the subjects of numerous studies, those 

parameters are: the fluid superficial velocity, the grain and 

particle sizes (Ison and Ives, 1969; Herzig, Leclerc and 

Goff, 1970; Yao, 1972), the geometry of collector (Tien 

and Payatakes, 1979), the interaction forces between 

particles and collector surfaces (Kim and Rajagopalan, 

1982; Chang and Whang, 1998), and the pore size 

distribution (Sharma and Yortsos, 1987; Rege and Fogler, 

1988; Imdakm and Sahimi, 1991; Chang et al., 2004). 

In our previous paper (Chang et al., 2004), with the 

adoption of the Brownian dynamic simulation method and 

the constricted tube model representing the geometry of 

porous media (see Fig. 1), we had successfully applied the 

two-dimensional modified square network model to track 

the individual particles with Brownian motion behavior as 

they move through the filter bed (i.e. the Langevin type 

approach). From which, caused either by the straining or 

by the direct deposition of particles on the pore walls, the 

temporal variations of the permeability reduction and the 

pressure drop were successfully determined. More 

important, we found that the permeability decreases 

significantly when the size distributions of particles and 

pores are both considered. But, between the particle size 

distribution and the pore size distribution, which one 

influences the permeability reduction more? This question 

will be clarified in the present study. 

2. Theoretical Formalisms .  

Network Model 

In the present study, we use the modified 

two-dimensional square network to represent the porous 

media of the filter, and adopt the Brownian dynamic 

simulation method to track the individual particles as they 

move through the network (Chang et al., 2004). All pores 

in the network and particles in the influent are assumed to 

be with the Raleigh type size distribution (Sharma and 

Yortsos, 1987). Then, the pore size distribution can be 

assigned randomly to the bonds in the network as follows, 
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where the random number ia  can be generated by using 

the standard computer software (IMSL, 1985), fr  and 

meanr  are the radius of filter grains and the mean radius of 

pores, respectively. And the size distribution of the ith 

particle in the influent is governed by    

 )1ln( ipmpi arr −−=        (3) 

where pmr  is the mean radius of particles.  

In the current model, two different mechanisms of 

particle capture are considered: straining (size exclusion) 

and direct deposition. Straining occurs when the particle 

diameter is larger than the pore diameter selected for it to 

transport through the network. Straining plugs up the pore 

and drops its permeability to zero, and thereby changing 

the flow direction to other available pores. Direct 

deposition of a particle on a pore wall occurs as a result of 

hydrodynamic and DLVO interaction forces acting on the 

particle (Verwey and Overbeek, 1948). The details of this 

direct deposition mechanism in a constricted tube cell can 

be found in Chang et al. (2003). 

Constricted Tube Model 

 We represent the pore geometry in the present 

network by the constricted tube model (Payatakes et al., 

1973). As shown in Fig. 1, the sinusoidal geometric  

structure (SCT as sinusoidal constricted tube) used by 

Fedkiw and Newman (1978) is  considered for the 

constricted tube model in the present study. The 

expressions of the wall radius wr  corresponding to this 

geometric structures is:  
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In the present study, the flow field equations 

established by Chow and Soda (1972) and modified by 

Chiang and Tien (1985) are adopted. The details of these 

flow field equations can be found in the book of Prof. Tien 

(1989). 

Brownian Dynamics Simulation 

 Similar to the previous papers by Ramarao et al. 

(1994) and by authors (Chang and Whang, 1998; Chang, et 

al., 2003), applying the principle of trajectory analysis , the 

method of Brownian dynamics simulation is  adopted in the 

present study. With consideration of the inertia term in the 

force balance equation and of the specification of the flow 

fluid around the collector, the ith particle position in the 

tube model can be expressed by the Langevin type 

equation as (Chang et al., 2004): 
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where A(t) represents a Gaussian white noise process in 

stochastic terms , β is the friction coefficient per unit mass 

of particle, and F1(H), F2(H), and F3(H) are the 

hydrodynamic retardation factors of normal vector, drag 

force, and shear vector, respectively (Tien, 1989). Rr(t) is 

the random deviate of position vector with bivariate 

Gaussian distribution. The detailed formula of Rr(t) can be 

found in Kanaoka et al. (1983) and Ramarao et al. (1994).  

    In eq. (5), FLO and FDL are the van der Waals force 

and the electrostatic repulsion force interacting between 

the particle and the collector surface, respectively. 

LOLOF φ−∇= , DLDLF φ−∇=  (6) 
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    In the above equation, h s  is the smallest separation 

distance between the particle and the collector surface, A is 

the Hamaker constant, kB is the Boltzmann constant, T is 

the absolute temperature, κ is the reciprocal of the electric 

double layer thickness, ν is the dielectric constant of the 

fluid, and ϕ1 and ϕ2 are the surface (zeta) potentials of the 

particle and the collector, respectively. The algebraic sum 

of the van der Waals and double-layer potentials gives the 

total interaction energy curve of the DLVO theory (i.e. 

VT/kBT=φLO+φDL) (Verwey and Overbeek, 1948). In this 

total interaction energy profile, the existence of two 

characteristic energy barriers (i.e. the height of the primary 

maximum and the depth of the secondary minimum) is 

important in determining the permeability reduction 

0K
K (Chang et al., 2004). 

 The equation used to estimate the change in the local 

permeability in the ith bond as the function of deposited 

particles is (Tien, 1989): 
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where iε  is the local porosity of the ith bond, which will 

be changed by those particles deposited on the pore walls 

as the filtration process proceeds. The details of calculating 

the time -dependent values of iε  and 
0K

K can be 

found in our previous paper (Chang et al., 2004).  

 In order to express the extent of permeability 

reduction as filtration proceeds, we use the permeability 

ratio 
0K

K  as the function of the pore volumes of fluid 

injected into the filter bed. Here, the pore volume ( ..vp ) 

of the injection fluid is defined as: 
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where inU  is the influent flow rate, inC  is the influent 

number concentration of particles, 0ε  is the initial 

porosity of the filter, L  is the length of the filter, fir  is 

the radius of the ith bond, fil  is the length of periodicity 

of the ith bond (Tien, 1989), and pir  is the radius of the 

ith particles. 

3. Simulation Results and Discussion 

Simulations are performed on a two-dimensional 

network with 7070xN L = , and the influent velocity is 

kept at 0.1 cm/sec. The parameter values adopted in the 

simulation are: 0iε = 0.4, fr =10.0 mµ , pmr = 0.5 mµ  

and inC = 1000 particles per 3cm . The effects of two 

types of interaction energy curves (see Fig. 2) on the 

permeability ratio will  be investigated in the present paper. 

In order to prove the dominant role of pore size 

distribution on the reduction of permeability, four different 

cases of particle and pore size distributions are considered, 

they are: (1) when particle size and pore size are kept at 

unique values of pmr  and fr , respectively, (2) particle 

size with Raleigh type distribution while pore size is kept 

an unique value of fr , (3) particle size is kept at an 

unique value of pmr  while pore size with Raleigh type 

distribution and (4) both particle and pore sizes with 

Raleigh type distribution. 

As shown in Fig. 2, curves A exhibits a large primary 

maximum and a deep secondary minimum, while a 

"barrierless" type interaction energy curve is represented 
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by curve B. In this figure, NE1=105.0 and NDL=10.75 for 

curve A, NE1=0.0 and NDL=0.0 for curve B, and 

NE2=1.0 and NL0 =7.0 for all two curves. Our previous 

paper (Chang et al., 2003) calculated the collection 

efficiencies of particles in SCT, and found that the 

collection efficiency of curve B is always greater than that 

of curve A when Reynolds number of fluid is small 

because there is no energy barrier exists, and the 

deposition mechanism of particles is controlled by the 

Brownian diffusion effect. For curve A, it was found that, 

even with the presence of the deep secondary minimum 

which increases the accumulation probability of particles, 

the steep slope between the secondary minimum and the 

primary maximum energy barriers (i.e. a repulsive force) 

observed in this curve is the main reason for its low 

collection efficiency (Chang et al., 2003). Corresponding 

to curves A and B in Fig. 2, the simulation results of the 

permeability ratio as the function of pore volumes injected 

are given in Fig. 3 and Fig. 4 as follows, respectively. 

As shown in Fig. 3, we can find that the permeability 

ratio decreases with the increase of pore volumes injected 

for all of four cases considered in the present paper. 

Because of the existed repulsive energy barrier of curve A 

and the Brownian diffusion effect are unfavorable for the 

particles to deposit at the inlet region of the filter, hence 

those Brownian particles can transport further inside the 

network and increase the probability of straining small 

pores. Since the large size part of particles has greatest 

probability to plug those small size part of pores, therefore 

the case of both particle and pore sizes with Raleigh type 

distribution can cause the highest permeability reduction 

among those four cases considered in Fig. 3. When 

comparing the initial decreasing rates of those four curves 

shown in Fig. 3, because bigger particles have greater 

probability of straining those smaller pores in the relative 

size distributions, we can find that straining is the main 

mechanism to reduce the permeability at the initial period 

of injection for the case of Raleigh distribution, and vice 

versa for the case of constant size value where the direct 

deposition mechanism becomes dominant. Als o, in this 

figure, we can find that the two cases of pore size with 

Raleigh distribution always cause a lower permeability 

ratio than those two cases of pore size kept at constant 

values, which indicates that the pore size distribution is 

more dominant in reducing the permeability than that of 

the particle size distribution in the present study, especially 

at the initial period of filtration.  

Corresponding to the “barrierless” curve B shown in 

Fig. 2, the relationships between the permeability ratio and 

the pore volumes injected are shown in Fig. 4. Similar to 

those obtained in Fig. 3, the permeability ratio for the case 

of both particle and pore sizes with Raleigh type 

distribution is the lowest among those four considered 

cases, and the permeability ratios for the two cases of pore 

size with Raleigh distribution are always lower than those 

two cases where the pore size is kept at the constant value. 

Therefore, the pore size distribution and the straining 

mechanism still dominate the reduction of permeability for 

this “barrierless” curve B. Comparing those values of 

0K
K between Fig. 3 and Fig. 4, since the existed 

unfavorable deposition energy barrier will drive more 

particles deeper inside the network to plug more small 

pores (i.e. strain ing), hence the permeability ratios of curve 

A are lower than those of Curve B when those pore sizes 

with Raleigh type distribution. But, for the case of those 

pores with Raleigh distribution and particles with an 

unique value where the direct deposition mechanism 

becomes dominant, the permeability ratios of curve A are 

higher than those of Curve B. For the case of both pores 

and particles with an unique value, the permeability ratios 

of curve A are almost the same as those of Curve B. 

In our previous paper (Chen et al., 2003), with the 

use of the orthogonal collocation principle and the 

pseudo-spectral method based on the Chebyshev 

polynomial, we successfully solved the conventional 

transport equations describing the deposited particles, the 

suspended particles and the un-plugged pores in the porous 

media for the different network structures (i.e. the 

Lagrangian type approach). In that paper, by assuming all 

pore sizes are with the Raleigh type distribution (same as 

the present paper), we found that small pores at the 
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entrance region of filter bed are easier plugged by those 

deposited particles (i.e. straining) than those large pores at 

the initial period of filtration, even those large pores are 

retaining most fraction of influent particles when the 

breakthrough moment is achieved. This result is similar 

with the conclusion obtained in the present simulation 

work; the pore size distribution has more profound effect 

on reducing the permeability than that of the particle size 

distribution, especially at the initial period of filtration.  
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Legend of Figures 
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Figure 1. The schematic diagram of the constricted tube 

model. 
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Figure 2. Two types of total interaction energy curves 

adopted in the simulation of the present paper, at which 

NE1=105.0 and NDL=10.75 for curve A, NE1=0.0 and 

NDL=0.0 for curve B, and NE2=1.0 and NL0 =7.0 for all 

two curves.  
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Figure 3. Effect of both particle and pore size distributions 

on the permeability ratio 
0K

K as the function of pore 

volumes injected, corresponding to curve A shown in Fig. 

2. 
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Figure 4. Effect of both particle and pore size distributions 

on the permeability ratio 
0K

K as the function of pore 

volumes injected, corresponding to curve B shown in Fig. 

2. 

 


