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Dynamic Behavior of Straining in Randomly
Packed Beads: Experimental Study

Bogdan Muresan'; Nadia Saiyouri; and Pierre-Yves Hicher®

Straining depicts the geometrical retention of fine particles within materials’ pore network. Whether or not fines can be retained depends on
(1) the structure of materials’ pore network as well as (2) fines’ size distribution, manner of deposition, and retained amount. In this paper,
the main results of straining tests are presented for randomly packed beads filters. The experimental program included a series of tests
performed in both dry and water-saturated filters. The tests provided information on the dynamics of fines in the filters’ pore network and
changes of filters’ efficiency. For instance, data supported the existence of four distinct stages: the filling of accessible cavities, the formation
then clogging of the preferential pathways, the transfer of fines toward the lateral unobstructed capillaries, and eventual formation of a surface
cake. The postulated mechanisms inherent to every single stage are discussed in terms of retention rate, straining length, lateral transfer, and
progressive obstruction of constrictions. Additionally, the straining mechanisms were also probed in hydrodynamic conditions at increasing

water flows.

Keywords: Granular filters; Fines; Straining; Pore network; Constriction.

Introduction

Straining results in particle separation strictly by size. Particle sep-
aration processes are ubiquitously found in natural and human-
altered soils (e.g., retention of colloidal pollutants and/or internally
eroded particles) (McCarthy et al. 1998; Ryan and Elimelech 1996;
Simunek et al. 2006; Muresan et al. 2011) as well as in living or-
ganisms (e.g., transudation of cells through the blood and lymph
capillaries) (Ganter et al. 2006). In the field of technology, the elab-
oration of a plethora of filters of various designs and specifications
has contributed to the development of many industrial and research
applications (e.g., separation of mixtures, concentration of products,
pollution abatement, and aerosol and dust removal) (Ives 1960,
1970; Yao et al. 1971; Lance and Gerba 1982; Tien 1989; Hubbe
2002; Liu et al. 2007). Due to the applications, considerable atten-
tion has shifted to the development of mechanistic separation mod-
els (Iwasaki 1937; Friedlander 1958; O’Melia 1965; Mintz 1966;
Yao and O’Melia 1968; Ives 1969, 1975a, b; Arun 1970; Payatakes
et al. 1974; Rajagopalan and Tien 1976; Tien and Payatakes
1979; Fan et al. 1985; Sharma and Yortsos 1987; Amirtharajah
1988; Rege and Fogler 1988; Elimelech and O’Melia 1990a, b;
Tobiason and Vigneswaran 1994; Choo and Tien 1995a; Logan
et al. 1995; Stevenson 1997; Bai and Tien 2000a; Ho and Zydney
2000; Lee and Koplik 2001; Odira 2002; Shapiro et al. 2007;
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Zamani and Maini 2009). In comparison, there is a scarcity of
experimental researches and related critical studies on the funda-
mental mechanisms associated with the transfer of small particles
from a mobile phase (i.e., the fines) toward a granular stationary
phase (i.e., the filter) (Stanley 1955; Grace 1956; Rajagopalan
and Tien 1977; O’Melia and Ali 1978; Pensdse et al. 1978;
Payatakes et al. 1981; Ushiki and Tien 1984; Ives 1989; Yongwon
and Tien 1992; Moran et al. 1993a, b; Ghidaglia et al. 1991, 1996;
Harter et al. 2000; Yoon et al. 2006; Pazmino et al. 2011; Johnson
et al. 2011). In other words, if the history of particle separation can
be traced by numerically solving a set of microscopic and macro-
scopic equations (Vigneswaran and Song 1986; Vigneswaran and
Tulachan 1988; Elimelech 1994; Duval et al. 2006; Zhu et al. 2007,
Stein and Tomas 2012), the obtained results only provide scarce
information about the causes and the actual nature of the removal
mechanisms.

At a phenomenological level, particle separation in granular
fixed beds is commonly viewed as a dynamic process (i.e., a
sum of transient mechanisms) (Yoshida and Tien 1985; Choo
and Tien 1995b; Kau and Lawler 1995; Bai and Tien 2000b).
According to filter/fines size distributions and the filter’s pore net-
work structure, either total clogging or indefinite passing of fines
may occur. The transition between both evolutions is chaotic be-
cause slight changes in fines’ trajectories may drastically affect
the fate of straining. For instance, during the course of straining,
the amount of fines retained within the filter’s pore network tends
to increase with time. This accumulation may punctually obstruct
the capillaries, which eventually lowers the discharge of fines. If
sufficient capillaries are clogged and many fines then arrive simul-
taneously, the latter would form a surface cake that renders in-depth
removal inefficient. Actually, there may be no apparent hydromor-
phological evidence, or only subtle evidence (such as minor
changes in the structure of pore network and/or in the course
of fines within capillaries), that one or several straining mecha-
nisms develop throughout the filter. Moreover, a filter may lose
its in-depth efficiency within the first few instants after evidence of
clogging becomes obvious as a sharp decrease of the amount of
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exported fines. Therefore, it is relevant to carefully consider the
various mechanisms that take place successively and could be used
to portray the dynamic behavior of straining.

In this study, a series of laboratory straining experiments have
been carried out on randomly packed beads. Preliminary tests con-
ducted at various filter/fines size distributions and ratios (from <3 to
up to >16) pointed out similar trends, thus indicating that the ob-
tained results were likely not specific to the current study but could
be observed for several straining conditions. Actually, the exami-
nation of (1) the spatial distribution of fines within the filter’s pore
network and (2) the ability of the filter to collect fines in relation-
ship with the obstruction of interconnections between pores is
expected to trace the mechanisms that control the straining. The
experiments were performed both in dry and water-saturated filters.
This allowed probing how differences between the air and water
physicochemical characteristics (i.e., in terms of viscoelastic
forces) affect the development of the various mechanisms. This
paper, which is restricted to virtually monodisperse granular filters
and fines, has three principal objectives. First, establish the strain-
ing dynamics as a function of the amount (i.e., in mass) of fines
that reach the filter. Second, based on the experimental observa-
tions, propose plausible mechanisms explaining the evolutions
of the remaining and/or retained fines with respect to their
distribution within the pore network. Third, highlight the changes
in the straining mechanisms due to the absence/presence of
water (flow). Overall, this study lies within the scope of a larger
research effort intended to portray the dynamic trait of straining
in granular media.

Material and Methods

Filter Formation

In the experiments, the retention rates of smaller diameter glass
beads (i.e., the fines) were measured within a granular filter of
higher diameter glass beads. All the beads were purchased from
Sigmund Linder (Warmensteinach, Germany). The straining
took place in a transparent tube 0.10 m in height and 0.10 m in
diameter (i.e., the straining cell) (Fig. 1). The filter consisted of
a packing arrangement of 10,000 type M beads of 3.0+
0.1 mm diameter (average + standard deviation). The number of
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beads was systematically deducted from mass by assuming the
regularity of beads’ roundness (width/length ratio >0.98, as could
be verified by random measurements) and density (as confirmed by
densitometry measurements, 2.50 g cm~>). The thickness of the fil-
ter was close to 26 mm (i.e., approximately 11 horizontal layers of
beads). In order to permit consistent reproducible filters, the filter
was formed in dry conditions with a pluviator by dropping the type
M beads onto diffuser sieves. The pluviator was a tube 0.20-m tall
and 0.10 m in diameter. It was raised automatically every 10 mm of
packing in order to maintain the variations in the drop height low
(between 0.10 and 0.09 m). To scatter the beads, four diffuser
sieves put at 45° angles to each other were disposed at 0, 0.01,
0.11, and 0.12 m from the base of the pluviator. Each sieve had
169 square holes that were 7.7 mm per side on a 107 by
107 mm grid pattern. The pluviator generated an average relative
density of filters of 62 &= 4%. More than 80 filters have been plu-
viated as part of this study, revealing an excellent reproducibility of
the filter density.

Porosity Measurements

Subcentimetric profiles of porosity were determined by the water
displacement method on three different filters prepared by the same
operator using similar preparation methods. Briefly, tap water
was slowly injected from the bottom of the straining cell to pro-
gressively saturate all the accessible pores in the filter. From the
weight of injected water [density ~1,000kgm™3; 101,325 Pa
(1 atm), 20°C] and relative height of saturated filter, the volume
of pores could be determined. Errors on porosity mainly arose
from the precise position of the saturation front (£ 0.2 mm), which
represented ~4% of uncertainty on measurements. In general, the
water displacement method only provides a lower value for the
total volume of pores (as could be calculated from the thickness
of the prepared filters, the amount of type M beads, and their
size distribution). Actually, both the volumes were comparable
(71 4+ 3 cm® versus 82 + 6 cm®, respectively), thus indicating
the importance of the interconnected pores and/or capillaries in
the prepared filters. The relative standard deviation (i.e., the
absolute value of the coefficient of variation) for porosities was
highest toward the bottom and the top of filters: close to 5%, likely
due to the change in medium and the partial saturation in the vicin-
ity of the saturation front, respectively.

Filter
(10,000
type M
beads)

-

Filters’ thickness
(0.010 m)

Filters’ thickness

Filters’ thickness

(0.020 m) (0.026 m)

Fig. 1. Material and methods for granular filters” formation; each filter consists of a packing of 10,000 pluviated beads 3.0 + 0.1 mm in diameter; the
dimensions and shape of filters were designed so as to achieve reproducible filters and minimize the lateral wall effects



Straining Procedure

Straining tests were performed by pouring increasing amounts
of fines (type S beads, 0.29 + 0.03 mm in diameter) on pluviated
filter (Fig. 2). These were isolated from an initial pool of 0.150—
0.550-mm diameter beads by means of 0.250 and 0.315 mm sieves.
The ratio of type M beads to type S beads’ diameters (referred to as
D/d) was set equal to ~10. The selected D/d ratio value allowed
the fines travelling the whole filters’ pore network: the minimum
constriction formed by three adjacent type M beads is ~0.15D
(Oger 1987). Additionally, preliminary tests indicated that if
D/d > 16, then 90% of fines make it through the filters, rendering
the straining unlikely. In practice, successive loads of fines
(0.100 g, i.e., 2,800 to 2,900 type S beads) were gently poured onto
the central zone of a 0.315 mm per side square-holed sieve placed
10 mm above a pluviation device without any contact between
them. The fines gradually passed through the sieve as its surface
was manually tapped with an iron tip. The pluviator was similar
to that used in order to form the filter except for the 7.7 mm
per side square-holed sieves, which were substituted for 1.0 mm
per side square-holed ones. The drop height from the lower diffuser
sieve to the top of the granular filter was kept constant at 0.10 m. To
minimize the wall effects (i.e., the preferential drainage of fines
within the 5-10 D width zone of the filter that borders the straining
cell), a circular band of 100-mm outer diameter and 57-mm inner
diameter was used as a restrictor. Depending on the amount of fines
and in a concern of lowering uncertainties, the straining tests were
performed in triplicate or more. The relative standard deviation,
calculated on five replicates (including filter preparation, straining
procedure, and subsequent sample collection then quantification),
was lower than 7%.

Sample Collection

First, the fraction of fines that passed through the granular filter
(i.e., the filtrate) was collected using a cylindrical-shaped bowl sep-
arated from the straining system by a 1.0 mm per side square-holed
grid sieve. A cup was placed within the central zone of the bowl
that lies underneath the grid. This allowed the distinction between
the filtrate that spilled out in the central (i.e., 57-mm diameter disk)

and lateral (57 to 100-mm circular band) zones of the filter. Next,
in order to determine the fraction of fines retained in the granular
matrix of the filter (i.e., the retentate), the straining system was
carefully displaced from the filtrate-receiving bowl/cup to another
similarly prepared support vessel. The central zone retentate was
caused to move vertically downward by repeatedly plunging a thin
metal rod into the filter. Once all the central zone retentate has been
transferred into the cup of the second vessel, an L-shaped thin metal
rod was employed in order to draw the lateral zone retentate into the
bowl. Last, the fraction of fines trapped on top of the restrictor was
separately collected by vigorously shaking the straining system.
Mass balance calculations pointed out very low losses of fines dur-
ing the straining tests (<1%).

Straining Procedure in Water-Saturated Filters

The experimental program also included a series of straining tests
performed in water-saturated filters both in the absence (i.e., hydro-
static) or presence (i.e., hydrodynamic) of water [pH = 7.6,
hardness = 160 parts per million(ppm)] flow. In these tests, the col-
lection devices and prepared filter were carefully submersed in a
water basin up to the restrictor, i.e., approximately 1 D above
the filter (Fig. 2). The same straining procedure as previously de-
scribed was then applied. As regards the hydrodynamic tests, a
water input was set into the straining cell (0.05 m above the filter).
The output consisted of a hole within the water basin at the same
height as the restrictor. The flow of injected water equaled 0.52,
1.07, or 2.00 Lmin~", i.e., (1.10,2.27,0r4.25) x 1073 ms~!, as
Darcy velocities. To limit turbulences and structural derangement
of the filter, a semicylindrical sheet of metal was used to deflect the
water jet along the walls of the straining cell. Once the water flow
stabilized (i.e., the inputs equaled outputs, up to 3 min), the fines
were poured. The filtrate and retentate relative to both the central
and lateral zones of the filters as well as the fines onto the restrictor
were collected then dried at 105°C for 24 h. Finally, the amount
of fines in each fraction was determined by using an analytical
balance with 107 g precision. The overall procedure resulted in
relative standard deviations lower than 10% (i.e., increased with
the water flow).

I Water inflow (hydrodynamic tests)

Iron tip
0.315 mm sieve
e : Iron tip
. — Pluviator
1.0 mm sieve
e a L shaped
Metal sheet ——— iron tip
Fines _Drop height Fines on
(0.10 m) restrictor
Restrictor \ =—<— Water outflow
Retentate
1.0 mm sieve -Water basin
Bowl
Cup iy _X.L ry

Lateral zone Central zone
filtrate filtrate

Lateral zone
retentate

Central zone
retentate

Fig. 2. Straining procedure for saturated filters, either in the absence (i.e., hydrostatic) or presence (i.e., hydrodynamic) of water flow; a similar
procedure was used for dry filters; both the dry and saturated filters were initially formed in dry conditions



Mathematical Formulation

Retention Rate and Straining Length Calculation

The obtained data consisted of the retained and filtered amounts of
fines (i.e., number of type S beads) that traveled through the central
and/or lateral zones of the filter. Another datum was the amount
of fines deposited onto the restrictor. Hence, the retention rate for
the central zone [rc, Eq. (1a)] was formulated as the ratio of the
amount of retentate in the central zone to the total amount of fines
once the fractions associated with the restrictor and lateral zone
have been deducted. An analogous formula could be written for
lateral retention rate [r;, Eq. (1b)].

R
re(%) = < (la)
T—N-F,—R;
and
R
r.(%) e (1b)

TT-N—Fc—Re

where R = amount of retentate; F = amount of filtrate; 7 = total
amount of fines poured during the straining test; and N = amount
of fines deposited onto the restrictor. The subscripts C and L stand
for the central and lateral zones of the filter, respectively. Based on
the mass balance equation, i.e., T =N+ R+ R, + Fc+ Fy,
Egs. (1a) and (1b) can be reformulated as

Rc

%) = ——— 2
re(%) = o (2a)
and

R,
%) = ———= 2b
()= (2b)

In Egs. (2a) and (2b), rc and r; only depend on the amounts of
fines that spilled out and were retained in the central and lateral
zone of filters, respectively. From the shape of the r- and r; pro-
files (the pace of straining slowed at depth, see ‘“Porosity and
straining profiles”), it has been assumed that there is a loga-
rithmic dependence between the amount of filtrate and the straining
length (i.e., A) and the thickness of filters, Ax (in layers of type M
beads).

-t _ Fe=025(FL +R,)
T—N

(3)

While considering the straining length in the central zone
(i.e., A¢), the 0.25 coefficient stands for the proportion of the

Top view

Lateral view

central zone filtrate that traveled through the lateral zone. The value
of the coefficient was experimentally determined from the straining
profiles by measuring at increasing depths the changes in the
amount of fines that used the lateral zone. The value of the coef-
ficient increased with the filters’ thickness, whereas it remained
relatively unchanged as a function of the amount of fines that
reached the filters (data not shown). By analogy with the scattering
of a beam of particles, Ao provides an estimation of the distance
covered by the central zone fines before being stopped, whereas r¢
depicts the fines retained in the central zone of filter (that may have
traveled throughout the lateral zone), A depicts the fines that only
passed through the central zone (the lateral zone contribution being
deducted). It is therefore expected to trace changes in the central
zone efficiency of formed filters.

Estimating the Obstruction of Constrictions

While probing the retention rates, one may rather follow the
progressive obstruction of pore sections than the filling of cavities
or the amount of retentate. For instance, the ability of filters to
transmit the fluid of fines is driven by the dimensions of constric-
tions (i.e., the small windows between interconnected pores).
Changes in the dimensions of constrictions could be traced by mon-
itoring the available pore section area for the passing of fines. It is
assumed that the filters’ type M beads are regularly disposed so as
to form 11 distinct horizontal layers (initially, to study the structure
of filters, these were formed by pluviating successive loads of
800 to 930 type M beads, also allowing probing the straining prop-
erties of every single layer). Another hypothesis is that the fines are
primarily filtered in the immediate vicinity of the smallest constric-
tions connecting two superimposed pores that constitute the steeply
dipping pathways. Accordingly, the unoccupied area (i.e., A,) ob-
tained when cutting each layer into halves (i.e., horizontal planes
of maximum relative density) was deterministically formulated as
the area of the inner surface of the restrictor that is neither filled by
type M beads nor by the retentate (Fig. 3).

4 .
Ag(em?) 1(12 — jsD? — kgd?) (4)

where [ (in centimeters) = length of the inner diameter of restrictor;
and j, and k; = corresponding number of central zone type M beads
and retentate (as determined from the preliminary filters’ formation
studies and the straining experiments), respectively. The subscript s
stands for the position of the horizontal layer within the 1 (top)-11
(bottom) interval. Additionally, j; was calculated from the volume
of the layer (i.e., hm/4[%), relative density (i.e., 1 — ng), and the
volume of a type M bead (i.e., 7/6D?) as follows:

Layer
position

A, unoccupied area
(inner gray, top view)

T
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Fig. 3. Horizontal plane cutting into half the third layer of a granular filter (the left-hand and central panels correspond to the top and lateral views,
respectively); the resulting central area unoccupied by type M beads and the retentate, i.e., A3 (inner grey zone), is shown at the right



Js = 2D3 (5)

where h = thickness of the layer (0.24 +0.01 cm); and ng =
porosity (as measured using the water displacement method). By
plugging Eq. (5) into Eq. (4), the unoccupied area associated with
every single layer of filter was formulated as the subsequent
function:

Ag(em?) = g [12 (1 - W) - ksdz} (6)

Once the unoccupied area is known, the average area of con-
strictions (i.e., Cs) is set equal to the value of the A,/j, ratio
[Eq. (7)]. As a matter of fact, within the horizontal planes of maxi-
mum relative density, one can pair every single type M bead with a
unique constriction.

The total unoccupied area (i.e., A = > i1, Ag) and Cy increase
with porosity. These decrease with the amount of retentate and rel-
ative thickness of each layer (i.e., #/D ratio). The validity of the
provided formula is restricted to a reasonable range of n, values,
i.e., from 0.25 to 0.50. Additionally,  is a complex function of /, D,
and type M beads packing, which was not explicitly taken into ac-
count in calculations. Finally, because it has been assumed that
fines are primarily filtered within horizontal planes of maximum
relative density, the calculated A and Cy values likely underestimate
the actual corresponding areas.

Results and Discussion

Porosity and Straining Profiles

The porosity of filters, as determined using the water displace-
ment method, averaged 0.35 £ 0.05 [n = 3, Fig. 4(a)]. It decreased
from 0.40 4= 0.02 near the top of the filters to 0.27 £ 0.02 near
the bottom of the filters. The Cg value simultaneously decreased
from (3.240.2) x 1072 cm? down to (1.2£0.1) x 1072 cm?
[Fig. 4(b)]. This demonstrates the existence of an in-depth
densification mechanism that probably took place during the
filters’ formation. This was manifest through orderly packing of
deepest type M beads: the porosity of the 1-3 lowest layers
approached that of the dense arrangement of equal spheres
(~0.259) (Oger 1987).

The densification mechanism had limited effects on the in-
depth straining dynamics. Preliminary measurements confirmed
the increase of the cumulative r- with the thickness of filters
[Fig. 5(a)]. Yet the finite-difference approximation of its derivative
(i.e., A(r¢)/As) was highest within the 1-3 uppermost layers
[Fig. 5(b)]. This was especially true for the saturated filters: the
A(r¢)/As value was 2.5 + 0.5% layer™! near the top of dry filters,
whereas it reached up to 10.4 4= 2.2 and 28.2 & 1.3% layer~! in the
hydrodynamic (water flow of 1.07 L min~!) and hydrostatic strain-
ing tests, respectively. Accordingly, A\ of the 1-3 uppermost layers
of the dry and the saturated (hydrodynamic and hydrostatic tests)
filters were 2.1-5.7, 2.2-4.7, and 1.7-3.9 layers, respectively, and
gradually increased up to 13.9 + 1.0, 8.0 £ 0.5, and 6.5 £ 0.2 near
the bottom [Fig. 5(c)]. The in-depth distance covered by fines prior
to immobilization is lowest in the 1-3 uppermost layers, i.e., pre-
sumably due to the concomitant arrival of many pluviated fines,
which are retained when being simultaneously driven downward

Filters’ porosity Constrictions area (Cg, 10 cm?)
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Fig. 4. Vertical profiles of (a) porosity and (b) area of constrictions;
constrictions data consist of averaged values relative to the filters’ cen-
tral zone horizontal planes of maximum relative density; the dotted line
in (b) presents the area of constrictions in the absence of retentate
(i.e., without fines); the dry, hydrostatic, and hydrodynamic profiles
were obtained by pluviating 42,500 fines; error bars account for the
relative standard deviation, n = 3
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Fig. 5. Vertical profiles of (a) retention rate, (b) finite-difference
approximation of retention rate derivative, (c) straining length, and
(d) central/lateral zone fines in dry and water-saturated (both hydro-
static and hydrodynamic) filters; unlike (b) and (c) that provide local
data, (a) and (d) display the cumulative increase of the retention rate
and central/lateral zones fines as functions of the thickness of filters;
data were obtained by pluviating 42,500 fines; error bars account for
the relative standard deviation, n = 3



through a limited number of superficial central zone constrictions.
Put differently, the gained figures pointed out that straining
mechanisms developed early during the passing through of the
fines and thereafter, in spite of the in-depth densification, remained
relatively uniform.

Another observation that supported the limited impact of the in-
depth densification originated from the distribution of fines within
the filters’ pore network. The value of central zone fines (CZFs)
(i.e., the sum, in number of fines, of the central zone filtrate and
retentate) to lateral zone fines (LZFs) (i.e., the sum, in number
of fines, of the lateral zone filtrate and retentate) ratio progressively
increased with the thickness of the filters [Fig. 5(d)]. By analogy
with the lateral propagation of stresses during the vertical loading
of granular materials (i.e., through force chains, and likely due to
the reciprocal distribution of contacts and constrictions between
grains), the central zone fines were readily dispersed as they
plunged into the filters’ pore network. The LZFs from the 1-3
uppermost layers stood for 20-37% of fines once the fraction
trapped onto the restrictor has been deducted. This early lateral
dispersion was most pronounced within the dry filters (i.e., of
the lowest CZF/LZF value). Further at depth, despite the in-depth
densification, 25 £ 2% of LZF was redirected into the central zone
(both in the dry and water-saturated filters). Accordingly, the dy-
namics of straining in the formed filters were extensively driven by
near-top fine—fine and/or fine—filter interactions.

Monitoring of Straining Mechanisms in Dry Filters

Figs. 6(a—c) show the evolution of r¢, Ac, and the CZF/LZF ratio
for the straining tests conducted on dry filters. These were plotted
against the occupation by fines of horizontal planes of maximum
relative density: AA/Ay; AA = Ay — A, where Ay is the total un-
occupied area. In this formulation, Ay was determined from the
number of type M beads constitutive of every single filter layer
and the corresponding porosities using Eq. (6) in the absence of
retentate, i.e., Ay = > L1, Ag g = 66 =4 cm?. The r¢ curve varied
between 21 £ 1% and 46.5 4= 0.4%. It featured four stages: (1) an
early high variability stage (0 < AA/Ay<4%), (2) a subse-
quent stage of lower r values (at AA/Aq ~ 4%), (3) a later stage
of rapid r¢ increase (5 < AA/Ay < 23%), and (4) a final stage of
steady rc increase (23 < AA/Ag < 100%). Beyond this limit
(AA/Ay > 100%), the straining within the central zone of the fil-
ters was no longer efficient.

Initially, at AA/A( ~ 0, the fines could broadly explore the fil-
ters” pore network. The average area of the central zone constric-
tions in the horizontal planes of maximum relative density was
(1-3) x 1072 cm? [same magnitude as Ag,/j,, Fig. 4(b)]. This
allows the simultaneous passing through of 15-35 fines, which rep-
resents up to 5,000-10,000 fines per layer [the average area of
fines’ cross section equaled (0.066 = 0.008) x 1072 cm?]. Once
below the 1-3 uppermost layers of intense lateral dispersion, the
central zone fines mainly propagated in-depth, i.e., both A~ and
CZF/LZF curves exhibited localized maxima (12.6 0.3 layers
and 2.2 £ 0.2, respectively). However, due to the limited influence
of wall effects, the straining in the central zone was significantly
higher than that in the lateral zone of filters: 29 & 2% versus
24 +3%. From an engineering point of view, this initial stage
corresponds to the straining of diluted granular fluids through a
large-size filter.

As the amount of retentate increased (0 < AA/Ay < 4%), rc
exhibited marked variations (Arc up to 10+ 1%). These ac-
companied a lowering of A\- and CZF/LZF ratio value (down to
9.7£0.9 layers and 1.4 0.2, respectively). Accordingly, this
straining stage was depicted by fluctuating straining dynamics that

(@)

o [

10 i1

Retention rate (1, %)
)
S

0
0 010203040506 07 1.0 2.0 3.0 40 5.0

0
0 0102030405060.7 1.0 2.0 3.0 40 5.0

Straining length (A layers)

CZF/LZF

No—o— o

0
0 010203040506 0.7 1.0 2.0 3.0 40 5.0
Occupation (AA/A)

Fig. 6. Evolution of (a) retention rate, (b) straining length, and
(c) central/lateral zone fines; these were plotted against the occupation
of the horizontal planes of maximum relative density by retentate (a
proxy of the progressive obstruction of constrictions); the tests were
conducted in dry filters; the vertical dotted lines delimit straining
stages; error bars account for the relative standard deviation, n > 3

overall lowered the straining length for central zone fines and
favored the transfer of CZF toward the lateral zone. At
AA/Ay)~4%, a definite peak of Ao [up to 13.4 4+ 0.8 layers,
A(A¢)/O(AA/Ay) = 230 layers] and of the CZF/LZF ratio [up
to 2.4+ 0.1, O(CZF/LZF)/0(AA/Ay) = 40] preceded a fall of
the rc values [down to 21 + 1%, 9(r¢)/0(AA/Ay) = —250%].
Put differently, the filtrate concentrated in the central zone, while
the dynamics of central zone straining decreased. Two hypotheses
were advanced to account for this observation. The first concerned
the formation of steeply dipping preferential pathways in the
central zone of filters. The second assumed that the flow of fines
bypassed a large portion of this zone. Actually, in spite of the in-
creasing amounts of retained fines (R- = 3,800 % 140 fines), A¢
was maximal. This signifies that the filtered fines punctually facili-
tate the passing through of the incoming ones. It is possible that a
substantial fraction of the CZF filled up the closed capillaries,
i.e., the cavities. The remaining unobstructed capillaries would
then form a network of steeply dipping preferential pathways in
the central zone of the filters. Numerical simulations presented in
Tien (1989) corroborated the results. These pointed out the exist-
ence of an early stage of short pass-through duration for exported
fines. As regards the bypass mechanisms, 38 4 3% of the fines that
reached the filters at AA/Ay ~ 4% were transferred into the lateral
zone within the 1-3 uppermost layers. Concomitantly, toward the
bottom of the filters, 1/4 of the LZF was redirected into the central
zone (see “Porosity and straining profiles”). The corresponding



values of the CZF/LZF ratios were 1.7 4 0.3 and 2.4 + 0.2, respec-
tively. The latter value matched well the magnitude of CZF/LZF
ratio peak, thus supporting the bypass mechanism hypothesis.
Overall, both the mechanisms seemingly acted to lower the effi-
ciency of straining through the formation of the central zone steeply
dipping preferential pathways and use of lateral zone capillaries.

At 5<AA/A) <23%, following the minimum of straining,
rc markedly increased [up to 28.3 £0.3, 9(r¢)/0(AA/Ay) =
40%]. This accompanied a fall of the CZF/LZF ratio values
[down to 1.2+0.1, 9(CZF/LZF)/0(AA/A,) = —2]. Later, at
23 < AA/A) < 100%, the increase of ro decelerated [O(r¢)/
0(AA/Ap) < 3%] and the CZF/LZF ratio went on decreasing until
below unit values were reached. Accordingly, as the amount of re-
tentate in the central zone of filters increased, the transfer of fines
toward the lateral zone and use of local capillaries became preva-
lent. While entering the filters, the percentages of fines transferred
from the central zone to the lateral zone were 38 =+ 3%, 46 &+ 4%,
and 52 +2% at AA/Aq =5, 23, and 100%, respectively. This can
be explained by the clogging and subsequent filling of the central
zone steeply dipping preferential pathways. For instance, providing
a steeply dipping preferential pathway is clogged, and in the
absence of major structural changes, the central zone fines will
locally accumulate (i.e., marked r. increase) until some lateral
capillary becomes accessible (i.e., slower r¢ increase). This would
in turn stabilize the pace of the central zone straining. The previ-
ously mentioned sequence of straining mechanisms was supported
by the fact that at 5 < AA/Ag < 23%, Ac markedly decreased
[down to 8.4 4 0.4 layers, d(A¢c)/I(AA/Ay) = —30 layers], then
at 23 < AA/Ay < 100%, Ao went on decreasing, but at a slower
pace [<7 layers, d(A¢)/O(AA/Ay) = —2 layers]. From an engi-
neering point of view, this means that the central zone steeply dip-
ping preferential pathways are transient structures, which ~5% of
horizontal planes of maximum relative density occupation sufficed
to clog.

Finally, at AA/A, > 100%, most of the central zone constric-
tions were thought to be clogged by fines. This was apparent by
sight because the fines formed a surface cake on top of the filters.
Another observation was the slower increase of the amounts of
central zone filtrate: O(F)/0(AA/A,) decreased from 185 x 103
to 50 x 10° type S beads. Concomitantly, the amounts of filtrate
collected in the lateral zone kept on increasing steadily:
A(F.)/O0(AA/Ay) = (190 & 30) x 103 type S beads. This resulted
in close to floor values for Ar and the CZF/LZF ratio
(5.4 £0.8 layers and 0.2 + 0.1, respectively). Overall, these fig-
ures indicated that (1) in-depth straining was no longer efficient,
and (2) once most of the central zone constrictions were obstructed,
57 £3% of the fines that reached the filter were driven into the
lateral zone.

Monitoring of Straining Mechanisms in
Water-Saturated Filters

Figs. 7(a—c) exhibit the evolution in saturated filters (hydrostatic
conditions) of r¢, Ac, and the CZF/LZF ratio as functions of
the occupation of horizontal planes of maximum relative density.
Contrary to expectations, the values of r- and the CZF/LZF ratio
were higher than in the dry filters: 85 £ 7% and 3.3 & 1.2, respec-
tively. As a result, A\c was 60 £ 9% lower than in the dry filters:
3.1-6.5 layers versus 4.5-13.4 layers. This indicated that the fines
hardly made it to both the lateral zone and the output of filters. Two
mechanisms were proposed to account for this observation. The
first one supposed that the fines accumulated in central zone
cavities heedless of the accessible lateral capillaries. The second
one presumed the existence of unstable equilibria for fines
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Fig. 7. Evolution of (a) retention rate, (b) straining length, and
(c) central/lateral zone fines; these were plotted against the occupation
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(e.g., type S beads lying on top of type M beads). Preliminary tests
conducted on hand-vibrated filters provided similar ro values
(i.e., 73 £ 1% versus 75 £ 2%), thus making the last hypothesis
unlikely. Hence, it is possible that viscous forces acted to lower
the kinetic energy of the fines. This would (1) limit their bounce
in the central zone capillaries and eventually their lateral dispersion,
and (2) favor the group effects, e.g., the clogging of the central zone
constrictions during the sedimentation of clusters of fines. The im-
portance of viscous forces and the existence of group effects was
manifest when increasing water velocity in the hydrodynamic
straining tests (from 0 to 4.25 x 10~ ms~!). The value of r¢
and the CZF/LZF ratio decreased from 75 +2% to 48 +2%
and from 6.0 £ 0.9 to 2.5 £ 0.5, respectively (Table 1). Concomi-
tantly, A\ increased from 5.7 +0.3 layers to 7.4 + 0.7 layers.
Accordingly, the flow of water guided a notable fraction of fines
throughout the filters’ pore network. This limited the occupation
of the horizontal planes of maximum relative density [at 1.10 x
1073 ms~! and AA/Ay = 15%, C was 5-10% higher than in hy-
drostatic straining tests, Fig. 4(b)] and augmented the transfer of
central zone fines towards the lateral zones of filters.

The ro and CZF/LZF ratio decreases primarily occurred at
low Darcy velocities (<1.10 x 1073 ms™' and —14.54+0.8%
and —2.8 £0.5 per 107> ms™!, respectively) then stabilized at
higher velocities (between 2.27 x 10~ and 4.25 x 1073 ms™!
and —2.44+02% and >—0.1/10"3 ms™!, respectively). The



Table 1. Evolution of Filtration Characteristics as Depicted by r¢, CZF/LZF, A\, and Cg in Water-Saturated Filters as Functions of Darcy Velocity

Filtration test Hydrostatic Hydrodynamic Hydrodynamic Hydrodynamic
(Darcy velocity) (0 ms™) (1.101073 ms™") (2271073 ms™) (4251073 ms™)
Retention rate (r¢) (%) 75+2 58+2 53+1 48 +£2
CZF/LZF 6.0 +0.9 29+0.5 2.6+0.1 25+0.5
Straining length (A¢) (layers) 57+0.3 6.7+0.5 7.8+0.2 744+0.7
C(test)/Cy (hydrostatic) 1.00 1.04-1.07 1.05-1.10 1.08-1.13

Note: The values are provided as average *+ standard deviation (n = 3).

same pattern was observed for Ac: it markedly increased at
< 1.10 x 1073 ms~! (0.9 4 0.4 layers/10~3 ms™!) then stabilized
between 2.27 x 107> and 4.25x 107> ms~! (< 0.2 layers/
103 ms™!). This signifies that relatively low water velocities
sufficed to increase the dispersion of fines, thereby minimizing
the group effects and ultimately enhancing their passing through
the filters’ pore network. Inversely, even at the highest Darcy veloc-
ity (4.25 x 1073 ms™!), the - values were invariably higher than
in the dry filters (48 & 2% versus 25.0 £ 0.3%). The background
flow did not suffice to counterbalance the water-induced straining
effects. It is possible that by repeatedly channeling the fines though
the same pathways (i.e., the capillaries concentrating the stream-
lines), the water flow may have acted to locally clog the filters. This
was supported by the lower straining lengths in the water-saturated
filters: 7.4 + 0.7 layers versus 13.4 0.8 layers in the dry filters.
Actually, higher Darcy velocities may result in lower straining
rates, i.e., even lower than in dry filters. Further research is never-
theless needed to confirm this hypothesis.

The identified stages (see “Monitoring of Straining Mechanisms
in Dry Filters”) covered a higher magnitude of AA/A, values in the
straining tests conducted on saturated filters (hydrostatic) than on
dry filters (Figs. 6 and 7). They stretched toward higher AA/A,
values. Depending on straining stage, the occupation of horizontal
planes of maximum relative density was two to three times higher
for saturated filters [up to 8—12 times higher if assuming that the
fines were mostly retained in the 1-3 uppermost layers, Fig. 4(b)].
Accordingly, both the amplitude of central zone straining and the
amount of retentate needed in order to achieve clogging were
higher: >13,900 + 500 fines for the saturated filters versus
>3,800 + 140 fines for the dry filters. This apparent contradiction
suggests that the fines from central zone cavities were no longer
retained in the horizontal planes of maximum relative density:
AA/A, increased too fast. These would instead pile up, which kept
a large proportion of the central zone constrictions and therefore of
the adjoining unobstructed capillaries from further clogging. In de-
tail, the filling of the central zone cavities (0 < AA/Ay < 15%) was
associated to relatively high r- (between 76 2% and 82 +2%)
and Ao (between 4.2 £ 0.3 layers and 4.9 & 0.4 layers) values,
and increasing CZF/LZF ratios [0(CZF/LZF)/0(AA/Ay) = 20].
The fines were efficiently retained in the uppermost layers of
the central zone of filters. At AA/Ay = 15%, the CZF/LZF ratio
experienced marked increases [from 4.24+0.3 to 6.0£0.9,
O(CZF/LZF)/0(AA/A,) = 30, respectively], whereas r reached
its minimum value (down to 74 £ 1%). This corresponds to the
formation of the steeply dipping preferential pathways that has
already been stressed for dry filters (see “Monitoring of Straining
Mechanisms in Dry Filters”). In other words, once most of the
central zone cavities have been filled, the progress of fines within
the central zone capillaries likely followed the course of adjoining
preferential pathways [O(F¢)/0(AA/Ay) derivative increased
from 5,000 to 49 x 10> type S beads, while \- peaked at
6.5+ 0.2 layers: 9(A¢)/O(AA/Ay) = 32 layers]. Finally, at
15 < AA/Ay) < 65%, 65<AA/A)<100%, and >100%, the
straining mechanisms followed the sequence observed in dry

filters: clogging then filling of preferential pathways [r- markedly
increased: 9(r¢)/O(AA/Ay) = 30] and increased transfer of fines
toward the lateral zone (CZF/LZF ratio decreased from 4.3 4+ 0.7 to
3.0 £0.5) and surface cake formation (A, fell to close to zero
value), respectively. The ability of the saturated filters to transfer
the fines toward the lateral zone is consistently lower that of dry
filters: at AA/Ay > 100%, 34 + 6% versus 55 + 3% of fines that
reached the filter were driven into the lateral zone, respectively.

Data Synthesis and Perspectives

The distribution of fines within the formed granular filters showed
that straining was extensively driven by near-top fine—fine and/or
fine—filter interactions. As they plunged into the filters’ pore net-
work, the fines were radially dispersed and in part transferred to-
ward the lateral margins (mainly in the dry filters). The remaining
central fraction underwent an intense straining (mainly in water-
saturated filters). At depth (i.e., below the 1-3 uppermost layers),
the pace of straining for both the dry and saturated filters converged
and remained relatively unchanged. This pointed out the existence
of a stationary state depicted by lower straining dynamics, longer
straining lengths, and partial inflow of fines from the lateral
margins.

The monitoring of straining process evidenced the existence of
transient mechanisms that sequentially developed as a function of
the amount of fines that reached the filters (Fig. 8). The proposed
mechanisms were (1) the filling of accessible cavities that consti-
tute filters’ pore network, (2) the formation of steeply dipping pref-
erential pathways, (3) the clogging and partial filling of the
preferential pathways, and (4) the use of lateral unobstructed capil-
laries that augment with the formation of a surface cake. The oc-
currence and the development of such mechanisms likely depend
on the nature of the granular filter. Hence, the dimensions of filters
(the thickness and width) and the structure of their pore network as
well as the nature of ongoing mechanisms must be properly ap-
praised in order to accurately gauge the efficiency of straining.

The magnitude of the four identified stages and the amplitude of
the corresponding straining mechanisms also depended on the
presence or absence of water. In the hydrostatic experiments, pore
water acted as a moderator. The viscous forces likely lowered the
kinetic energy of fines and ultimately contributed to increase their
retention. Accordingly, whereas the straining process was likely
depicted by diffusionlike mechanisms in dry filters (lateral
dispersion of fines due to the random bounces in pores), sedimen-
tationlike mechanisms dominated in the water-saturated filters
(lower lateral dispersion and marked deposition in the cavities).
However, relatively low velocities for water sufficed to increase
the dispersion of fines and guide them throughout the filters’ pore
network.

Overall, the proposed mechanisms and straining stages fit the
experimental results and theoretical calculations. However, the ex-
act nature of microstructural fine—fine and fine—filter interactions
must be further probed by means of pores/constriction-scale
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measurements [e.g., using Synchrotron X-ray microtomography
techniques that provide three-dimensional (3D) representations
of solids down to the micrometer] and/or validated by 3D numerical
models (e.g., with discrete element method and multiscale lattice
Boltzmann simulations in which the trajectories of fines are indi-
vidually computed from their initial position and movement as well
as relevant physical equations and contact laws). Finally, the role of
several parameters like filter/fines grain size distribution and shape
and the physicochemical properties of the pore fluids must be also
carefully considered in order to advance the understanding of
straining mechanisms in granular filters.
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