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Abstract

The effect of different interaction energy curves of DLVO theory on the permeability reduction in a filter bed is
investigated by using the Brownian dynamics simulation method and the modified square network model to track the
individual particles movement through the filter bed. When energy barrier exists and both particle and pore size
distributions are of the Raleigh type, it is found that particles with Brownian motion behavior are easier to get straining at
small pores, and cause higher permeability reduction than those without considering the Brownian motion behavior. But,
this result was not observed for the constant particle and pore sizes case. The permeability reduction for the Raleigh size
distribution is higher than that of the constant size. Similar results are also obtained for the “barrierless’ type interaction
energy curve for the case of Raleigh type size distribution, with the exception that the decreasing rate of permeability
reduction of Brownian particlesis smaller than that without considering the Brownian motion behavior.
Email:yichang@mail.thu.edu.tw Fax:00-886-4-23590009

1. Introduction

In order to describe the effect of pore size distribution
on the particle deposition behavior along the filter bed
properly, the network model has been applied extensively
to simulate the formation of porous media since the
pioneer work of Todd et al. (1984) twenty years ago. A
review paper describing the continuum and discrete
models of particle transport and gas reaction processesin
disordered porous media was given by Sahimi et al. (1990),
at which the statistical physics of disordered mediawas
well described, and the topology of porous media can be
defined by using the coordination number Z; for example,
Z=4 stands for a simple sguare network model and
Z — oo standsfor aparallel capillary tube network in a
two-dimensional coordinate. Applying this coordination
number and the conductance cal culation method of the
effective medium approximation (EMA) (Kirkpatrick,
1973), Sharma and Yortsos (1987) had successfully
established a set of population balance equations, and
calculated the temporal variations of the filter coefficient
caused by the particle deposition in afilter bed. In their
model, two types of particle deposition mechanisms,

straining and direct deposition, were being considered in

the capillary tube model. The permeability reductions
resulting from particle’s deposition were then cal culated
by using EMA, where the fluid velocity is assumed to be
the same in all pore throats of a given size in the network.
Then, applying the principle of flow biased probability and
the concept of wave front movement, both Rege and
Fogler (1988) and Imdakm and Sahimi (1991) predicted
the permeability and the effluent concentration of particles,
and were in good agreement with the available
experimental data. Later on, by viewing the void space of
porous media as a constricted tube unit bed element (UBE),
Burganous et al. (1992) had developed a three-dimensional
network simulator to calculate the filter coefficient, at
which the deposition rate of particlesis determined by
using the method of trajectory analysis. But, in their force
balanced equations, the Brownian diffusion force of
particles was not considered.

In the present paper, with the adoption of the Brownian
dynamic simulation method mentioned above, we used the
two-dimensional modified square network model (see Fig.
1) to track the individual particles with Brownian motion
behavior as they move through the filter bed. 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 can be
determined. The type of sinusoidal constricted tube (SCT)
will be adopted in the present simulation. In addition, the
effects of the total interaction energy curve of DLVO
theory with various shapes (Verwey and Overbeek, 1948)
are dso investigated.
2. Theoretical formalism

In the present study, we use the modified
two-dimensional square network (as shownin Fig. 1) 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. In
Fig. 1, all bonds (i.e. pores) in the network are assumed to
have the same length, but with a Raleigh form pore size
distribution (Sharma and Yortosis, 1987):

fo(r') =2r'exp(-r*) M

where fp and r' arethedimensionless distribution

density and the dimensionless radius of pores, respectively.

Eq. (1) satisfies the following equation,
j: 2r'exp(-r'?)dr'=1 )

This distribution can then be assigned randomly to the

bonds in the network as follows,
Lrl 2r'exp(=r'?)dr'=1-exp(-1,")

©)
with

(4)
and 0<a, <1

where the random number @, can be generated by using
the standard computer software (IMSL, 1985) and I,
is the mean radius of pores. A typical diagram of Raleigh
distributionis shown in Fig. 2. Eq. (4) can also be applied
to determine the particle size distribution randomly in the
computer simulations described as follows.

As particles of a given size distribution transport

through a bond shown in Fig. 1, they will arrive at a node
where the fluid will be separated by two paths to flow
further into the network. In the present study, we adopt the
method of flow biased probability to determine either one
path for particlesto flow through (Rege and Fogler, 1988).
As shown in Fgi.1, when a particle encounters anode in
the network, it has a choice of exit path. The exit path is
selected randomly in the present model, but with a bias
toward the paths with greater flow rates. Usually, the
greater the flow rate, the greater the probability of the
particle choosing that path. Details of this method can be
found elsewhere (Rege, Ph.D. thesis, 1988).

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 DLV O interaction forces acting on the
particle. Details of the Brownian dynamics simulation
method can be found in my 2004 NSC report (NSC
92-2214-E-029-002).

3. Simulation results

The parameter values adopted in the simulation are;

E=04, ry=100um, r =05um and C;, = 1000

p

particles per cm® . Similar simulation procedure of
tracking individual Brownian particles to move through

the network described in our previous paper is adopted
(Chang et a, 2004). Simulations are performed on a
two-dimensional network with N, = 70x70, and the
influent flow rate is kept at constant.

The effects of the four types of interaction
energy curves on the permeability ratio will be
investigated in the present section. As shown in Fig. 2,
curves A exhibits a large primary maximum and a deep
secondary minimum; curve B displays a large primary
maximum and a negligible secondary minimum; while

curve C has a deep secondary minimum only and a



"barrierless’ interaction energy curve is represented by
curve D. In this figure, Ng4=105.0 and N =10.75 for

curve A, Ng1=50.0 and Ny =5.02 for curve B, Ng1=77.0
and N =10.0 for curve C, Ng;=0.0 and N =0.0 for
curve D, and Ng»=1.0 and N| o =7.0 for all four curves.
Our previous paper (2003) calculated the collection
efficiencies of particles in SCT, and found that the
collection efficiency of curve D is always greater than that
of other three curves 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 curves A, B and C, it was
found that, even with the presence of the deep secondary
minimum which increases the accumulation probability of
particles for curves B and C, the steepest slope between
the secondary minimum and the primary maximum energy
barriers of curve A is still the main reason for its lowest
collection efficiency among these three curves. But, when
Reynolds number becomes large, because of a greater
sweep away probability caused by the tangential fluid
convection force acting on those particles accumulating at
the secondary minimum, the collection efficiency of curve
C issmaller than that of curve B.

Corresponding to curve A in Fig. 2, the simulation
results of the permeability ratio as the function of pore
volumes injected are given in Fig. 3a. In this figure, the
case that the particle and pore sizes are of the Raleigh
distribution and the constant value case are considered
with the Brownian diffusion effect included. For the case
of Raleigh type distribution, both the large primary
maximum of curve A and the Brownian diffusion effect are
unfavorable for the particles to deposit on the pore walls,
and particles with Brownian motion behavior can transport
more particles into the network and increase the
probability of straining small pores, consequently can
cause a higher permeability reduction than that without
considering Brownian diffusion effect. But, this result is
not observed for the case when both the particle size and
the pore size are fixed at a constant value. Also, because of
the straining effect, the permeability ratio for the case of

Raleigh distribution is always lower than the case of a

constant size value. Between the distribution of pore size
and of particle size, our ssimulation showed that the pore
size distribution has bigger effect on reducing the
permeability ratio than that of the particle size distribution.
In the above simulations, we found 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. This

result can explain why the initiadl decreasing rate of

% for the case of Raleigh distribution is higher than
0

that of the case of constant size value as shown in Fig. 3a.
Corresponding to Fig. 3a, the smulation results of pressure
drop are shown in Fig. 3b. Those particles with Brownian
motion behavior and with a Raleigh size distribution own
the highest pressure drop among these four cases
investigated.

Corresponding to the “barrierless’ curve D (which
favors particle's deposition), the relationships between the
permeability ratio and the pore volumes injected are shown
in Fig. 4a. Similar to results shown in Fig. 4a the
permeability ratio for the case of Raleigh distribution is
lower than that of the case of a constant size value. The
pore size distribution and the straining mechanism still
dominate the reduction of the permeability at the initial
period of filtration. But, for the case of Raleigh type
distribution when the Brownian diffusion effect is
considered, because those Brownian particles can spread
wider over the bonds at the entrance region in the network,
hence its decreasing rate of permeability ratio is smaller
than the case without considering the Brownian diffusion
effect as shown in Fig. 4a. Similar result is obtained for the
case of constant size value. Corresponding to Fig. 4a, the
pressure drop simulation results are shown in Fig. 4b.
Among which, the case of Raleigh distribution without
considering the Brownian diffusion effect gives the highest
pressure drop.

For the case that both particle and pore sizes are of
the Raleigh type distribution, and the Brownian diffusion

effect isincluded, Fig. 5 summarizes the simulation results



of the permeability ratio % versus pore volumes
0

injected for these four different interaction energy curves

shown in Fig. 2. As expected, the order of the magnitudes

of % in general is: curve D > curve C > curve B >
0

curve A. Since there is no energy barrier exists, the
mechanism of direct deposition becomes dominant in
pores, hence the permeability ratio of curve D is always
greater than that of the three other curves. Conversely, the
permeability ratio of curve A is the lowest among the four
curves because it has the steepest slope between the
secondary minimum and the primary maximum, which

causes more Brownian particles to block more of the small

pores. The fact that the V value of curve B is

Ko
smaller than that of curve C implies that the height of the
primary maximum plays a more important role in
decreasing the deposition rate of particles than that of the
depth of the secondary minimum.
4. Conclusion

The present simulation method can
successfully predict the temporal permeability reduction
by tracking the Brownian particles move through the filter
bed. Our method also takes different size distributions of
both particles and pores into account. The effects of the
interaction energy curves of DLV O theory of various
shapes were a so investigated.
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Figure 1. The simple modified square network model.
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Figure 2. Four types of total interaction energy curves

adopted in the simulation of the present paper.
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Figure 3(a). Effect of both particle and pore size

distributions on the permeability ratio % as
0

the function of pore volumes injected,

corresponding to curve A shown in Fig. 2.
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Fig. 3(b). The corresponded pressure drop obtained Figure 5. Effect of the four different interaction energy

by sing the present model.. curves shown in Fig. 2 on the permeability ratio % as
0

the function of pore volumes injected, when both the

particle size and the pore size are all with Raleigh type

distribution form. on the permeability ratio % asthe
0

function of pore volumesinjected,
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Figure 4. (a). Effect of both particle and pore size

distributions on the permeability ratio % as
0

the function of pore volumes injected,

corresponding to curve D shown in Fig. 2.
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Fig. 4(b). The corresponded pressure drop obtained by

using the present model..



