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% Short communication

Estimation of Floc Permeability and Porosity

R.M. Wu'! and D. J. Lee™

Chemical Engincering Department, National Taiwan University
Taipei, Tajwan 106, R.O.C.

Pinjing He™
State Key Laboratory of Pollution Control and Resource Reuse, Tongji University
Shanghai 200092, China

Abstract—This paper briefly reviewed the progress made recently to the estimation of
hydrodynamic permeability of sludge flocs, which is essential for determining the extent of
advection flow through the flec interior. The large pores mainly contribute the hydrodynamic
permeability of sludge floc through which the fluid could readily flow. Permeability models
that assume a homogeneous floc interior normally yield marked uncertainties in model outputs.
Wu et al. (1998) proposed a hydrodynamic approach for estimating the hydrodynamic
permeability that considers the response of the sludge floc when moves toward a flat plate. The
floc permeability for waste activated sludge was noted higher than the cupric hydroxide sludge,
while the polyelectrolyte flocculation and fluid shear could reduce the permeability. The
bubble-tracking technique describes the fluid flow field around and through the floc interior.
The existence of advection flow is noted unexceptional. The misuse of permeability model has
been demonstrated with a case study leading to the floc porosity based on free-settling test.
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INTRODUCTION

The knowledge about the hydrodynamic drag
force exerted on the floc is necessary for predicting
its motion, The drag force exerted on a floc requires
the information about several unknowns, e.g., drag
coefficient (Huang, 1993), primary particle density
(Lee, 1994), and the correction factor for advection
flow (Li and Ganczarczyk, 1988). A detailed discus-
sion about the present status of the knowledge on
these terms is available in Lee et al. (1996). The hy-
drodynamic force exerting on a floc of diameter d,
{m) moving at a steady velocity of ¥V (m/s) is

T 1 2
F, = [; d; J{Epif ]QCD : e

where Cp and p are the drag coefficient (-), fluid
density (kg/m®), respectively. Meanwhile, the correc-
tion factor @ (-) takes account of the advection flow
through the floc’s interior, which is unity for imper-
meable floc, and less than unity for a porous floc.
The hydrodynamic permeability of a hypothetical
“point” in a porous medium, k& (m?), could be defined
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where V., (m/s) is the relative velocity of liquid and
the solid phases, p (Pa), the local pressure, and
(Pa-s), the liquid phase viscosity (which is not neces-
sarily identical to the bulk solution). Hence, the per-
meability controls the extent of the advection flow.
Restated, with a low permeability, the floc interior
could be regarded impermeable and the effects of
advection could be safely neglected. On the other
hand, an object with a high permeability would ex-
perience a strong advection flow through its interior
while the correction factor is far less than unity.

To evaluate the correction factor, the floc per-
meability £ is required to be known a priori. How-
ever, since the floc is very fragile and tends to break
down under shear, the floc interior permeability can-
not be accurately evaluated by the conventional col-
umn test (Note: a column test is widely employed in
determining soil permeability, which is made in a
filled column with flow-through fluid.). Indirect me-
thods are required to estimate the floc permeability.
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PERMEABILITY MODELS

In literature, empirical models usually evaluate
the floc permeability. Matsumoto et al. (1978) em-
ployed Davies correlation for estimating the floc
permeability. Li and Ganczarczyk (1992) compared
the permeabilities calculated from Carman-Kozeny
equation and Davies correlation. Huang (1993) em-
ployed Brinkman model on permeability estimation.
Lee et al. (1996) summarized the six among the other
widely employed permeability models: Brinkman,
Carman-Kozeny, Happel (sphere), Happel (fibrous),
Davies and Iberall, which are all of the same form:
k= f(&)x df, , where & (-) is the floc porosity, and d,
(m), the diameter of primary particles that constitute
the floc. As addressed in Lee et al. (1996), however,
these two quantities are not available for a real
sludge process and are usually taken as filting pa-
rameters. Rogak and Flagan (1990) also proposed an
expression for permeability based on the fractal na-
ture of floc. Chellam and Wiesner (1993) examined
theoretically the fluid collection efficiency in relation
to the fractal dimension and noted an enhanced ad-
vection flow when the fractal dimension is less than
two. Veerapaneni and Wiesner (1996) proposed a ra-
dially varying permeability model to describe the
advection flow. The significance of the advection
through the floc interior affects the flocculation effi-
ciencies (Li and Logan, 1997a, 1997b).

Sludge flocs are recognized as a fractal-like ob-
ject in which pores of all sizes (less than that of the
floc size and greater than that of the primary parti-
cles) exist (Li and Ganczarczyk, 1987, 1989, 1990,
1992; Huang, 1993; Lee, 1994). However, moisture
tends to flow through the path of the least resistance.
Restated, water would unlikely flow into the tiny
pores in the microflocs but rather through the large
pores among the microflocs. This cbservation sug-
gests a highly heterogeneous nature of the floc inte-
rior. Permeability herein measured thereby is mainly
attributed to the structures of the large pores (Lee,
1996). However, in literature most permeability

models assume a homogeneous floc interior structure.

For a specific floc, the & values calculated based on
various permeability models can vary by two to three
orders of magnitudes. Caution must be paid, there-
fore, to any conclusion drawn from the floc perme
ability information obtained from permeability mod-
els.

FLOC MOVING TOWARD A PLATE

Wu et al. (1998) presented a trial to experimen-
tally estimate the floc interior’s permeability. The
underlying concept is simple: the response for a po-
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Fig. 1. Floc approaching toward a flat plate,

rous floc when moving towards an impermeable
plate should differ from that for a nonporous object.
Comparing their responses allows us to obtain in-
formation regarding the floc interior permeability.
For instance, when a floc is released from the distant
top end and moves freely towards {(downwards) a
bottom flat plate under the action of gravity, if only
the floc Reynolds number is not sufficiently large
(<50, say), the transient effect could be safely ne-
glected and the process assumed to be in a pseudo-
steady state. Under such a circumstance, the sum of
gravity force, buoyancy force and the drag force van-
ishes. Restated, at any instant along the travel of floc,
whose diameter is d; and moving speed is ¥,
then Fypi — Fouoyancy = Farae = @F, where F; is de-
fined in Eq. (1). The gravity and buoyancy forces
remain unchanged for a given floc, consequently, the
product QF, is constant along the floc’s travel to-
wards the plate. To keep a constant preduct of £2F,
when the floc approaches the plate, the floc must de-
celerate to reduce the corresponding F,. Meanwhile,
the correlation between the corresponding drag force
and the change in moving velocity could be obtained
either using theoretical estimate (Payatakes and Das-
sios, 1987) or by numerical calculations (Wu and
Lee, 1998a, 1998b) as a function of floc permeability.
Hence, by comparing the measured floc velocity
with the distance to the wall, the floc permeability
could be estimated. Figure 1 demonstrates the se-
quential photos for a floc moving toward a flat plate.

Following Wu et al.’s proposal, the floc perme-
ability for a waste activated sludge was estimated
ranging 2.5%10°-9x10°% m* over a size range of 150-
10,000 wm in floc diameter (Wu et al., 2000a).
Meanwhile, the cationic polyelectrolyte flocculation
would reduce floc permeability to 3x107°-7x10" m?
over a size 560-2,710 um (Wu et al., 2000b), indicat-
ing a more compact interior for flocculated flocs.
The permeability for cupric hydroxide flocs is lower
than the activated sludge flocs. After shearing the
permeability would be further reduced, probably ow-
ing to the breakage and reconstruction of floc interior
structure during shearing (Wu et al., 2001}.
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Fig. 2. Interactions between the falling floc and the
rising hydrogen bubbles. The arrow indicates the
bubbles just beneath the floc and will penetrate
into the floc interior.

BUBBLE-TRACKING TECHNIQUE

Although Wu et al.’s proposal seems promising
to estimate the floc interior permeability without the
deterioration of the fragile structure during settling, it
is an indirect estimate based on the response of mov-
ing floc subjected to hydrodynamic environment
changes. Direct observation on the fluid flow field
around and through the floc interior could directly
estimate the extent of the advection flow. When a
porous floc moving in a liquid pool, ahead of the
moving there is a fluid tube of diameter @ (m) within
which the fluid will flow through the interior of the
floc, while outside this tube the fluid will flow
around the floc. Clearly, for an impermeable sphere
wfd; =0, that is, no fluid could flow through the
sphere’s interior. At another extreme with “no floc”,
or a floc with infinitely large permeability,
w/d; —1.0, that is, the approaching fluid could
flow through the sphere interior without any interfer-
ence. The collection efficiency, 7 (-), was defined as
(w/d f)2 . For a porous floc of permeability k, #
would range between 0 and 1, depending on the
ecasiness of fluid flowing through the sphere interior.

Tsou et al. (2002a, 2002b) employed the bub-
ble-tracking technique for measuring the collection
efficiency of a moving floc. Hydrogen bubble chains
were generated and allowed to rise from the chamber
bottom and meet with the falling floc in the mid-way
of the chamber. Since the bubble size is generally
much smaller than the flocs under investigation, the
streamlines around the floc, whence the collection
efficiency, could be accordingly estimated.

Figure 2 reveals the falling floc and a few rising
bubbles from the first bubble chain. The bubbles in-
dicated by the arrow locate just beneath the floc. It is
apparent that the floc interior is loosely packed and,
in observation, some rising bubbles could penetrate

into the floc interior and be captured there. Hence, a
strong advection flow exists when sludge floc settles.
These authors estimated that the Qermeability for
original sludge flocs is 0.52-5.4x10° m?; flocculated
flocs, 0.88-10x10* m?% and freeze/thawed sludge
flocs, 4.8x10™ m’. The permeability for sludge flocs
correlates that found in hydrodynamic response test
proposed by Wu et al. (1998).

Based on the bubble-tracking tests, the advec-
tion flow through the floc interior is found unexcep-
tionable in all tests. The extent of advection flow is
controlled by the structure of the floc interior, which
determines its settling velocity, the rate of collisions
with small particles, and the retained moisture in the
interior {Thomas et al., 1999). The information of
floc permeability is essential to the capability for
predicting floc process performance, which is still far
from satisfaction to date. However, the misuse of the
permeability correlation in application may lead to
erroneous conclusion. In the next section we demon-
strate such an example.

INSTRISIC AND APPARENT POROSITIES

A common practice for estimating floc porosity
is to observe a floc of diameter d, falling freely in a
pool of liquid. The settling velocity and the floc di-
ameter (by various kinds of definition, see Adachi
and Tanaka (1997)) are recorded, afterward, the
force balance between the drag force (Eq. (1)) and
the buoyant weight of floc leads to the following ex-
pression:

3)

where p, is the floc density (kg/m®). The density
difference, or the effective floc density, relates to the
floc porosity with the mass balance expression:
1—e=21"%, @)
Pm— £
where p, is the solid density (kg/m’). Take d ;=634
um, F=1.15 mm/s, Q=1 (no advection flow, as
commonly assumed), Cp=34/Re (a commonly
adopted expression proposed by Tambo and Wata-
nabe (1979)), and p and p,, as 1000 and 1500 kg/m’,
respectively. Then ¢ is calculated as 0.985, a very
porous floc interior. This value, in most cases, seetns
unreasonably high since the visual observation nor-
mally suggests a not-so-loose structure (Zartarian et
al., 1997).

We demonstrate herein that the unreasonable
high porosity (denoted as apparent porosity herein) is
attributed to the inappropriate use of the permeability
models. Consider a highly heterogeneously struc-
tured floc, moving at velocity V., as a cube of size




278 J. Chin, Inst. Chem. Engrs., Vol. 34, No. 2, 2003

d, that consists of N (-) parallel capillary tubes of
diameter J (m) and length L (m). The intrinsic poros-
ity of this floc (&) is Ndz;df (<1). (Note: These
capillary tubes represent only the big pores that al-
low easy advection flow, and exclude the contribu-
tions of the small pores that the bulk fluid could
hardly flow through.) The fluid velocity distribution
within a capillary tube could be stated as a function
of radius (7} follows:

2
y =2V,,,[1—[%] ] ®)

where V,=F/g. The pressure drop across the tube
length (and across the floc length as well) could be
stated as follows:

AP = — deL = ._(_ g?ij AL
d” dr J g d
4
32uVL
=— , 6
s ©)

where 7 (Pa) is the wall shear stress, 4 the liquid vis-
cosity (Pa-s), Using the definition of Eq. (2) the
(global) permeability & of the floc could be stated as
follows:

_ad’_sd) ™
32 32N

The permeability in Eq. (7) is estimated for a floc
containing big pores through which the advection
flow occurs. Restated, the floc interior is highly het-
erogeneous while the fluid flow is mainly confined
within only part of the body. On the other hand, most
of the commonly adopted permeability models, like
the Carman-Kozeny model, assume a homogeneous
floc interior. Restated, the fluid has an equal chance
to flow through all parts of the floc interior while the
friction between the primary particles (diameter d,)
and the flowing fluid controls the extent of the ad-
vection flow.

The Carman-Kozeny model for hydrodynamic
permeability could be stated as follows:

3 2
k=t ®)
(1-&) 180

If one estimates the permeability of a sludge floc as-
suming a model with homogeneous interior, as
commonly done in literature, hence, the apparent po-
rosity could be estimated as follows:

& —agt(1-£) =0, (9)

where a= 45a’} /8Ndﬁ (-), a parameter characteriz-
ing the floc pores. Apparently, £ is not necessarily
identical to g.

Figure 3 demonstrates the & versus gplots us-
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Fig. 3. The intrinsic porosity (y-axis) versus apparent
porosity (x-axis) plot. The numeric values in this
plot are for a parameter.

ing @ as a parameter. As Fig. 3 reveals, £is a weak
function of &, but is dependent of the parameter a.
For instance, when the intrinsic porosity (&) changes
from 0.4 to 0.99, the corresponding apparent porosity
only mildly increases from 0.76 to 0.88 for @ =50, or
0.90 to 0.95 for a =500. For a sufficiently large a the
derived & value would all be close to unity regardless
of the g value. It is thereby not surprised to note very
high floc porosity based on settling technique and
some permeability model. The example calculation
proposed above yields an apparent porosity of 0.985.
This observation suggests that the floc’s a parameter
should be large, meanwhile, there is no information
on what the exact & is based on this settling test.
Again, the hydrodynamic permeability of the sludge
floc has to be a priori obtained before the accurate
floc porosity could be thereby estimated.

CONCLUSION

Sludge flocs comprise pores of all sizes in their
interior. Water tends to flow through the path of the
large pores, which contribute the most of the hydro-
dynamic permeability under investigation. Perme-
ability models normally assume a prescribed internal
structure, uniform or fractal-like, based on which
significant uncertainty exists among the model out-
puts. This paper briefly reviewed the progress made
recently to the estimation of hydrodynamic perme-
ability of sludge flocs. Wu et al. (1998) proposed the
first trial on the hydrodynamic response of the sludge
floc moving toward a flat piate. Using this technique
the permeabilities of the waste activated sludge
(original and flocculated) and the cupric hydroxide
sludge (original and fluid sheared) were estimated.
The bubble-tracking technique was employed for de-
scribing the fluid flow field around and through the
floc interior. A strong advection flow is noted for
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flocs in all tests, which markedly influences the floc
characteristics like settling, collision rate, and
strength, Meanwhile, owing to the heterogeneous na-
ture of the floc structure, permeability correlation
could be misused. We demonstrated using a simple
model calculation why the literature often reported
unreasonably high floc porosity with free-settling
test.

NOMENCLATURE

)

parameter in Eq.(9)
drag coefficient
diameter of parallel capillary tube, m
diameter of floc, m
diameter of primary particles, m
hydrodynamic force exerting on a floc,
N/m*
hydrodynamic permeability in a porous
medium, m
length of parallel capillary tube, m
number of parallel capillary tube
local pressure, Pa
Reynolds number
radius, m
liquid velocity in capillary tubes, m/s
steady velocity of a floc, m/s
fluid velocity distribution, m/s

y relative velocity of liquid and solid
phase, m/s

VRN

;g*qz"!mx't‘.ztﬂ e

T

Greek symbols

apparent floc porosity
intrinsic floc porosity
collection efficiency

liquid phase viscosity, Pa-s
fluid density, kg/m’

fluid density, kg/m>

solid density, ke/m’

wall shear stress, Pa
diameter of fluid tube, m
correction factor
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