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A new simulator for flow of aqueous suspensions and deposition of non-Brownian
particles in granular media can predict the pattern of deposition and concomitant re-
duction in permeability as functions of depth, time and system parameters. The porous
structure of the granular medium represented as a 3-D network of constricted pores
considers the converging — diverging character of flow within pores. Using Lagrangian-
type simulation the particle deposition rate was calculated. Gravity and drag, as well as
hydrodynamic and physicochemical interactions between suspended particles and pore
walls, were considered in calculating 3-D particle trajectories. Deposit configurations
were computed, and the evolution of the pore structure was simulated at discrete time
steps. Changes in the pore geometry and nature of the collector surface affect flow and
trajectory computations directly. Clusters of deposited particles were allowed to become
reentrained if exposed to shear stress higher than a critical value. Reentrained clusters,
which mowved through downstream pores, might redeposit downstream at suitable sites
and cause clogging of sufficiently narrow pores. Particle clusters clogging pores have a
finite permeability, which significantly affects the system’s transient behavior. Clogged
pores act as collectors of solitary particles and of reentrained clusters, and substantially
affect the transient behavior of the filter. The loss of permeability was monitored by
calculating pore and network hydraulic conductance at each time step. Numerical re-
sults for the loss of permeability, temporal evolution of filter efficiency, and specific
deposit profiles are based on suspension flow simulations in a typical granular porous
medium.

Simulation of the Dynamics of Depth Filtration
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Introduction

Flow of suspensions through granular media is of particu-
lar importance in several processes of practical interest, such
as depth filtration in granular beds, with applications in the
tertiary treatment of wastewater, as well as the removal of
Brownian (d, < 0.5 um) and non-Brownian particles (0.5 um
< d, <30 um) from process water and other industrial fluids
(such as feedstock to catalytic crackers). It is also encoun-
tered in oil and gas recovery by flooding processes, where
reduction of permeability, caused by the reentrainment, mi-
gration, and redeposition of fine particles (clay, and so on), is
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frequently a serious problem (McDowell-Boyer et al., 1986;
Nabzar et al., 1996; Chauveteau et al., 1998). It is important
to note that the majority of experimental and theoretical
works concerning the process under consideration have ap-
peared in connection with depth filtration (for recent re-
views, see Ryan and Elimelech, 1996; Sahimi et al., 1990; Tien,
1989).

When an aqueous suspension of particles flows through a
porous medium, such as a granular filter, particles deposit on
the grain surfaces, gradually forming sizable deposits. The
gradual growth of such deposits causes considerable reduc-
tion of the permeability, along with a drastic change (usually
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a monotonic decrease, but—in certain cases—an initial in-
crease followed by a drastic decrease) of the deposition effi-
ciency. Thus, the process is strongly transient.

To quantify the effects of the particle deposits on the per-
meability and the rate of particle deposition, one must know
the forms and locations of the deposits. Notable experimen-
tal efforts to study the morphology of particle deposits were
reported by Stein (1940), Cleasby and Baumann (1962),
Maroudas and Eisenklam (1965), Ison and Ives (1969), and
Payatakes et al. (1981). In general, the morphology of the
deposits depends on several factors, including particle size,
particle shape and density, particle structure (compact parti-
cle, agglomerate, floc, and so on), particle-to-wall, and parti-
cle-to-particle adherence. The latter renders the morphology
a function of the Hamaker constant, the zeta potential, the
concentration and valence of ions and counterions in the lig-
uid, pH, the type and concentration of polyelectrolytes, the
geometry and topology of the pore network, and the prevail-
ing flow conditions. Another important key factor in deter-
mining the morphology of deposits is their behavior under
flow-induced stress. Payatakes et al. (1977) and Tien and
Payatakes (1979) pointed out the distinctly different behavior
of deposits that are deformable, such as flocs, and deposits
that are “crumbly,” such as those composed of solid particles
held together by the Hamaker force. Deformable deposits are
capable of being deformed continuously and irreversibly
without rupture. Thus, they undergo gradual deformations,
caused by the shear stress of the flow, and form sheaths of
nearly uniform thickness on the collector walls, which, in turn,
cause a moderate decrease in the permeability. This is the
case of deposits formed by flocs that are made up of smaller
compact particles held together by metalhydroxocomplexes
(Stein, 1940; Maroudas and Eisenklam, 1965). On the other
hand, compact particles (for example, clay) form deposits of
variable thickness, depending on the local rate of deposition.
These deposits are highly porous, and their packing density
decreases as the adherence of the particles increases. Such
deposits are crumbly rather than plastic and undergo fre-
guent catastrophic changes, specifically, reentrainment of rel-
atively large particle clusters that redeposit at suitable down-
stream sites (usually, constrictions). This process creates
elaborate deposit formations, such as ‘‘pendants” and
“pouches,” and causes frequent pore clogging along with a
strong decrease in the permeability (Payatakes et al., 1981).
A comprehensive discussion of deposit morphology is given
in Payatakes et al. (1977, 1981), Pendse et al. (1978), Tien et
al. (1979), and Tien (1989).

Several theoretical models of the transient behavior of par-
ticle deposition from aqueous suspensions in granular porous
media have been proposed in the literature. These works have
contributed significantly to the development of a quantitative
mechanistic model of the transient behavior of the process
under consideration. A few comments on the proposed algo-
rithms and models are given below.

The first attempts to model the transient behavior of deep-
bed filtration systems were made by Payatakes et al. (1977)
and Tien et al. (1979). The granular medium in these works
was represented as an ensemble of unit-bed elements (UBE),
an approach originally proposed by Payatakes et al. (1973)
and successfully employed to describe the initial stages of the
filtration process (for a review, see Tien, 1989). Each UBE
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might include a number of constricted-tube-type cells (Paya-
takes et al., 1974a; Chiang and Tien, 1985), or a number of
collectors surrounded by liquid envelopes, known as grain-
in-cell models (Rajagopalan and Tien, 1976). Three key fea-
tures were taken into account in these works, namely, the
physicochemical interactions between particles and grain sur-
faces (or, equivalently, pore walls), the pattern of particle de-
position on the collector surfaces, and the nature of the re-
sponse of particle deposits to the flow-induced stresses. The
theoretical results of Payatakes et al. (1977), based on the
assumption of smooth coating, compared well with data ob-
tained from experiments with flocs. Also, the constriction
clogging assumption was confirmed by filtration experiments
with suspensions of nonporous particles. Tien et al. (1979)
presented an analysis that contained simulations for a com-
plete filter. Direct comparison of these simulation results with
the experimental data of Ives (1961), Camp (1964), Rimer
(1968) and Deb (1969) showed that this type of simulator
could be used to provide an order-of-magnitude estimate on
a truly predictive basis.

Chiang and Tien (1985) used constricted tubes as collec-
tors and employed the concept of UBE in their analysis. They
considered two limiting situations. Particle deposits were
formed in a rather uniform fashion and were allowed to grow
in thickness with time. In addition, the authors used a
stochastic simulation method and the concept of adhesion
probability to calculate the rate of particle deposition in each
unit cell. Unfortunately, this model cannot describe a com-
plete filter cycle, as it does not deal with the problem of pore
clogging and the concomitant decrease in permeability.

Mackie et al. (1987) developed a mathematical model to
describe the evolution of the deposit on spherical grains. Cal-
culated effluent concentration profiles and overall filter coef-
ficients were found to be in qualitative agreement with exper-
imental data for the initial stages of deposition. Unfortu-
nately, the sphere-in-cell model used by these authors cannot
be used for advanced stages of filtration, when particle-clus-
ter reentrainment can significantly affect the overall filter co-
efficient and the permeability of the medium. However, their
model was a highly useful effort for developing a mathemati-
cal tool for the description of the evolution of particle de-
posits on grain surfaces. The prediction of the evolution of
the deposits was found to agree qualitatively with the experi-
mental observations of Ushiki and Tien (1984) and Yoshida
and Tien (1985), who reported the formation of ““caps” on the
upstream side of the grains, albeit using aerosols (rather than
hydrosols).

Choo and Tien (1995a) developed a mathematical model
similar to that of Mackie et al. (1987), again based on the
concept of the sphere-in-cell model. Their model predicts that
the deposited layer has nonuniform thickness and covers the
entire surface of the grains. An important feature of this
model was the consideration of porous deposits that allowed
flow through them. A fairly good agreement with experimen-
tal data was observed. The same authors also presented an-
other approach (Choo and Tien, 1995b), based on the UBE
concept, and assumed that each element contained a number
of cylindrical tubes of various sizes. It is known, however,
that the assumption of straight capillary tubes oversimplifies
the pore structure, leading to substantial underestimation of
the rate of particle deposition in each cell (Payatakes et al.,
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1974b). Moreover, such a pore geometry lacks the highly
important feature of converging—diverging flow in the space
between the grains. [This feature is particularly important be-
cause it accounts for pore clogging in a realistic way, accord-
ing to the experimental observations in Payatakes et al.
(1981).]

Putnam and Burns (1997) used stochastic simulation meth-
ods to calculate the effect of noncoagulating deposited parti-
cles on the collection efficiency of sphere-in-cell systems. Only
single-layer deposition was allowed, and deposited particles
were assumed to hinder particle capture on downstream sur-
faces. Comparison of their simulation results with data ob-
tained from filtration experiments revealed fair qualitative but
not quantitative agreement.

Recently, Bai and Tien (2000) used a set of macroscopic
phenomenological equations to describe the filtration process
and to describe the temporal evolution of the filter coeffi-
cient. Although the parameters involved in the set of macro-
scopic equations relate to physical quantities, their evaluation
is not trivial, as they depend on a host of variables that affect
the process. This approach is of significant value in the sys-
tematic description of experimental data for scale-up and
process control purposes, but it is not a mechanistic model
(or simulator) and so lacks genuine predictive capability.

Unfavorable surface interactions between particles and
grain surfaces were considered by Bai and Tien (1996, 1999,
2000) and Vaidyanathan and Tien (1991), and were found to
play a significant role in the estimation of the particle deposi-
tion rate. The extent of particle deposition under conditions
of unfavorable surface interactions was investigated by Bai
and Tien (1999), and a comparison was made with the experi-
mental results of Vaidyanathan and Tien (1989), Elimelech
and O’Melia (1990), and Elimelech (1992). The correlation
equation presented in that work was found to follow closely
their experimental findings as well as earlier experimental
work.

Elimelech and coworkers (Ryan and Elimelech, 1996; Liu
et al., 1995; Song and Elimelech, 1993; Elimelech, 1992 and
1994; Johnson and Elimelech, 1990; Elimelech and O’Melia,
1990) focused their attention on the nature and the size of
surface forces, and formulated algorithms and models to cal-
culate the particle deposition rate in sphere-in-cell systems.
These publications are quite detailed in the consideration of
colloid particle mobilization and deposition on the collector
surface, but they do not give a predictive model for the loss
of permeability at advanced stages of deposition. Rather, they
examine different types of surface interaction and try to elu-
cidate the role of particle deposits on the evolution of the
filter coefficient at early stages of filtration.

Pore networks have found extensive use as models of the
void space of granular media, and offered the flexibility re-
quired to bypass the UBE approximation. A review of net-
work models for the study of particle motion and deposition
in porous media was provided by Sahimi et al. (1990). A sig-
nificant advantage of pore networks is the fact that they offer
a satisfactory representation of the void space of the porous
medium, which can be further improved by employing the
constricted-tube geometry for the individual pores. In this
way, the converging—diverging character of flow between the
grains can be recovered very efficiently. An additional advan-
tage of the network approach compared to the UBE approxi-
mation is that it can predict particle motion and deposition in
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directions other than that of the macroscopic flow. Visual ob-
servations by Payatakes et al. (1981) and Yoshida and Tien
(1985) revealed that a large portion of particle deposits is
caused by lateral flow streams, that is, by flow in pores that
are not aligned with the mean flow direction. Particle trans-
port and particle deposition in networks of pores have been
described by Imdakm and Sahimi (1987, 1991), Sahimi and
Imdakm (1991), Sharma and Yortsos (1987a,b), and Rege and
Fogler (1987, 1988). All these works have contributed signifi-
cantly to the understanding of the particle transport and de-
position phenomena, using the pore network approach. How-
ever, the use of cylindrical tubes for the representation of the
unit collectors may lead to large underestimation of the ac-
tual particle deposition rate, as shown by Payatakes et al.
(1974b) (for vertical cylindrical pores) and Paraskeva et al.
(1991) and Burganos et al. (1992a)) (for inclined cylindrical
pores). Furthermore, the problem of pore clogging and per-
meability reduction, caused by the gradual growth of particle
deposits, was not addressed, and only some limiting cases
were considered, including the straining mechanism and the
concomitant sieving activity. Straining appears when the size
of the suspended particles is sufficiently large to cause clog-
ging of narrow pores or even to prohibit entrance into a sub-
set of the pore domain. A stochastic model of depth filtration
by straining in granular beds was proposed by Payatakes
(1973); see also Tien and Payatakes (1979) and Tien (1989).
This model shows that straining becomes the dominant cap-
ture mechanism when the particle diameter d, becomes
comparable to ca. 15% of the mean grain diameter. Experi-
ments performed by Chidaglia et al. (1996a,b) in columns
randomly filled with identical glass spheres showed that the
main capture mechanism was sieving, as a result of the geo-
metrical structure of the filter. The size of suspended parti-
cles was in the range of 600—-800 wm, whereas the size of the
glass spheres (packing material) was 4-5 mm (this finding is
in agreement with the model of Payatakes, 1973). Chidaglia
et al. used large particles and grains in order to have visual-
ization of the filtration process. However, it must be noted
that deep-bed filtration is usually employed to remove parti-
cles smaller than 50 wm, at a concentration below 500 ppm
(Payatakes, 1973; Tien, 1989), whereas the size of the pore
constriction in a typical granular filter varies in the range of
20 to 400 uwm (Payatakes et al., 1973; Yoshida and Tien, 1985).

The simulator proposed in the present work uses a fully
3-dimensional (3-D) network of unit cells of the constricted-
tube-type to represent the void space of the filter, and a 3-D
trajectory analysis to calculate the transport and local rates
of deposition of non-Brownian particles, along the line of
work proposed by Paraskeva et al. (1991) and Burganos et al.
(1992a, 1993, 1994, 1995). These concepts are combined with
the concepts of deposit morphology and pore clogging, as
proposed in Payatakes et al. (1981), suitably modified to ap-
ply to 3-D pore networks. The simulator involves four main
new features. First, it takes into account the reentrainment
of particle clusters when they are exposed to shear stress
larger than a critical value, and their redeposition at suitably
determined downstream sites. Second, it takes into account
the finite permeability of the particle clusters that clog nar-
row pores, a factor that has profound consequences on the
dynamic behavior of the system (such as the formation and
growth of “pendants” and “pouches™, as reported by Pay-
atakes et al. (1981). Third, redeposition of reentrained clus-
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ters can also occur in already clogged pores, causing com-
pounded plug growth. Finally, the algorithm includes the
concept of self-clogging of pores, caused by the eventual
elimination of the passage along the pore axis at advanced
stages of particle deposition. Thus, a relatively simple, yet
realistic simulator of the transient behavior of the actual pro-
cess is obtained. Simulation of the effects of particle deposits
on the rate of deposition and the permeability are also in-
cluded in the present simulator.

Description of the Simulator

The porous medium is represented as a cubic lattice of
unit cells of the constricted-tube type, as detailed in Burganos
et al. (1992a, 1995). In the present work, the macroscopic
pressure gradient is applied in the direction that forms equal
angles (¢) with the three principal axes, so as not to favor
flow along any of the main directions (Figure 1). Chamber
diameter and throat diameter values are assigned to the nodes
and branches of the network, respectively, by random cham-
ber and throat-size distributions (CSD and TSD), obtained
experimentally (Tsakiroglou and Payatakes, 1990, 1991). The
ith unit cell has two mouth diameters, D;; and D;,, which
are set equal to the chamber diameters assigned to the corre-
sponding nodes, and a constriction diameter, d;, which is set
equal to the throat diameter assigned to the ith branch. The
length of each unit cell is set equal to I. The shape and size
of the ith unit cell are uniquely defined by D;,, D;,, d; and I,
and by the assumption that the two parts on either side of
the constriction are sinusoidal (axisymmetric cell), and of
equal length (1/2). In general D;; # D;,, and so the unit cells
are asymmetric with respect to their constriction. The initial
porosity, €,, of the filter is easily matched by adjusting the
unit-cell length. The simulation proceeds in a sequence of
steps, as described below.

Step 1. The flow field in each unit cell, as generated by
the application of a macroscopic pressure gradient, is calcu-
lated with the standard network analysis (see, for instance,

e f S5
155w

Figure 1. Sample of cubic network of unit cells of the
constricted-tube type.

The macroscopic gradient forms equal angles with the three
principal directions of the network.
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Constantinides and Payatakes, 1989). The hydraulic conduc-
tance of each unit cell is calculated with the collocation
method of Tilton and Payatakes (1984), suitably modified for
asymmetric unit cells. The initial pressure gradient, VP, is
chosen so as to yield the desired superficial velocity, v, (that
is, flow rate per unit cross-sectional area). This is straightfor-
ward because, under creeping flow conditions, VP and v, are
directly proportional to each other.

Step 2. The rate of particle deposition in each unit cell is
determined with the 3-D trajectory method of Paraskeva et
al. (1991). The determination of the overall impacted fraction
in a pore is facilitated considerably by the computation of
limiting capture trajectories, that is, of particle trajectories
that lead to capture at the exit mouth of the pore. Represen-
tative limiting trajectories in an inclined pore are shown in
Figure 2a. The particle trajectory method can also give the
local rate of deposition along the pore walls, which is needed
to determine the shape of the deposit in each unit cell. To
save computational time, the fraction deposited up to posi-
tion z*, n,(z*), is calculated at three different positions (z*
=1/3, 1/2, 1) along each unit cell (Figure 2b), and an inter-
polating polynomial is used for intermediate positions.

Step 3. Assuming that the rates of deposition remain con-
stant during a suitably small time interval, &t, the volume of
deposited matter in each unit cell during this time interval is
readily determined from critical trajectory calculations, as-
suming that the deposits have a mean porosity 4. The value
of €4 can be experimentally determined, or based on inde-
pendent particle trajectory (*“ballistic”) calculations at a suffi-
ciently small scale. Typical values range from ~0.6 to ~0.8
(Tien et al.,, 1979; Jung and Tien, 1993; Choo and Tien,
1995a,b). The shape of the deposit in each unit cell is deter-
mined as follows. It is assumed that the axial symmetry of the
unit cell is retained and that the thickness of the deposited
layer at each of the three locations (z* =1/3, 1/2, 1) is pro-
portional to the local value of dn(z*)/dz* (Figure 3a). The
resulting three equations are solved for the three parameters
that define the new sinusoidal surface.

Step 4. The flow field in each unit cell at the end of the
previous time interval is calculated anew, taking into account
the modified shapes of the unit cells, while keeping the su-
perficial velocity, »,, constant by increasing VP suitably. Note
that VP and w», remain proportional to each other over the
entire filtration cycle studied here. The filtration mode that
is simulated here is that of constant flow rate and increasing
pressure drop. The mode of constant pressure drop and de-
creasing flow rate can also be simulated with the same
method, by making self-evident changes in the procedure.

Step 5. The shear stress at the constriction in each unit
cell is calculated and compared to the preset critical value for
reentrainment, . This is a parameter of crucial importance
for the dynamic behavior of depth filtration and depends
strongly on the particle-to-wall and particle-to-particle adhe-
siveness. If 7; > . in the jth unit cell, then Step 6 must be
executed for this unit cell (and in any other similar case) be-
fore proceeding any further. This phenomenon occurs at rel-
atively advanced stages of deposition. Otherwise, the simula-
tion skips to Step 8 directly (see below).

Step 6. All the deposited matter in unit cell j is assumed
to be reentrained and leave the cell, given that the criterion

m; =, is met. The reentrained matter has a known volume
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Figure 2. (a) Limiting capture trajectories in a con-
stricted pore with a deposit layer already
formed; (b) representative capture trajecto-
ries, used to calculate the local deposition rate
within a pore and geometry of the layer
formed.

that corresponds to a certain volumetric diameter, say, d,,
This large cluster is assumed to move ‘“instantly” down-
stream, selecting its path at every node that it encounters
with probabilities that are proportional to the mass flow rates
through the corresponding downstream unit cells, until it
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Figure 3. (a) Formation of particle deposits and tempo-
ral evolution of the deposit in a constricted
pore; (b) idealized plug-type clogging of a
pore by a reentrained cluster.

reaches a constriction that is narrower than d,,, where it
deposits and forms a clog. To simplify the calculation, this
clog is assumed to take a pluglike shape of the same volume
(Figure 3b). The hydraulic conductance of the “plug” is esti-
mated using the Blake-Kozeny (alternatively, the Ergun)
equation, and it replaces the conductance that the clogged
unit cell had prior to clogging. The new conductance is usu-
ally two, or more, orders of magnitude smaller and will re-
duce the flow rate through the clogged unit cell accordingly.
Despite this, the role of a clogged unit cell is significant, be-
cause virtually every suspended particle that attempts to pass
through it is captured. Thus, “plugs” keep growing with sig-
nificant rates, as reported in Payatakes et al. (1981). Further-
more, redeposition of reentrained clusters can also occur in
already clogged pores, causing compounded plug growth.
Step 7. Gradual clogging of pores is caused by progressive
thickening of the particle-deposit layer and eventual elimina-
tion of the through passages along the pore axis at advanced
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stages of particle deposition. This phenomenon is favored
when the critical shear stress for reentrainment, m,, is rela-
tively large, so that the condition for cluster detachment and
pore-plugging phenomena is not easily met.

Step 8. Network-averaged local quantities, in particular
the specific deposit, o, the overall filter coefficient, A, and
the pressure gradient, VP, are calculated and recorded, as
time is updated and the simulator continues with Step 2 (un-
less otherwise specified) and subsequent steps. Once a layer
of deposited material is formed, it is expected that the parti-
cle—surface interactions will not be identical to those in clean
pores. As mentioned earlier, deposits produce a collector
surface that has significant porosity and, consequently, exerts
a considerably weaker drag force on the traveling particles,
compared to the case of the clean collector surface. For this
reason, the hydrodynamic interactions are estimated using the
drag-force correction factors evaluated by Michalopoulou et
al. (1992, 1993) and Burganos et al. (1992b). In addition, the
pore surface potential value, ¥,,, which enters the calcula-
tion of the electrokinetic (double-layer) force, acquires a new
value when deposit is formed. The accurate calculation of
this value would be a formidable task in itself. However,
Burganos et al. (1993) showed that the impact fraction in a
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constricted pore is insensitive to the precise value of ,,
provided that it is lower than a threshold value. Under the
conditions of the simulations reported here, this threshold
value is —17 mV, whereas the corresponding value for the
solid wall is —8 mV and for the suspended particle, —30
mV. Given that the deposits are highly porous, it is estimated
that the actual value for the deposits is well below the afore-
mentioned threshold value and, hence, the electrokinetic
force calculations are not practically changing with the
progress of the filtration process.

Figure 4 shows the structure diagram of the proposed sim-
ulator.

Results and Discussion

Sample simulation results are given in Figures 5-16 for the
specific deposit profiles, the overall filter coefficient A, the
modulating filter coefficient f,, the pressure gradient, f, [ =
(9,P)/(4,P),], and the reduced permeability, k/k,, as func-
tions of the normalized specific deposit, o/e,. The simula-
tions were done using a sample network with dimensions (24
X 24 % 150) and the parameter values given in Table 1. These
values were used in previous works (Payatakes, 1973; Pay-
atakes et al., 1974; Rajagopalan et al., 1976; Vaidyanathan
and Tien, 1989, 1991; Paraskeva et al., 1991; Burganos et al.,
1992), and they are used in the present work for reasons of
comparison. All these values are typical values valid for the
filtration of a typical stable suspension through a depth filter.
The superficial velocity, »,, the particle diameter, d,, the
critical shear stress, m,, and the porosity of the deposits, €,
were changed over ranges of practical interest in order to
study their effects on the aforementioned calculations. The
values used in each case are given in the corresponding fig-
ures.
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Figure 4. Structure of the simulator.
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Figure 6. Normalized specific deposit vs.: (a) time at
various depth values in the filter; (b) depth
(variation with time).

To facilitate the discussion of the results, the observed
phenomena of particle deposition, reentrainment of clusters,
and pore clogging can be summarized as follows:

P1. Formation of deposited layers by deposition of indi-
vidual particles on the walls of (unplugged) pores.

P2. Reentrainment of clusters from pores in which the
shear stress on the pore constriction exceeds a critical value,

Ty
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Table 1. Parameter Values Used in the Simulations

Porous medium parameters
Chamber-size distribution: lognormal, u, =800 pum, o, =66
m
o
Throat-size distribution: lognormal, u, =400 um, o, =32 um
Initial porosity of porous medium, €, = 0.425
Unit-cell length, | =1,000 um
Thickness of a five-unit-cell zone, Az =2.886 mm
Cell inclination, ¢ =sin~1(1/y3) = 35°14'

Suspension parameters
Monodispersed feed
Particle entrance concentration, C, = 250 ppm (vol/vol)
Particle diameter, d, =4 or 10 um
Particle density, p, = 2,500 kg-m~3
Water density, p,, =997 kg-m~3
Water viscosity, u,, =0.89 mPa-s
Dielectric constant of liquid medium, € =81
Double-layer reciprocal thickness, k = 2.8x10% m

Interaction parameters
Surface potential of suspended particle and pore walls, iy, =
—30 mV, ¢y, = —8 mV, respectively
Hamaker constant, H=5x10"20 J

Externally imposed parameters
Axial-flow mode
Superficial velocity, », =1.00, 1.25 or 1.50 mm-s~
Constant flow rate (increasing macroscopic pressure gradient)

Adjustable parameters
Porosity of deposit, e; =0.7 or 0.8
Critical shear stress, m,, = 0.3 or 1.0 Pa

-1

1

P3. Pore clogging by a cluster with volumetric diameter
greater than that of the corresponding pore constriction (sud-
den pore clogging).

P4. Plug growth in clogged pores by capture of individual
particles and /or oncoming clusters.

P5. Deposited layer rearrangement to form a plug-shaped
clog in the same pore, when the open pore constriction be-
comes comparable to the individual particle size (gradual pore
clogging).

Figure 5 shows the dependence of the concentration ratio,
C.i/Cq, on the depth in the filter at various filtration stages.
As expected, the effluent concentration, C., decreases with
depth, which is also in accord with experimental data (lves,
1961; Ison and lves, 1969; Tien et al., 1979; Tien, 1989). It is
interesting to observe that the concentration profiles display
mixed behavior, as discussed in Tien and Payatakes (1979)
and Tien (1989). This remarkable behavior is explained be-
low, in connection with the dependence of the filter coeffi-
cient A on the specific deposit o .

Figure 6a shows the temporal evolution of the normalized
specific deposit, o/e,, at various depths in the filter. The
specific deposit, o, is defined as the volume of the material
deposited within a layer of thickness Az divided by the total
volume of this layer, whereas ¢, is the initial filter porosity.
In order to obtain space-averaged results, an average was
taken over a zone with thickness of five unit cells along the
mean flow direction. A large portion of deposited material is
found at small depths and the amount increases monotoni-
cally with time. Deeper parts of the filter contribute less to
the removal of suspended particles, in accord with experi-
mental data (Ives, 1961; Ison and Ives, 1969; Tien et al., 1979;
Tien, 1989). The rate of particle deposit growth in the first
zone, z=15 mm, appears to decrease after ~ 5,000 s be-
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cause of the detachment of particle clusters from the walls
and reentrainment into the main stream. During their migra-
tion downstream, reentrained clusters may clog narrow pores
that they encounter. Figure 6b shows the variation of the nor-
malized specific deposit along the filter, at different times. In
general, the specific deposit decreases with depth. It is also
noteworthy that deposition takes place mainly within the up-
per part of the filter, whereas the lower part of the filter
appears to contribute to filtration only at very advanced stages
of filtration, in full accord with experimental results (Tien
and Payatakes, 1979; Tien, 1989).

The filter coefficient, A, which is the parameter that char-
acterizes the local effectiveness of the depth filter, is calcu-
lated from the expression

(lves, 1960), where z’ is the axial coordinate of the bed (de-
pth), 7 is time, and C is the average concentration at z’ and
7. In the case of clean filters (that is, during the initial stages
of filtration), one can assume that C is not a function of z’
and integrate Eq. 1 directly. Thus, a simple expression for
the clean filter coefficient, A, is obtained, namely,

1 C
/\0 —— " n eff
L C,

()

where L is the total length of the filter, C; is the effluent
stream concentration, and C, is the feed concentration.

Since particle deposition alters the geometry of the void
space within the filter, the distribution of the deposited ma-
terial within the filter varies with depth and time and, conse-
quently, Eg. 1 can no longer be directly integrated along the
filter. To overcome this problem, the overall filter coefficient
can be expressed as

A= fi(0 @), (3)

where f, is a correcting factor that accounts for the deviation
from the logarithmic dependence (Tien and Payatakes, 1979;
Tien, 1989) of the collection efficiency on the effluent con-
centration, and « is a vector of system parameters. Various
empirical forms have been suggested for f, in the literature
(see Tien, 1989, for a synopsis of such expressions). Clearly,
f, depends on each and every parameter that affects particle
deposition within the filter, for example, parameters that en-
ter the calculation of the local particle deposition rate, the
morphology of deposits and their distribution within the fil-
ter, the filtration velocity, the particle- and grain-size distri-
butions, and the magnitude of surface and hydrodynamic in-
teractions. All proposed empirical expressions include ad-
justable parameters, the values of which are determined by
fitting experimental data. Such parameter values apply strictly
to the particular system under consideration and do not pro-
vide insight into the phenomena that underlie the system be-
havior. On the other hand, true-to-mechanism simulators,
such as the one developed here, are designed to predict the
dependence of A, and f, on all the system parameters and
to provide insight into the various aspects of the dynamic be-
havior of the process.
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Below, we present simulation results for the profiles of f,
and A, in the form of space-averaged values, by averaging
their local values over zones containing five sequential layers
of cells, which defines the zone thickness as ~3 mm. The
concentration in each zone is assumed to be constant, so that
Eq. 2 can be employed for the calculation of A and f,:

Ceff, 4

A ! |
y=—-—1n
z Az Cy,

; (4)
where Az is the thickness of the zone, C. , is the effluent
concentration, and C, , is the feed concentration in the zone
under consideration. The f, , values shown in the figures
are calculated as the ratio A, /Ay, where A, is the clean filter
coefficient. For the sake of simplicity, f, ,, and A, are also
noted as f, and A, and referred to as filter coefficient modu-
lating function and filtration coefficient, respectively, in the
discussion of the figures.

Figure 7 shows the variation of the filter coefficient modu-
lating function with the normalized specific deposit at differ-
ent depths into the filter. The effect of the superficial veloc-
ity on this variation is also shown in the figure. Three main
regions can be identified in each case. The first region is as-
sociated with rather smooth deposition along the pore walls
(phenomenon P1), and hence for small values of o /¢, the
dependence of f, on o/, is weak. In this region f, de-
creases slightly with increasing o. This is explained by the
fact that the growing smooth deposits cause an increase in
the local interstitial velocity (given that the flow rate is con-
stant), which in turn causes a slight decrease in the rate of
deposition (Paraskeva et al., 1991; Burganos et al., 1992a).
This observation applies to all depths and superficial velocity
values examined in this figure. A relatively abrupt increase in
the value of f, is observed as a critical o /¢, value is reached
(region 2). This sharp change is attributed to the detachment
of whole particle clusters from the pore walls and their trans-
port downstream, where they clog narrow pores within the
same or adjacent zones (phenomena P2 and P3). Clogged
pores act as additional collectors with the maximum collect-
ing efficiency, since any individual particle and/or oncoming
cluster is destined to entrapment within the porous plug
(phenomenon P4). The flow in region 3 takes place through
the relatively few unplugged pores at high velocity, where
much slower deposition takes place (Paraskeva et al., 1991,
Burganos et al., 1992a), while the phenomenon of plug growth
in clogged pores (phenomenon P4) is still active. Reentrain-
ment of particle clusters and further pore clogging are rela-
tively less frequent than in region 2.

It is important to note that the combined behavior of f,
vs. o in regions 1 and 2 is a new theoretical prediction that
requires careful experimental investigation for possible con-
firmation. Several investigators have already reported that f,
increases with o for small values of o (for reviews, see Tien
and Payatakes, 1979; Tien, 1989), but the existence of region
1 before region 2 has not been reported. This is easy to ex-
plain, however, because region 1 is rather narrow and there-
fore easy to miss, if one is not aware of its possible existence.
In typical experiments, the first sampling port in the filter is
located beyond region 1. Furthermore, the form of f, vs. o
is obtained indirectly through the fitting of macroscopic con-
centration profiles, using phenomenological functions that do
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Figure 7. Filtration coefficient modulating function vs.
normalized specific deposit at several depth
values in the filter.

Effect of the superficial velocity. The arrows denote the end
of each curve (also, the end of simulation).

not allow for an inflection point (such as the one that occurs
between regions 1 and 2). Careful experimental investigation
of this aspect of the progress is warranted.

At the lower part of the filter (for example, z =56.3 mm or
85.2 mm in Figure 7), deposition takes place only in the form
of relatively uniform deposition (P1). Catastrophic phenom-
ena, such as cluster reentrainment or pore clogging, are not
observed. This is not the case with intermediate depths (z =
13.0 mm or 27.4 mm), where intensive pore clogging may de-
velop, resulting from cluster reentrainment within the upper
part of the filter.

The effect of superficial velocity, v, on filter performance
is discussed next. The initial filter coefficient, Ay, decreases
as v, increases, in accord with the corresponding predictions
of previous work (see, for instance, Tien and Payatakes, 1979;
Tien, 1989; Burganos et al., 1992a, 1995). Region 1 shrinks,
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region 2 shifts left, that is, to lower o /e, values, while main-
taining its breadth, and region 3 expands to the left. This
means that increasing », promotes catastrophic phenomena
(P2, P3, P4), chiefly through the increase of the shear stress
inside the pores, causing cluster detachment. Therefore, op-
eration at elevated flow rates is seen to reduce the removal
efficiency of the filter at smaller values of o/e,. Of course,
this is not necessarily a drawback, because at large flow rates
the throughput increases and larger quantities of the suspen-
sion are filtered within the same period of time.

Figure 8 shows the filter coefficient modulating function of
individual particles with the normalized specific deposit, at
different depths in the filter. The f, values are calculated by
considering only the individual particles that enter into or
escape from a certain zone in the evaluation of C, and C.,
respectively. The curves of Figure 8 are almost identical to
those of Figure 7 for the same v, value (the curves are slightly
shifted to the right in Figure 8), which implies that the calcu-
lated values for f, in Figure 7 are essentially based on the
number of individual particles that enter into or escape from
a certain zone. The reentrained clusters of particles do play a
significant role in the particle capture process, but they rarely
manage to exit from the zone of detachment and, thus, do
not affect the calculation of f, (or A) significantly.

The effects of the parameters, ., €, and d, on the be-
havior of particle deposition and pore plugging (in terms of
f,) are shown in Figures 9a-9c, where all other parameter
values are identical to those used in Figure 7a. It is clear that
increasing the m,, value (to 1 Pa) results in the broadening of
region 1 (Figure 9a). The reason is that thick deposits are
allowed to grow by the increased level of critical shear stress
that must be reached for detachment and reentrainment to
occur. At z=27.4 mm or further downstream, deposition
proceeds in a smooth fashion and progresses without any de-
tachment phenomena. When the critical shear stress is
reached, the reentrained clusters are large and tend to plug
pores that are encountered downstream within the same zone.
The collection efficiency in region 3 increases as m, in-
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Figure 8. Filtration coefficient modulating function for
individual particles vs. normalized specific
deposit at several depth values in the filter.

Effect of the superficial velocity. The arrows denote the end
of each curve (also, the end of simulation).
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Figure 9. Filtration coefficient modulation function for
individual particles vs. normalized specific
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Effects of (a) critical shear stress, (b) porosity of deposition,
and (c) particle diameter. The arrows denote the end of each
curve (also, the end of simulation).

creases, and remains large even at very large values of the
specific deposit (o /e, = 0.8).

An increase in the porosity of the deposits from 0.7 to 0.8
leaves region 1 practically unchanged (compare Figures 9b
and 7a). Also, the pore-clogging phenomena begin at the same
specific deposit value. However, the overall process in the
higher deposit porosity case completes the same stages in
about half the time that is needed in the case of lower poros-
ity (see, for instance, depth z=27.4 mm for comparison).
Since the porosity of the deposits is greater, reentrained clus-
ters are of larger volume and become trapped mainly in the
upper part of the network. Finally, increase in the particle
size in the suspension (Figure 9c) gives rise to a behavior that
resembles the case of cake filtration, where the phenomena
of particle deposition and pore clogging take place mainly in
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Figure 10. Cluster filtration coefficient vs. normalized
specific deposit at various depths.

The arrows denote the end of each curve (also, the end of
simulation).

the upper part of the filter, the lower part remaining almost
unutilized over the entire filtration process.

Figure 10 shows the variation of the cluster filtration coef-
ficient, A., with the normalized specific deposit. The calcula-
tion of A, is made in a manner similar to that used for A; the
only difference is that C, and C. in Eq. 2 refer to the clus-
ter concentrations at the entrance and exit, respectively, of
the zone under consideration. Some of the clusters that enter
a specific zone are trapped, whereas the rest move to the
next downstream zone. Within a single zone, formation of
new clusters may occur, possibly followed by reentrainment
and entrapment within the same zone, or escape to the next
zone. At low values of o/e,, cluster activity is not likely to
develop. At advanced filtration stages (o /e, > 0.4 in Figure
10), the rate of cluster efflux from a certain zone is lower
than the rate of cluster influx into the zone (C < C,). At
very high values of o/e, (> 0.7 in Figure 10), the inverse
phenomenon is observed, namely, the rate of cluster efflux
from a certain zone is higher than that of cluster influx into
the zone (C.; > Cy). However, it must be noted that the
number of particles that compose the moving clusters in a
certain zone is, under typical operating conditions, one order
of magnitude smaller than the number of individual particles
that travel within the zone in the same period of time.

The variation of the filtration coefficient for individual
particles, A, and of the cluster filtration coefficient, A, with
time, is shown at different depths in Figure 11a and 11b, re-
spectively. Figure 11a shows that the filter is initially most
active in the upper zones (z =3 mm and 6 mm) and less ac-
tive in the lower zones (z =15 mm and 30 mm). Following an
initial increase, A, declines with time in a given zone, owing
to the progressive narrowing of the pore constrictions, which
gives rise to increased suspension velocities and, conse-
quently, to reduced deposition rates. Figure 11b shows that
the catastrophic phenomena take place during the entire pe-
riod of filter operation sustaining cluster activity, except for
the very early stages of simulation (t < 5000 s).

The pressure gradient in the mean flow direction changes
with time and depends strongly on the pattern of deposition

April 2001 Vol. 47, No. 4 889



0.8 : T - T - T v T
! C, = 250 ppm (vol/vol) |

0.7 z=23mm py= 2500 kg m™
0.6 i 6mm v, = 1.25mms’ |
I d, = 1000um
0.5 d, =4pm
~ I ]
'T'E 0.4 &y = 0.7_
g A
[
<=

0 10000 20000 30000 40000

7ime, t (s)
(@
0.8F C, = 250 ppm (voljvol) |
p, = 2500kg m?
0.6 V5=1mms'1 )

d,=1000pm |

40000 60000

7ime, t (s)
(b)

Figure 11. Temporal evolution of filtration coefficient:
(a) for individual particles, Ag; (b) for clus-
ters, A, at various depths.

0 20000

within the filter. The following expression is usually used:

where (dP/3z2), is the magnitude of the pressure gradient at
startup, and f; is a correction factor that depends on the
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same parameters as those affecting f, (see earlier). Empiri-
cal expressions for f, are summarized in Tien (1989) and in-
clude adjustable parameters, the determination of which re-
quires a series of filtration experiments in pilot plants. Equa-
tion 5 can also be expressed in terms of the permeability as
follows:

k=ko/f,(o,a), (6)

where k is the permeability at a given porosity and time,
whereas k, is the permeability of the clean filter.

Figure 12 shows the dependence of the reduced pressure
gradient, f, =(d,P)/Ad,P),, and therefore of the inverse of
the reduced permeability on the normalized specific deposit.
Three different values are used for the magnitude of the su-
perficial velocity, v, (Figures 12a-12c). Again, three distinct
regions can be identified in each graph. In the first region,
that is, for small values of o/¢,, a nearly linear increase of
(9,P)/(4,P), is observed, caused by the formation of smooth
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deposits in relatively open pores (P1). The slope of the curves
in this region is invariant with depth and superficial velocity,
exactly as it was observed in Figure 7 for f,. As o/e, in-
creases, a sharper increase on (d,P)/Ad,P), is observed (re-
gion 2), because of the plugging of pores by reentrained clus-
ters (P2, P3). The hydraulic conductances of plugged pores
are usually two or more orders of magnitude smaller than
those of open pores. As deposition continues, the rate of in-
crease of (4,P)/(d,P), becomes smaller again (region 3), be-
cause the local interstitial velocity increases so that further
local deposition diminishes. Cluster reentrainment and pore
clogging begin at smaller values of o/e, as the superficial
velocity increases (compare Figures 12b and 12c¢), because of
the increase in the local shear stress. This leads to the forma-
tion of clusters of smaller volume, which tend to migrate
deeper into the filter (Figure 12c).

The effects of m,, €4, and d, on the behavior of particle
deposition and pore clogging are quantified in Figure 13
through the reduced pressure gradient, f,. Comparison of
Figures 13a-13c should be made with Figure 11a, where all
other data (apart from ., €4, and d,) are identical. The
increase in the critical shear-stress value causes a widening of
the region of nearly linear increase of the reduced pressure
gradient with the reduced specific deposit, extending over the
range 0-0.7. Thick layers of deposits are formed, because the
high critical shear stress allows for smooth and gradual growth
of the particle deposits. The hydraulic resistance of pores with
very thick deposits is significant and comparable to that of
plugged pores. Thus, a balance between the contribution of
cluster reentrainment (increase of the pore hydraulic conduc-
tance) and pore clogging (decrease of the pore hydraulic con-
ductance) is established over the plateau of region 2. The
outcome of this interplay is an increase in the pressure gradi-
ent as the specific deposit increases (region 3), because sud-
den pore clogging turns out to be the controlling factor, pro-
moted by gradual pore clogging (P5).

The effect of the porosity of the deposits on f, is shown in
Figure 13b. Thick layers are formed on the pore walls and act
as additional collectors, thus amplifying particle deposition.
The main part of the deposition is observed in the upper part
of the network, while cluster reentrainment was observed only
at relatively large values of o/e,. The increase in the sus-
pended particle size (dp=1OMm) results in earlier clogging
of the pores in the upper part of the filter (Figure 13c),
whereas removal of particles from the main stream is not
likely to occur at depths larger than z =13 mm. The
particle-size distribution is of great importance when a filtra-
tion system is to be designed, and further work of the type
presented here is required in order to elucidate its effect on
the filter behavior under a variety of operating conditions.

Figure 14 shows the distribution of plugged pores through
the filter and its evolution with time. The parameter values
used here are the same as those given in Figure 7a. Averages
over layers with thickness of 15 unit cells are shown in this
figure. At early stages of filtration, pore plugging develops in
the upper part of the filter. Later, the phenomenon extends
to the intermediate and lower parts, although it remains most
intensive in the upper part. It is noteworthy that the number
fraction of clogged pores is almost 65% after 11 h of filter
operation, even in the intermediate zones of the filter, under
the conditions used in the present simulations. At the same
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Effects of (a) critical shear stress, (b) porosity of deposits,
and (c) particle diameter. The arrows denote the end of
each curve (also, the end of simulation).

time, the number fraction of clogged pores in the entire filter
is approximately 0.2 (Figure 15). Note that during the first 4
h of operation all clogged pores are located within the upper
10% of the filter. At later stages, pore clogging extends to the
rest of the filter, in the form of a moving front. This observa-
tion is also in accord with experimental observations.

The variation of the filter permeability with the overall
specific deposit is shown in Figures 16a—16¢. The permeabil-
ity decreases as the specific deposit increases (Eq. 6). The
three aforementioned regions are evident here as well. As
the flow rate increases (Figure 16a), cluster reentrainment
and pore clogging begin at gradually decreasing values of the
specific deposit, because of earlier development of large shear
stresses inside the pores. This, in turn, causes smaller clusters
to be reentrained, as compared to those under small flow-rate
operation, and the probability of pore clogging by reen-
trained clusters decreases. These phenomena occur over a
relatively large filter depth and, consequently, the permeabil-
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Figure 14. Temporal evolution of the distribution of
plugged pores.

Parameter values from Table 1.

ity loss is less pronounced than in the small flow-rate case.
The same argument can explain the heavier loss of perme-
ability when the critical shear stress value is decreased (Fig-
ure 16b). On the contrary, high critical stress values delay the
occurrence of catastrophic phenomena, thus allowing thick
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Figure 15. Variation of the number fraction of clogged
pores (number of clogged pores divided by
total number of pores in the filter) with time.
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Variation with (a) the superficial velocity, (b) the critical
shear stress value, and (c) the porosity of the deposits.

deposits to develop inside the pores. Consequently, for large
specific deposit values, relatively large clusters become reen-
trained and cause rapid clogging of downstream pores and
abrupt loss of permeability. Figure 16c¢ indicates that the
porosity of the deposits has a negligible effect on the rate of
permeability reduction under the conditions assumed here.

Conclusions

A mechanistic simulator of the dynamic behavior of depth
filtration of non-Brownian particles was developed. It uses a
3-D pore network and 3-D particle trajectory calculations, and
it includes cluster-reentrainment and pore-clogging phenom-
ena, which are responsible for the distinctive macroscopic be-
havior of the depth filtration systems. The new simulator is
used to investigate key phenomena that affect the dynamics
of filtration, specifically, formation of gradually growing lay-
ers by deposition of individual particles on the pore walls;
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reentrainment of clusters from pores, where the shear stress
on the pore constriction exceeds a critical value, m,; pore
clogging by a cluster with diameter larger than that of the
corresponding pore constriction; and plug growth in clogged
pores by entrapment of individual particles and/or oncoming
clusters. Rearrangement of deposited layers to form a plug-
shaped clog in the same pore, when the open pore constric-
tion becomes comparable to individual particle size (pore
self-clogging), is also included.

The simulator is capable of determining the effect of the
particle deposition pattern on the overall filter efficiency, and
the loss of permeability even at advanced stages of filtration.
Sample calculations for the overall filter coefficient and the
pressure drop show that the simulator can be used to predict
effluent concentrations, filter efficiency, and permeability loss
as functions of depth and time over a complete filter opera-
tion cycle. The role of pore-clogging phenomena was exam-
ined for a variety of typical values of the system parameters.
It was found that under typical operating conditions pore
clogging is more intense in the front layers of the filter and
advances in the form of a moving front, deeper in the filter as
the process develops. The strong dependence of the filter co-
efficient on the specific deposit and all the system parame-
ters is predicted in a realistic and satisfactory manner. The
value of the critical shear stress for deposit detachment and
the suspension flow rate are found to significantly affect the
behavior of the filter profoundly, whereas the porosity of the
deposits has a rather weak effect. Finally, the filtration effi-
ciency and the loss of permeability are shown to be very sen-
sitive to the size of the suspended particles. The investigation
of the transient behavior of granular filters processing poly-
disperse suspensions is examined in ongoing work.
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