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Abstract

The force acting on a porous spheroidal floc having a nonhomogeneous structure in a uniform flow field is evaluated theoretically. Here,
the floc is simulated by an entity having a two-layer type of structure, and its porous nature is mimicked by varying the relative magnitudes of
the permeabilities of its inner and outer layers. The results of numerical simulation reveal that, for the same volume-averaged permeability,
the drag coefficient of a spheroidal floc with a nonhomogeneous structure is much larger than that of a floc with a homogeneous structure
for both prolate and oblate spheroids. This is true regardless of the relative magnitudes of the permeability of the inner layer and that of
the outer layer. While the drag coefficient of a homogeneous prolate is the same as that of a homogeneous oblate the drag coefficient of ¢
nonhomogeneous prolate is larger than that of a nonhomogeneous oblate. For the same volume-averaged size, the more nonhomogeneous |
structure of a spheroidal floc the easier for the relation between the drag coefficient and the Reynolds number to deviate from a Stokes-law-
like relation. For a fixed volume-averaged permeability, the effective drag coefficient increases with the increase in the ratio (polar radius of
inner layer/polar radius of floc), regardless of whether its inner layer is less permeable than its outer layer or not.
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1. Introduction spherical floc is placed in both a uniform and a simple shear
flow field. Applying Darcy’s law for permeability, Payatakes

The evaluation of the hydrodynamic drag force on the and .Dassios [4] investiggted a permegble spherical floc
floc formed in a wastewater treatment process exerted by theoVing at a constant velocity toward a solid wall; a Beavers—
surrounding fluid is an important problem. Unfortunately, Joseph-Saffman slip condition was assumed on the floc
due to the fact that a floc usually has an irregular shape surface. Neale et al. [5] analy;ed the movement of a swarm
and a highly porous and complicated, essentially random ©f Permeable flocs by adopting a cell model. In a study
structure, the problem under consideration is nontrivial, Of the sedimentation of a porous, spherical floc under the
in general. Li and Ganczarczyk [1], for example, found condm.on of creeping flow, Smlth [6] agsumed that a floc
that activated sludge floc contains solid particles and a COMPrises several porous spherical particles, each wrapped
randomly distributed mixture of colloids, organic polymers, PY @ fluid envelope. Veerapaneni and Wiesner [7] proposed a
and microorganisms, which implies that it has a highly mult|layer'model yvhere afloc is dl\.ll'ded into several .shells,
porous and nonuniform structure. Many researchers have®ach havmg' a different permeability. 'Hsu and Hsieh [8]
studied the behavior of a floc in a flow field. Lee et al. [2] proposed using a two-layer model to .S|mulate' the beha.wor
investigated the permeability of spherical flocs containing of a nonhomogeneous, porous, spherical floc in a flow field
either spherical or fibrous primary particles. On the basis for Reynolds number ranging from 0.1 to 40.

of Darcy and Brinkman's law for permeability, Adler [3] The effect of the shape of a particle on its behavior in a
evaluated the streamlines for the case where, a permeabl creeping flow field was also discussed by many researchers.
eBrenner [9], for instance, analyzed the Stokes hydrodynamic

resistance of a nonspherical particle immersed in an infinite
* Corresponding author. medium under creeping flow. Blaser [10] evaluated the
E-mail address: jphsu@ccms.ntu.edu.tw (J.-P. Hsu). forces acting on the surface of a rigid, ellipsoidal particle
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immersed in various flow fields, e.g., constant, simple shear, > RO AT > >
two-dimensional straining, and axisymmetric straining flow

in the creeping flow region. Zlatanovski [11] investigated

axisymmetric creeping flow past a porous prolate spheroidal P

L

| 5

particle. In all of these studies, the convection term in the

Navier—Stokes equation was neglected, and an analytical [

solution was obtained. L
In experimental research, Matsumoto and Suganuma [12] L,

used a steel wool floc to investigate the effect of the per-

meability of a porous entity on its terminal velocity. Li and ">

—

Ganczarczyk [13] examined experimentally the advection ~
phenomenon within an activated sludge floc, which com-
prised a permeable outer layer and an impermeable core.
They showed that while small flocs are impermeable, flocs rig. 1. systematic representation of the problem considered. A floc of
with size from 100 to 500 um are permeable, in general, and polar radiusz; and equatorial radius; comprises an inner layer of polar
the transport mechanism inside them was of advective na-radiusap and equatorial radius,. L andR are the outer boundaries of the
ture [14]. Lee et al. [2] found that the Reynolds number of ¢0mputation domain andandz are coordinates.

the activated sludge floc obtained from a wastewater treat-
ment plant of a bakery in a free-settling test ranged from
0.01 to 100, which implies that the Stokes law is inapplica-
ble. Several problems concerned the movement of a perme
able floc in a viscous fluid with a Reynolds number not in

We assume that the flow field in the liquid phase can be
described by the Navier—Stokes equation [19]. In dimension-
less form, we have

the creeping regime. Wu and Lee [15], for example, solved 1_,
the problem where a porous, homogeneous sphere moving at's - Vur=VP+ %V us, (1)
a constant velocity in an infinite medium for Reynolds num- v, . us=0. )

ber ranged from 0.1 to 40. Wu and Lee [16] considered the

problem in which a homogeneous porous sphere moved withIn these expressiore = 2a1V o/ is the Reynolds number,

a constant velocity toward an impermeable plate. Wu and o and 1 being respectively the density and the viscosity

Lee [17] considered the case where a porous, homogeneou$f fluid; V is the magnitude oV, P is the dimensionless

sphere moved along the centerline of a cylindrical tube. The pressureV is the dimensionless gradient operator, ands

problem where a homogeneous, porous spheroidal floc mov-the dimensionless velocity of fluid.

ing at a constant velocity in an infinite medium for Reynolds ~ The Darcy—Brinkman model [5] and the continuity equa-

number from 0.1 to 40 was studied by Wu and Lee [18]. tion are adopted to describe the flow field inside a floc. In
In this study the previous result is extended to the case dimensionless form we have

where the hydrodynamic force acts on a porous, nonhomo-

1
geneous spheroidal floc in a uniform flow field. A two-layer Ui +Re—VP = V2u;, 3)
model is proposed to simulate the porous structure of a floc, i
and the effect of each layer on its behavior is investigated. V- Ui =0. (4)

In these expressiong; is the scaled radius of a floc defined
by a1/+/ki, k; andu; are respectively the permeability and
2. Theory the dimensionless velocity of fluid of region indéxand
i =1 and 2 represents respectively the outer and the inner
Referring to Fig. 1, we consider a spheroidal floc with layer of the floc.
a two-layer structure in an infinite fluid. Let; and b The dimensionless boundary conditions associated with
be respectively the polar and equatorial radii of the floc, Egs. (3) and (4) are assumed as
and a2 and b, be respectively the polar and equatorial
radii of the inner layer. The symmetrical nature of the #:=1 asr— oo, (5a)
system under consideration suggests that a two-dimensional,_ — 1  as; — o, (5b)
problem needs to be considered. Let the computationalau
domain be characterized by length scalesnd R, and letr
and z be respectively the radial and the axial coordinates.
The floc moves with a constant velocityV and the sur-
rounding fluid is fixed. For convenience, we assume that the on the outer surface of outer layer,
floc remains fixed and the surrounding fluid flows with a
constant bulk velocity. up=uz and Vu;=Vuz (5e)

au au
Tr_fR_%2_o, r=0, (5¢)
ar ar or

ur=u; and Vur=Vu (5d)
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Fig. 2. Variation of velocity field for various combinations @f/b1, k1/k», andRe for the case wheret = 0.0113 cnf and 8 = 0.6. (a) a1 /b1 = 0.5,
k1/kp =1, andRe=0.1; (b)a1/by = 1.11,k1/kp = 1, andRe=0.1; (C) a1 /b1 = 0.5, k1/kp = 1, andRe = 40; (d)a1/b1 = 1.11,k1/kp = 1, andRe = 40;
(e)ay/b1 = 0.5, k1/ko = 100, andRe = 0.1; (f) aq /b1 = 1.11, k1/ ko = 100, andRe = 0.1; (g) a1 /b1 = 0.5, k1/ ko = 100, andRe = 40; (h)ay /b1 = 1.11,
k1/kp =100, andRe = 40.

on the outer surface of inner layer. In these expressigns numbers of elements chosen for the fluid domain and the
is the dimensionless fluid velocity alongaxis andu, is the outer and the inner layers of a floc are 18,800, 35, and 30,
magnitude ofu,. respectively.

The governing equations, Egs. (1)—(4), and the associ- In summary, the key parameters that may influence the
ated boundary conditions, Eqgs. (5a)—(5e), are solved numer-behavior of a floc include (i}, the volume-averaged radius,
ically by FIDAP 8.6, commercial software (Fluid Dynamics a measure connected to the volume-averaged permeability
Analysis Package) suitable for simulation of physical phe- of a floc, which will be defined later, (iik1/k2, the ratio
nomena including fluid flow. It is based on a finite element (permeability of outer layer/permeability of inner layer)
method with bilinear four-node quadrilateral elements. The for a floc, (iii) az2/a1, the ratio (radius of inner layer of
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a floc/radius of floc), (iv)a1/b1, the ratio (polar radius/
equatorial radius) for a floc, and (e, the Reynolds
number. These parameters will be discussed in the numerica
simulation.

3. Resultsand discussion

Following the treatment of Neale et al. [5], the magni-
tude of the hydrodynamic drag forcg, acting on a homo-
geneous, porous nonspherical particle with a cross-sectiona
areaA moving at speed in an infinite fluid is calculated by

1
F:(EpV2>ACD.Q, <1, (6)

whereCp is the drag coefficient. The effect of the porous (c (d)
structure of the particle is taken into account by the correc-

tion factors2. For a nonporous particl& = 1. The drag co-

efficient of a nonporous sphere moving at a constant veloc-

ity, which is in the creeping flow regime, and the Reynolds

number are related by [19]

24
== @)

For convenience, we define the volume-averaged permeabil-
ity of a floc k and its volume-averaged radigsas

Cp

E:Z%/Zw, (8)

i=1 i=1

g1 9 I
B 7 9)

The applicability of the numerical scheme adopted is
examined by comparing the numerical result obtained with () (h)
the analytic solution of Happel and Brenner [20] for the
case of a rigid, spheroidal particle. The performance of the Fig. 3. Streamlines for the case of Fig. 2.
numerical scheme adopted is found to be satisfactory. For
instance, atRe = 0.1 the maximum percentage deviation be seen in Figs. 3a—-3d. These results are consistent with
in Cp$2 for ay/by from 0.5 to 1.1 is less than 0.32%. those of Wu and Lee [18] in which nonspherical porous
Figure 2 shows the velocity field for various combinations of flocs are examined. The velocity field inside a nonuniform
ai1/b1, k1/ k2 andRe, and the corresponding streamlines are floc will be distorted by its inner (less permeable) part,
presented in Fig. 3; both the behavior of a prolate spheroid regardless of its shape and the magnitud®gfas can be
(a1/b1 = 0.5) and that of an oblate spheraidy /b1 = 1.11) seen in Figs. 2e-2h. Figures 3e and 3f indicate th&eif
are examined. Both the cross-sectional atend the scaled  is small, the streamlines are symmetric, as in the case of
volume-averaged radius of a flgg are fixed in Figs. 2 homogeneous flocs. HoweverRe is large, the streamlines
and 3. Note that since; is fixed in subsequent discussions, become asymmetric, as shown in Figs. 3g and 3h. This is
a constant volume-averaged radius of a ffoamplies that because iRe is large, wakes are formed in the rear part of
the volume-averaged permeability of a floc is also constant. a floc [20]. The deviation from a Stokes-law-like relation,
In Figs. 2a—2d and 3a-3d/k» = 1; that is, the floc has a i.e., Cp£2 is proportional toRe~1, arises mainly from the
homogeneous structure. On the other handk, = 100 in convective flow of fluid. Since energy is consumed, the
Figs. 2e—2h and 3e-3h; that is, the inner part of the floc is deviation is positive; that iSCp 2 is greater than predicted
much less permeable than its outer layer. Figure 2 revealsby the Stokes-law-like relation. We conclude from Figs. 2
that, for a homogeneous floc, the velocity vectors inside are and 3 that the larger the difference betwégrandk,, the
almost parallel to each other, regardless of its shape andgreater the difference in both velocity field and streamlines
the magnitude oRe. Also, the streamlines in the front part from those for the cask; = k2> (homogeneous floc), even if
of the floc are symmetric to those in the rear part, as can the volume-averaged permeability is constant.
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Fig. 4. Variation of Cp$2 as a function ofa1 /b, for variouskq/ko and
Re for the case wher8 = 0.6. Curve 1,kq/ky = 8; 2, k1/ko = 1/8;
3,k1/kp =1. (@Q)Re=0.1, (b) Re= 40.

3.1. Shapeeffect (a1/b1)

Figure 4 illustrates the variation @fp £2 as a function of
the shape parametet /by for variousky/k, at two levels
of Re. The polar radius of a flog;1, and therefore its cross-
sectional area in the-direction, A, are kept constant. As
can be seen from Fig. 4 p$2 decreases with the increase
in a1/by. This is because for fixed) the surface area of the
floc decreases with the increaseiiryb1. For a homogenous
floc atRe= 0.1, Cp$2 (prolate,a;/b1 = 0.5) = 1L.77Cp$2
(sphere) and"p$2 (spherg = 1.46CpS2 (oblate,a1/b1 =
1.5); and atRe = 40, Cp£2 (prolate, a1/b1 = 0.5) =
1.71Cp 2 (sphere) and’p 2 (sphere=1.41Cp$2 (oblate,
a1/b1 = 1.5). For a heterogeneous floc with/k, = 8 at
Re=0.1,Cps2 (prolateai/b1 = 0.5) = 1.71Cp 2 (sphere)
and Cp$2 (spherg = 1.41Cp$2 (oblate, a1/b1 = 1.5);
and atRe=40, Cp$2 (prolate,a1/b1 = 0.5) = 1.79Cp$2
(sphere) and"p 2 (spherg = 1.43Cp$2 (oblate,a1/b1 =
1.5). For a heterogeneous floc with/ k2 = 1/8 atRe= 0.1,
Cp$2 (prolate, ay/b1 = 0.5) = 1.71CpS2 (sphere) and
CpS$2 (spherg = 1.45Cp$2 (oblate,a;/b; = 1.5); and at
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Fig. 5. Variation ofCp 2 as a function ofRRe for various combinations of
ay1/b1 and B for the case whetty/ky = 8. = 1.8 in curves 1-3, and
B =0.6 in curves 4-6. Curves 1 anddy /b1 =0.5; 2 and 5,a1/by = 1,
3and 6aq/bp =1.11.

Re=40,Cps2 (prolate,a1/b1 = 0.5) = 1.76Cp $2 (sphere)
and Cp$2 (spher¢ = 1.46Cps2 (oblate, a1/b1 = 1.5).
These imply that although the cross-sectional area of a
floc is fixed, itsCp £2 still varies with its shape, regardless
of the magnitude ofRe. Since floc may assume various
shapes in practice, knowing its exact shape can be important,
and approximating it by an equivalent sphere may lead to
significant deviation.

The variations ofCp 2 as a function of the Reynolds
numberRe for various combinations ofi1/b1 and 8 for
the casek1/ko, = 8 (i.e., the inner part of the floc is less
permeable than its outer part) are presented in Fig. 5. Wu
and Lee [18] concluded that, for the case of homogeneous
floc with the same cross-sectional area, the drag force acting
on a prolate is greater than that on an oblate. As can be
seen in Fig. 5, this trend is also observed for the present
nonhomogeneous floc. Under the conditions of Fig. 5, if
B = 1.8, theCps2 of a prolate is 41.7% greater than that of
the corresponding spherical floc with/ k> = 8 atRe= 0.1
and 53.6% aRe = 40; theCp 2 of an oblate is 21% smaller
than that of the corresponding spherical flocRet= 0.1
and 24.9% aRe = 40. If = 0.6, the Cp 2 of a prolate
is 76.3% greater than that of the corresponding spherical
floc with k1/ko = 8 at Re= 0.1 and 89.2% aRe = 40;
the Cp$2 of an oblate is 31.1% smaller than that of the
corresponding spherical floc &®e = 0.1 and 32.8% at
Re=40. We conclude that the effect of the structure of a
floc onCp 2 is more significant at a high&te and a larger
volume-averaged permeability.
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Fig. 6. Variation ofC p £2 as a function oRefor variousks /k». (a) Curve 1, Fig. 7. Variation ofCp §2 as a function oRe for variousk1/ k. (a) Curve 1,

rigid particle (bothky and k1 — 0); 2 and 5,k1/ko = 1/8; 3 and 6,

k1/kp =1/4; 4 and 7k1/ko = 1. (b) Curve 1, rigid particle (botk, and
k1 — 0);2and 5k1/ko=8;3and 6k1/kp =4;4and 7ky/kp = 1. Key:

rigid particle (bothk, and k; — 0); 2 and 5,k1/k2 = 1/8; 3 and 6,
k1/kp =1/4; 4 and 7 k1 /kp = 1. (b) Curve 1, rigid particle (both, and
k1 — 0); 2and 5k1/kp =8;3and 6k1/kp =4;4and 7k1/ ko = 1. Key:

a1/by =05, =18 in curves 2-4, anfi = 0.6 in curves 5-7. a1/by =111, = 1.8 in curves 2—4, and = 0.6 in curves 5-7.

3.2. Effect of Reynolds number Re - o
volume-averaged permeability, the greater the deviation of

The variations ofCp 2 as a function of Reynolds num-  k1/k2 from unity, the more apparent the deviation of the
ber Re at variousky/k» for the case of a prolate floc with Cpf2—Re relation from the Stokes-law-like relation.
k2 > k1 (i.e., the inner layer is more permeable than the outer According to Figs. 6a and 6b, # = 1.8 andRe = 40, the
layer) are shown in Fig. 6a; those for the case- k> (i.e., deviation from a Stokes-law-like relation for a homogeneous
the outer layer is more permeable than the inner layer) areprolate floc is 52.7%; the deviation of a nonhomogeneous
illustrated in Fig. 6b. The results for the case of a rigid floc prolate floc is 64.5% iki1/k> = 8, and is 81.5% ik1/k2 =
(B — oo) are also presented in these figures for compari- 1/8. Figures 6a and 6b suggest that if the prolate floc is suffi-
son. Both Figs. 6a and 6b suggest that the deviation of theciently poroug 8 = 0.6), the deviation from the Stokes-law-
Cp$2-Re relation from a Stokes-law-like relation is more like relation is inappreciable for/B < k1/k2 < 8 andRe up
pronounced for the case of a rigid floc. This is because atto 40. In this case, the more nonhomogeneous the structure
elevatedRe, it is easier to see wakes behind a rigid floc of a floc the larger theCp$2, and this effect is more pro-
than behind a porous floc [18]. For the case where a floc nounced afe increases.
has a homogeneous structuke/k, = 1), the larger thes, The variations o’ p £2 as a function of Reynolds number
the more serious is the deviation of tlig, $2—Re relation Reat variousks / ko for the case of an oblate floc with > k1
from the Stokes-law-like relation, as can be seen in both (i.e., the inner layer is more permeable than the outer layer)
Figs. 6a and 6b. These figures also indicate that for a fixedare shown in Fig. 7a; those for the cése- k> (i.e., the outer
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100

behaviors of the curves shown in Fig. 8a are essentially the

T same as those shown in Fig. 8b. These include, for example,

10 - for fixed Re the larger the ratio(az/a1) the larger the

Cp$2, and for fixed(az/a1), the larger theRe the larger the

S Cp$2. The former implies that, for a fixed volume-averaged

e M permeability,Cp 2 increases with the size of the inner layer,

regardless of whether it is less permeable than the outer

layer or not. This can be explained by the variationg pf

andk,. For example, for the case gf=0.6,a; =0.12 cm,

andky/ko = 0.25, k is 0.04 cn¥, as calculated by Eq. (9).

. , . ' , Whenay/a; is increased from 0.25 to 0.7%; decreases

03 04 0.5 0.6 0.7 from 0.0382 to 177 cnf andk, decreases from 0.1528

asa, to 0.0706 cn? accordingly. The simultaneous decrease in

@) k1 andky asaz/ai increases leads to an increasefip 2.

100 For the case ofs8 = 0.6, a;1 = 0.12 cm, andk1/kp = 4,

k is 0.04 cn?. As az/a; is increased from 0.25 to 0.75,

1 k1 increases from 0.0405 to.@585 cnf and ky increases

10 1 from 0.01012 to 146 cn?. The simultaneous increase in

k1 andkz asaz/a; increases also leads to an increase in

2 Cp$2. This is because aty/a; = 0.25, since the volume

of the inner layer is much smaller than that of the outer

layer, the behavior of the floc is governed by the latter

(k1 = 0.0405 cnf). On the other hand, at/a; = 0.75 its

behavior is governed by its inner lay@n, = 0.0146 cn?).

bl | w

0.01

=3
hlo| & @

0.01

T T T T T
03 0.4 0.5 0.6 0.7
aya,
(b)

Fig. 8. Variation ofCp £2 as a function ofip/a; for variousRe for the case In summary, the drag force experienced by a nonuni-
whenay /by = 05, B = 0.6. (a) k1/kz = 4. (b) k1/kp = 0.25. Curve 1, formly structured spheroidal floc in a uniform flow field is
Re=0.1;2,Re=1;3,Re=10; 4,Re=20; 5,Re=30; 6,Re=40. evaluated based on a two-layer model. We conclude that if
the difference between the permeability of the outer layer
!ayer is more permeablg than the inner Iayer)' are illustrated 5 5 floc and that of the inner layer is large, then both the
in Fig. 7b. For comparison, the corresponding results for e|qcity field and the streamlines are significantly different
the case of a rigid floaf — co) are also presented in  om those of the corresponding homogeneous floc, even if
these figures. A comparison between Figs. 6a and 7a andy o \olyme-averaged permeability is constant. For a fixed
between Figs. 6band 7b re\{ealgthat, although the qualltat'vevolume-averaged permeability, the more nonhomogeneous
behavior of a prolate floc is similar to that of an oblate g o the greater the drag force it experiences, regard-
floc, there are some quantitative differences between theIeSS of whether its inner layer is less permeable than its

two. For example, if8 = 1.8 andRe = 40, the deviation .
. . outer layer or not. For the same cross-sectional area per-
from a Stokes-law-like relation for a homogeneous oblate . L
pendicular to the flow direction, the drag force on a non-

is 36.5%; the deviation for a nonhomogeneous oblate with )
homogeneous prolate floc is greater than that on a non-

ki/ko = 1/8 is 44.3%, and is 42.5% i1/ k>, = 8. These " .
deviations are much lower than those for the corresponding°megeneous oblate floc. If the permeability of either the
prolate. inner layer or the outer layer is sufficiently small, a positive
deviation in the drag coefficient—Reynolds number relation
3.3. Effect of thicknessratio (az/a1) from the Stokes-law-like relation can be observed. The de-

viation of a homogeneous porous prolate floc is more sig-

Figure 8a illustrates the variation 652 as a function nificant than that of a homogeneous porous oblate floc. For
of the ratio (az/a1) for the case of a prolate floc with  a fixed volume-averaged permeability and ratio (permeabil-
fixed B8 (= 0.6) and outer layer more permeable than inner ity of outer layer/permeability of inner layer), the drag co-
layer (k1/k2 = 4) at various Reynolds numbeRe. That efficient increases with the size of the inner layer of a floc,
for the case where outer layer is less permeable than innerregardless of whether the inner layer is less permeable than
layer (k1/ k2 = 0.25) is presented in Fig. 8b. The qualitative that of the outer layer or not.

4. Conclusions
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