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Abstract

This paper provides an estimate of the waste-activated sludge floc interior permeability on the basis of observing the motion of individue
floc moving vertically towards an impermeable flat plate. The fluid flow fields surrounding and inside the floc were modeled numerically,
from which the hydrodynamic drag force was calculated. The experimental data correlate with the numerical solutions regardless of tf
floc Reynolds number. Over the floc size range investigated in this paper, the permeability is noted to be approximately proportional to th
square of floc size, ranging from®2x 10~° to 9 x 10~8 m? for floc size ranging from 150 to 10 0g0m. The structure of waste-activated
sludge floc is proposed as a multi-fractal. Permeability measured in this work is thereby mainly attributed to the global structure level o
the flocs. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction down under shear, the floc interior permeability cannot be
accurately evaluated by the conventional column test (which
Floc size and density are two of the factors that most in- is made in a filled column with flow-through fluid).
fluence the performance of floc processes. A free-settling Inthe literature, empirical models are usually used to eval-
test has been widely employed to estimate these two factorsuate the floc permeability. For example, Matsumoto et al.
[1-8]. Based on the so-constructed floc size/density relation-[16] employed the Davies correlation for estimating floc
ship, a floc has been proposed as a highly porous fractal-likepermeability. Li and Ganczarczyk [6] compared the per-
aggregate made of many primary particles [4-6,9]. The ag- meabilities calculated from the Carman—Kozeny equation
gregates generated in water and wastewater treatment proand Davies correlation. Huang [7] employed the Brinkman
cesses would exhibit a fractal dimension ranging between model for permeability estimation. Six of the widely em-
1.4 and 2.8 [4]. Physical and chemical treatment may affect ployed permeability models are summarized in Lee et al.
the floc structure, and therefore the corresponding density[15], Brinkman, Carman—Kozeny, Happel (sphere), Happel
and the fractal dimension [10,11]. (fibrous), Davies and Iberall, which are all of the same form:
Fig. 1 illustrates a microscopic photograph of a waste- k = f(¢) x d3, wherek is the permeability of flocs is the
activated sludge floc approximately pfn in size. InFig. 1a,  floc porosity, andlp, the diameter of primary particles that
the appearance of the floc is loosely structured and highly constitute the floc. As addressed in Lee et al. [15], these two
irregular in shape. In Fig. 1b, the same floc is ink-stained, quantities are not available for a real sludge process and are
with the white portion representing the water-proof regime. usually taken as fitting parameters. Rogak and Flagan [17]
Comparing Fig. 1a,b reveals that a great portion of the floc's also proposed an expression for permeability based on the
interior is void, which allows easy moisture permeation [12]. fractal nature of a floc. Chellam and Wiesner [18] examined
The knowledge regarding the hydrodynamic drag force Rogak and Flagan's model, and noted that an additional fac-
exerted on a floc is necessary for predicting its motion. The tor, the fractal dimension, markedly affects the permeability.
drag force exerted on a floc depends on several unknowns JFor a specific floc, thk values calculated based on different
e.g. drag coefficient [7], primary particle size [10], and the models can vary by two to three orders of magnitude.
correction factor for advection flow [13,14]. Lee et al. [15] Wu et al. [19] adopted a hydrodynamic approach to es-
provided a discussion of this issue. To evaluate the correc-timate the floc interior's permeability. The underlying idea
tion factor, the floc permeabilitig must be known a priori.  is simple: a porous floc subjected to a (mild) change in
However, since the floc is very fragile and tends to break hydrodynamic environment should behave differently to a
nonporous object of the same size and overall weight. By
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(b)

Fig. 1. Microscopic photographs of activated sludge floc ¢&p@a) Top,

appearance of floc; (b) bottom, ink-stained photograph.

illustrates the basic idea with a floc moving toward a flat

plate as an illustrative example.

2. Sphere moving toward a flat plate

We herein consider objects of spherical shape only.

A nonporous sphere of diametdrmoving very slowly

at a velocityV; through an infinite medium of viscosity

would experience a hydrodynamic resistanc&ofStokes’
law, =37 duV;). When the sphere is moving toward an

impermeable flat plate, the hydrodynamic dr&g)(would

increase(Fp > Fs) [20]. Fp increases beyond bound as the

gap between the floc and plate tends to zero.

For a porous sphere, its drag force to move in an infi-
nite medium ¢ s) would be less than that for a nonporous
sphere Es). The ratioFs ¢/Fs is the correction factof2. For
a highly porous sphere moving very slowly in a quiescent
medium, Neale et al. [21] derived the analytical expression

for correction factor2 based on the Brinkman model:

_ 2p%[1—tanh (B)/B]
~ 224+ 3[1—tank (B)/B]

@)

and 8 = d/2vk. Matsumoto and Suganuma [22] experi-
mentally verified Eq. (1).

When a porous sphere is moving towards an impermeable
flat plate instead, the fluid in the gap can flow through the
sphere’s interior. The creeping flow fie{like <« 1) and the
associated drag forc&{p) have been given analytically by
Payatakes and Dassios [23], and corrected by Burganos et
al. [24], in which Darcy’s law was assumed for the floc
interior fluid field. They noted that the correction facter
approaches its corresponding plateau valgd)(under a
free-settling condition as the gap between the object and the
flat plate @/d) becomes large (>10). As the gap decreases,
the factorQ2 increases. However, it does not go to infinity as
the gap tends to zero, but remains finite. This is the reason
why particle clusters are easier to trap by a collector than
are dense particles [25]. At the extreme condition of zero
B, the drag force would not increase at all when the sphere
gradually touches the plate (‘no floc’ limit).

Consider a sphere that is released from the far top end
and moving freely towards (downwards) a bottom flat plate.
If the floc Reynolds number is not very large100), the
transient effect can be safely neglected and the process can
be assumed pseudo-steady state. Under such a circumstance,
the sum of gravity force, buoyancy force and the drag force is
zero, i.e. at any instant along the floc's travel, the following
equality holds:

Fgravity - Fbuoyancy: Fdrag = QFs (2)

The gravity and the buoyancy forces are kept unchanged
for a given sphere. As a result, the prodazts would be
constant along the sphere’s travel towards the plate. Since
Q increases with decreasing gap, the sphere has to decrease
down its speed to reduce the correspondigéa function of

Vi). When the sphere is far away from the plate, the terminal
velocity is Vg. The corresponding drag force $%Fsg As

the floc is closer to the plate where the moving speed has
reduced toV, the drag force becomelFs. Consequently,

after consulting Eq. (2), we have:
|4 Qo

T 3)
EstimatingV along its travel towards the flat plate can give

a measure of the rati®q/Q2 on the basis of Eq. (3). The
floc permeability can be estimated by comparing thg2
versush/d relationship if it were available.

The solutions of Payatakes and Dassios [23], and
Burganos et al. [24] are strictly valid for a slowly moving
sphere with an interior porosity less than, say, 0.5 (with
which the Darcy law can be applied) [26]. However, in many
applications involving sludge flocs, the Reynolds number is
not always much less than unity. In contrast, as Lee et al.
[15] reveal, in treating waste-activated sludge flocs of a di-
ameter greater than, say, 5, the floc’'s Reynolds hum-
ber can be several tens. This value can be even greater when
considering other sludge flocs, such as polymer flocculated
clay sludge flocs. Furthermore, the floc interior is found
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highly porous via mass balance calculations of a porosity
up to 99% [15], which is much beyond the applicable range
of Darcy law. In the next section, the numerical scheme to
obtain theQo/2 versush/d relationship is described.

3. Numerical solutions

Fig. 2 depicts schematically the flow process [19]. We
herein assume the sphere to have an interior permeability
of k (m?). The governing equation for the fluid velocity
up (m/s) within the porous sphere, taking into account the
viscous effect, is the so-called combined Darcy—Brinkman
law, stated as:

%*p + Vp = uVaip, 4)

For the surrounding Newtonian fluid field, the governing
equations are the steady-state Navier—Stokes equations,
which can be stated as follows:
piis - V)iig + Vp = nV2ii %)
whereu; (m/s) is the fluid velocity. Notably, the incorpora-
tion of the inertial term in Eq. (5) leads to nonlinear differ-
ential equations that require numerical solution. Wu and Lee
[27] have discussed the domain to solution and the boundary
conditions.

The general-purpose computational fluid dynamics
programripap 7.5 (FDI Inc., USA) solved the governing
equations (Egs. (4) and (5)), together with the associated
boundary conditions. Theimar software employs a fi-
nite element method with bilinear, four-node quadrilateral
elements. The maximum relative error was set at®10
Comparisons with the analytical solution reveal that the nu-
merical determined hydrodynamic drag force subsequently
evaluated contains a maximum relative error less than 5%.

The calculated streamlines and velocity fields at different
h/d ratios are available in Wu and Lee [27]. Fig. 3 sum-
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Fig. 3. Q versush/d plot. (a) Re= 0.1; (b) Re= 40.

Newtonian fluid,
viscosity u, density p
d p(uf0\7 VP =V,

porous sphere, permeability
velocity V'

plate,
=0

Fig. 2. Schematics of the physical system in computation.

marizes the calculate@ versush/d relationship at various

B values andRe=0.1 or 40. First note that a8 exceeds
approximately 50 values coincide with that of a non-
porous sphere, denoting that the porous sphere can be taken
as a nonporous sphere herein. At redugedalues «20),

the corresponding2 deviates markedly from unity. That
is, the drag force of a highly porous sphere can be much
less than that for a nonporous sphere. At redulael]

for g>50 markedly increases. The drag force on nhonporous
sphere increases rapidly when approaching the platg As
is rather low, the drag force can be little influenced by the
existence of the plate. Define the dgalpl at which the drag
force starts to be influenced by the impermeable plate as the
critical gap 6/d).. We note that theh{d); decreases with
decreasings. These findings are consistent with Payatakes
and Dassios [23].
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Fig. 3b depicts the case &e = 40, whose basic char- Television
acteristics are similar to those &e = 0.1. However, the
corresponding2 values are less than those depicted in @
Fig. 3a, indicating a relatively less significance of the exis-
tence of the plate. Second, at evaluated Reynolds number,
the (vd). also decreases. Third, at the sagealue, theQ —
reveals earlier level off as the Reynolds number increases. X;:I‘;’Z’::”rd” —
These are the results of incorporation of an inertial effect —
that should be put into consideration when the sphere’s | — Screen Plate
motion has surpassed the creeping flow limit. —
Fig. 3a,b thereby provide information regarding the ratio NS
Q0/Q2 versush/d relationship. CCD Camera Orifice
Settling Floc
; — -1 ]
4. Experimental .
000 Q@V
The waste-activated sludge sample was taken from the <:> Flate

wastewater treatment plant in Neili Bread Plant, Presiden-
tial Enterprise Co., Taoyuan, Taiwan, and was tested within
2 h of sampling. The chemical oxygen demand (COD),
suspended solids (SS) and turbidity data were for the super-
natant drawn from the sludge, determined using Environme-
ntal Protection Administration (EPA) Taiwan standard meth-
ods. The results read 5.6 mg/l (COD), 7.1 mg/I (SS) and 1.39
NTU (turbidity). The weight percentage of the sludge sam-
ple was 0.7% (w/w). True solid density data for sludges were
measured by Accupyc Pycnometer 1330 (Micrometritics) as
all approximately of 1450 kg/f The floc size ranged from
150 to 10 00Qum, giving a Reynolds number of 0.03—-80.  parallel with and normal to the moving direction. The result
A glass cylinder (6 cm diameter and 50 cm height), sec- is 634 um. The corresponding Reynolds number is thereby
tioned on a side with an attaching plane view glass, was estimated as 0.73, slightly beyond the creeping-flow regime.
used for floc-settling test. A JVC camera equipped with a In Fig. 5a, where the floc is 1.47 mnh)(away from
close-up lens was used to record the floc motion. A flat plate the flat plate, the local moving velocity) is 1.159 mm/s,
was installed in the centerline of the settling column. A floc closely corresponds to the terminal velocity measured in an
is released carefully from the top of the column. If the floc infinitely large medium. In Fig. 5b, after 0.95 s, the dis-
does not move along the central line, it would be screenedtance among the floc and the plate becomes 0.50 mm, and
out, while only those proceeding along the centerline can the floc velocity is reduced to 0.833 mm/s, signaling the
pass. The floc diameters normal to and parallel to the verti- incorporation of plate effects. In Fig. 5c, the floc becomes
cal direction were measured. The distance between the floccloser to the plate while the moving speed has been further
center and flat plate was recorded by analyzing the image.reduced. Following the movement of the floc, one obtains
From the distance versus time data, the floc moving speedthe V/V, versush/d relationship. With the help of Eq. (3),
can be found by numerical differentiation and data smooth- Fig. 6a,b depicts som&y/Q2 versush/d data sets based
ing. Fig. 4 depicts schematically the experimental apparatus.on their Reynolds number. The solid symbols denote the
flocs atRe < 0.1; while the open symbols, &e> 1. The
numerical solutions in Fig. 3a,b are also depicted in Fig. 6

Fig. 4. Schematics of experimental apparatus.

5. Experimental results for comparison. (Note: the data represented in Fig. 6a,b are
the same for the purpose of easy comparison. In addition,
5.1. Typical response since the flocs are very close to the plate are hard to mea-

sure accurately, these data are disregarded in the figures.)
Fig. 5 illustrates the microphotographs of a floc moving Wu et al. [27] estimated the floc permeability according to
toward a flat plate (located at the bottom of Fig. 5). Its ter- the analytical solution by Payatakes and Dassios [23], and
minal velocity in an infinitely large pooMp) was measured  Burganos et al. [24]. However, the analytical solution cannot
as 1.16 mm/s. The floc is apparently not in a perfectly spher- be applied to a highly porous object. Furthermore, Wu et al.
ical shape. To incorporate the shape effect, the concept ofnoted that the analytical solution fails to describe the flocs at
equivalent diameter was adopted, which is defined as thea not-too-low Reynolds number. However, in Fig. 6a,b, the
geometric mean of the two principal diameters that measuredfitting between numerical predictions and the experimental



Q)/Q

(a)

Q/Q

(b)

(c)&=1.74 sec.

R.M. Wu et al./Chemical Engineering Journal 80 (2000) 37—42 41

S A LI — T T T
i © . i
1.0 . o
[ %.oooo.. o —— ]
0.8 — N
i -
: o o, . :
- e @%z?/voo' ﬁ=d/k0'5 ]
0.6 ° 3 o B _pmsrr B
peie Lt infinite i
@3
@0 e 15.8 i
O s :
.
04T — 158 -
2 4
® -
* -~
0.2 ]
s -
i -
o_ovr L [ T L
0 1 2 3 4
hid
t I | 7 T T =
lo -
Eo .. :
TR g
o o0 B
06 lee 63% ° infinite
Q% L 15 8 _
® 00 . 1
X — 5 1
04 % — - 1.58 —
0© ]
- ]
.
0.2 B
0.0 L L | L L ]
0 1 2 3 4

hid

Fig. 6. Qo/Q2 versush/d plot. Solid symbols, flocs aRe < 0.1; open
symbols, flocs aRe> 1; Curves in (a)Re= 0.1; curves in (b)Re= 5.

(b) =095 sec.
d=634pum
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Fig. 5. Floc moving toward a platdy, the distance between the floc and the plate.

data can be generally reached. The present numerical solu-
tions thereby more properly interpret the experimental
results.

By data fitting, the floc permeability can be estimated.
The estimateg values read 1.58-5 for the waste-activated
sludge flocs. A weak dependence on floc size is noted. Li
and Ganczarczyk [6] defined a critic&lvalue of 10.9, be-
low which the floc can be viewed as a permeable floc. As
a result, the present sludges exhibit permeable flocs. From
the 8 values and the corresponding floc diameters, the per-
meability data read.8 x 1079 to 9 x 10~®m? for floc size
ranging from 150 to 10 00.m.

6. Floc structure and permeability

According to the present work, the response of activated
sludge flocs that move at low to medium speed correlates
with numerical results reported in the preceding sections.
A nearly constang value was noted for this sludge over a
range of floc sizes. Flocs formed from fine aggregates are
generally found to exhibit fractal-like characteristics [28].
Gmachowski [29,30] proposed a model for estimating the
B parameter by assuming that (a) all flocs in a sludge are
fractals exhibiting a unique dimension, and (b) the hydro-
dynamic drag experienced by a moving floc is attributed
mainly to the fluid flow in large pores. The former assump-
tion is possibly valid for some artificial aggregates formed
under well-controlled environments, such as those made
of polystyrene-latex or gold [31]. Related investigations,
however, have confirmed that the flocs generated in natural
systems have a multi-level structure [32,33]. The activated
sludge floc formation model of Gorczyca and Ganczarczyk
[34] consists of the following steps: (1) primary particles
form compact flocculi, which are of less porosity and are
resistant to shearing; (2) flocculi group together to form mi-
croflocs (about 1Qum in size), whose porosity is higher than
flocculi; and (3) microflocs form weak and highly porous
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flocs (about 10Qwm in size). Flocculi, microflocs and flocs  hydrodynamic drag was estimated. The experimental data
exhibit different structures, and perhaps different fractal di- correlate with the numerical solutions regardless of the floc
mensions as well. The simplest picture for a floc can thereby Reynolds number. Floc permeability was then estimated
be viewed as a fractal of fractals (but of different dimen- by data fitting. The estimated values read 1.6-5, indi-
sions), i.e. a multi-fractal [35]. The structure of flocculi and cating that the present flocs exhibit a permeable interior.
that of microflocs can be regarded as an internal structure,The structure of waste-activated sludge floc is proposed
while that of the entire floc as a global structure. To justify as a multi-fractal. Permeability measured herein is thereby
which level of structure affects the permeability is of both mainly attributed to the global structure level of the flocs.
academic and practical interest.
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