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CHAPTER 1
INTRODUCTION

The removal of solid impurities in water and wastewater treatment is
normally accomplished by sedimentation. Since many of the impurities are
too small for gravitational settling, the aggregation process is necessary
as a precursor. Deaggregation, a phenomenon which inevitably accompanies
the process, will obviously play an important role in the ultimate deter-
mination of floc size. Unfortunately, floc breakup is one aspect of the
dynamic behavior of coagulating systems that is not well understood.

The most important physical properties of flocs in the water treatment
context are size, density, structural type, and strength (or resistance to
deaggregation). Size can be observed directly and the apparent density can
be determined from measurements of terminal velocity; structural type and
strength, on the other hand, are characteristics that are much more difficult
to investigate because they are affected by a host of physicochemical

parameters including: solution pH and ionic strength, surface characteristics

of the colloidal solid, type of coagulant used, and the level of aggregation at

which the particular agglomerate was formed.

Several breakup mechanisms have been proposed in the literature and
these include: resonant breakup due to vortex shedding, rotation and de-
formation by viscous shear, bulgy deformation by fluctuations in dynamic
pressure, primary particle erosion by shear, collisional fragmentation,

and interaction between particles and impeller vortex system.



0f course, not all of these mechanisms are equally probable for a given
environment and floc structure; consider the mechanical differences be-
tween flocs formed by: particle capture by eameshment, macromolecular
bridging, adsorption and charge heutralization, bioflocculation, and as
a subset of each of the above, different levels of aggregation. Widely
different structural types cannot be expected to respond identically to
imposed stress.

In order to investigate the relaticnships between floc strength, size
and structural type which are needed to elaborate the population balance
model, experiments weré conducted in a baffled, stirred tank and a two-
dimensional free turbulent jet. The latter was chosen as a pertinent flow
field since some similarities are evident between the iet f£low and the
impeller streém in the tank (compare the mean velocity profiles in Figure
.6).

This study provided the following information:
1. Direct observation of the deaggregatiom of individual floes and

thus the breakage mode for flocs formed under various conditions;

™~

Estimation 0of the c¢ritical levels of stress and dissipation re-

quired for aggregate breakup; quantitative determinations of .the

strength of floc;

3. The relationship between various Eloc parameters, including
strength, density, size, and structural type;

4, A quantitative description of the distribution of daughter par-
ticle sizes and number producaed;

5. Some evidence supporting the existence of multiple-lavels of

aggregation.



Observation of the particle size and number distribution in
batch deaggregation experiments conducted in a baffled stirred
flocculator. A rough population balance model was used to des=

cribe the deaggregation history. Some preliminary data on the

- changes in particle size distribution were obtained.



CHAPTER 2

FLOW FIELD IN THE TURBULENT JET APPARATUS

2.1 APPARATUS

The experimental apparatus is shown schematically in Figure 1. It
consists of a polycarbonate observation chamber, a pumping system, and a
high-speed electronic stroboscope. The turbulent jet is produced inside
the chamber by the horizontal slit with g height of 0.3 cm and a length of
10.2 cm.
2.2 EXPERIMENTAL METHOD AND RESULTS

Analyses of the mean flow in two-dimensional turbulent jetsjhave been
discussed by White (1974): the develdpmeut offering best agreement with
experimental data was presented by Reichardt (1942) and by GBrtler (1942).

The time-average velocity distribution is:

= 2 1
Ul/Umax sech” A (L)

where
A = ox,/x, ' (2)

and the coordinate system is as shown in Figure 2. The constant ¢ re-
sults from the closure scheme used (a2 scaling relation for eddy viscosity
based upon maximum jet velocity and jet width) to eliminate the Reynclds
stress; the value found by Reichardt that gaﬁé the best agreement with
experimental data was 7.67. Some discrepancy exists between the profile
and data near the edge of the jet, but Townsend (1949) has suggested that
this is a consequence of intermittency.

The characteristics of the turbulent jet were investigated with both

pitot tube traverse and photographic flow visualization. In the mean flow
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measurements, a Gould-Statham PMSTC pressure transducer driven at 10 V dc
was used in conjunction with a hypodermic-needle pitot tube to determine
the total head as a function of wvertical position. The Lonner diameter of
the needle tube was 1.09 mm: the inertia of this apparatus was so large that
no usable information conceraning velocity fluctuations could be obtained.
The mean velocity distribution, however, was Ffound to behave much as pre-

dicted by the Reichardt and CHrtler mixing-length analysis. At a Reynolds

i

number of 7840 (at ® = 0), and a distance downstream of 1.5 cm, g was found
to be approximately 5.1. This is at variance with the value of 7.67 repor-
ted in the cited mixing-length analyses but the difference is probably due
to the small distance downstream (7.5 h) at which the measurements were
made. The mean velocity profiles at different positions afe shown in Tables
1 and 2, and in Figure 3.

Quantitative information was obtained from photographic: flow visuali-
zation by seeding the liquid phase with glass microballoons ( a product of
Emerson and Cuming, Inc., Northbrook, Illinois). The microballoons were
neutrally buoyant and ranged upwards in size Evom 10 um; due to the inertia
effects noted by Hinze (1975), it is probable that the estimates of turbu-
lent fluctuations are conservative. Measurements were made on the jet cen-
terline at values of Xy of 1.52, 1.85, 2.17, and 3.26‘cm; the relative in-

tensities at these positions are compiled in Table 3.

The Rll correlation coefficient was measured:

N 2
Rll (rl, 0, 0) = ul(xl) ul(xl+r1)/u1(xl) (3

and the results are presented in Figure 4. The integral length scale ob-

e |



TABLE 1

MEAN VELOCLTY MEASUREMENT AT Xl = 0.5 CM

Velocities Position
(cm/sec)
221 - center line (x2=0)
120 -0.1825 cm
66 -«0.3650 em
56 -0.5475 cm
56 -0.7300 em
167 +0.1825 cm
56 +0.3650 cm
A +0.5475 em

44 +0.7300 cm




TABLE 2

MEAN VELOCITY MEASUREMENT AT Xl =1.5CM

Velocities Position
(em/sec)

l64 center line (x2=0)
70 -0.1825 cm

56 -0.3625 cm

46 -0.5475 em

44 =0.7300 em
177 +0.1825 em

98 +0.3625 cm

56 +0.5475 cm

43 40,7300 cm
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TABLE 3

RELATIVE AXTAL INTENSITIES ON JET
CENTERLINE AT Re = 3740

/?/LH

Xl Jet height, h
(cm) (cm)

1.52 0.28 0.86

1.85 0.32 0.96

2.17 0.33 1.00 .
2.72 0.29 1.14

3.26 0.34 1.26

1l
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tained by integration of Rll:

w0
{= fo Ry dry (&)
was found to yield f = 6.7 mm. If this integral scale is used to estimate

the dissipation rate from the large-scale dynamics, it is found that

€ ~ 2300 cmz/sec3. The one dimensional spectrum defined by:

1 (% :
F13(Ky) = 3 | SR G FEexp(~1K 7y dy (3

was evaluated from the longitudinal correlation with the assumption that

the correlation coefficient is an even function and it is illustrated in
Figure 5. It is evident that the spectrum contains no appreciable iner-

tial subrange; this result is expected because of tﬁe relati;eiy low Reynolds
number of the jet. It may be concluded that there is no range of eddies
present in the flow that could be characterized by independence from both
mean-flow strain and viscosity.

For the purpose of comparison, the radial velocity profile inside the
baffled, stirred tank (see Cutter, 1966) and the mean velocity profile at
the center line of the turbulent jet are shown in Figure 6; some similarity
is seen to exist between the jet flow ﬁnd the impeller stream. Note
that the tank radius is about 15 cm, the deviation between two veloeity
profiles at a distance larger than 12.5 cm is due to the radial stream
inside the tank approaching the wall; there is no such boundary for the
jet. The difference between velocity profiles at distances of 4 to 6 cm

is due to differing boundary values for the two flow fields.
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NOTATION

Fll One-dimensiconal longitudinal spectrum cm3/sec2
h Jet height em

i S

. Eulerian integral length scale mm

ry Spatial separation in X, - directidn. | mm

R11 Longitudinal correlation coefficient

uy Fluctuation velbcity in x; - direction cm/sec
Uy Mean velocity in x; - direction cm/sec
) Coordinate direction and distance cm

GREEK LETTERS

K Wave number cmfl
A Dimensionless position
c Empirical constant from Reichardt-GYrtler

velocity distrubution

€ Dissipation rate cm.zlsec3



17

REFERENCES

Cutter, L. A., "Flow and turbulence in a stirred tank," Am. Inst.
Chem. Engr. J., 12, 35 (1966).

GUrtler, 4., "Berechnung von aufgaben der freien trubelenz auf arund
eines neuen naherungsansatzes,'' ZAMM 22, 244 (1942).

Hinze, J. 0., "Turbulence,'" P.145. McGraw-Hill, New York (1l975).

Reichardt, H., "Gesetzmibigkeiten der freien turbulenz," YDI-Forsch-
ungsh. 414 (1942).

Townsend, A. A,, "Momentum and energy difEusiQn in the turbulent
wake of a cylinder," Preceedings Royal Society of London,
AL97,124 (1949).



18

CHAPTER 3

SIZE=-DENSITY RELATIONSHIP OF FLOCS
3.1 INTRODUCTION |

In an effort to obtain more direct evidence concerning the effects
of multiPle level aggregation, the relationship between floc size and den-
sity was examined by measuring the terminal velocity of floecs in a vertical
settling chamber. Lagvankar and Gemmell (1968) have presented experimentally
determined.size-densiﬁy felationships for f£locs formed with Fe(804)3, however,
in cases where anionic polyelectrolytes are used as coagulant aids, the
different aggregation mechanism involved prevents such results from being
compared with Laévaﬁkar and Gemmellfs results. Tambo and Watanabe (1979)
found that a log-log plot yielded a linear relationship between apparent floc
density and size in a study of clay-dlum flocs férmed under various conditions.
A similar logarithmic relationship is found in the study here,

The conformation of polyelectrolyte molecules in a solution under-
going flocculation is significant to the determination of the structure of
the floc, A more coiled conformation offers moré chances of multiple bond=-
ing between macromolecule and colloid particles; the flocs thus formed should
have 2 more compact configuration and should be of a stronger structural
type (these aggregates, however, will grow more slowly because of the
reduced collision radius).

3.2 EXPERIMENTAL PROCEDURE
3.2.1‘ Kaolin-Fe+3 Flocs
Flocs were formed using a multiple-paddle stirrer (a product of Phipps

& Bird Inc., Richmond, Virginia) with the following chemical conditions:
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kaolin : 4.0 x 107 particles/cm3
NaH603 + 5.1 x 10'4 M
Ca0 1 5.36 x 10’4 M

FeCl 1.85 x 10'4 M

3
Under such conditions the ionic strength is about 0.003 m. Several acidity
levels have been investigated to insure production of aggregates character-
ized by adsorption and charge neutralization on one hand (low pH) and those
characterized by particle capture by enmeshment on the other (high pH).
Since according to Weber (1972) the isoelectric point of amorphous ferric
hydroxide is about pH = 8.0, the pH levels 7.4 and 9.5 were chosen.
Flocs thus formed were introduced into a polycarbonate settling cham-
ber. Multiple flash single frame photographs weré taken with Kodak Plus-
X Pan film processed at ASA 400 (with a flash rate of 150 fpm). The
terminal velocity was deduced from the photographs by measuring the dis-
tance traveled by the floc in a fixed time interval.
3.2.2 Kaolin-Polymer-Fe+3 Flocs
A commercial polyacrylamide with a molecular weight of 10 to 15 x 106
(Betz polymer 1115LP, a product of Betz Laboratories, Inc., Trevose,
Pennsylvauia) was used as a coagulant aid, with the following initial
chemical conditions (the lonic strength is about 0.00295 m):
kaolin : 4.0 x 107.particles/cm3
NaHCO, : 5.1 x 107
Ca0 : 5.36 x-10-4 M
FeCl, : 1.39 x 107% ﬁ‘

polymef: 5 ppm
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The optimal dosage of coagulant aid was determined by jar test; the dosage

which'gaﬁe the maximum transmittance (or approximate minimum turbidity)

was chosen for all further experiments. The degree of transmittance was
measured with a Spectronic 600 Spectrophotometer, (product of Bausch &

Lomb Co. Rochester, New York) using tungsten light source of a wave length
of 560 um. The results are shown in Figure 7. It is clear that a polymer.
concentration of around 4 or 5 ppm gave maximum turbidity reductiom.

Two different pH ranges were selected for study, 7.2 and about 10.4-
the latter is well in excess of the isoelectric points of edge alumina
(~7.8) and edge silica (~2) cited by Birkner and Edzwald (1969;. This was
done to guarantee appraciable coulombic repulsion between proximate kaolin
particles and thereby make interparticle bridge formation requisite to floc
growth.

Terminal velocity and floc size were measured photographically as in
the case of kaolin-Fe+3 floes.

3.3 TREATMENT OF DATA

The apparent density of floc was calculated by méasuring the terminal
velocity of individual‘floc. Since the Reynolds number was beyond the
creeping flow range; a generalized relatlonship between drag coefficient and
Reynolds number was used with the assumption that the sphericity of each
floc is unity. TFigure 8 and 9 show the observed trend for clay-Fe+3 flocs
formed at pH = 9.5 and pH = 7.4 respectively. 1In general, as the mean
diameter of floc increases, the apparent density decreases.

In the case of kaolin;polymer flocs the relationship between apparent
density and floc size at two different pH ranges 1s shown in Figure 10.
Apparent density at a pH of about 10.6 is larger than that at pH = 7.2; this

result can be inferred from the viscosity-pH relation (Figure 1l). Since at
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pH = 7.2 the polyacrylamide has a more extended conformation (higher

viscosity) than at pH = 10.6, a denser structure at pH = 10.6 is anticipated.



NOTATION

d Geometric mean aggregate diameter

27
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CHAPTER 4
STRENGTH OF FLOCS

4.1 REVIEW OF PREVIOUS WORK

Floc strength, or resistance to deaggregation, is intimately related
to the aggregation process, and is a property which is affected by nearly
all of the variables involved in the operation. Although a considerable
amount of work has been reported, no direct measurement showing the rela-
tion between floc strength and pertinent parameters has been made. A
thorough survey of the literature indicates that this is the first quan-
titative floc strength data available.

For agglomeratés formed by interparticle bridging (with macromole-
cular coagulants), Healy and La Mer (1964) have suggested that strength

is related to surface coverage;

S~4(1-¢8) (6)

where # is the fraction of primary particle surface covered by adsorbed
polymer. Note that this expression indicates maximum strength when # = 0.5.
"An extremely important factor neglected by their analysis, however, is the
conformation of the macromolecule at the instant adsorption occurs. It

is certain that floc strength in clay polymer systems can be improved by
increasing the polymer dosage up to the approach of the point where addi-
tional adsorption produces steric or entropic stability. Whether or not
this point 1s coincident with 50% coverage depends largely upon the shape
of the sorbent molecules at the interface (in this regard, studies of the

- pendent=-loop configuration are particularly important; see Higuchi,b 1961,
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and Silberberg, 1962), For aniconic polyelectrolytes, elevated pH Uroduceu
e e e R

%w—"‘h‘ [— A

a highly~charged macroion with an extended, rod-like conformatlon (Oosawa,
f‘"_"_“‘"*‘*——“_ et P e e

1971).. This results in a larger effective collision radius and rapid floec
e . r

growth; the structures, however, are less dense and more susceptible to
fragmentation. Lower pH, on the other hand yields a more coiled conforma-
tion and an increased likehood of multiple bonding between a single macro-
molecule and numerous adsorption sites on a single clay particle,

The configurational variation of the polymer used here has been
examined. The viscosity of 0,1% polyacrylaﬁide solutions at different
pH levels were measured with a Cannon-Fenske viscometer and the results are
shown in Figure 1ll. According to Jirgensons and Straumanis (1962), the
viscosity of a polymer solution is larger whem the sclute polymer has a
extended conformatioﬁ than when it has a more coiled shape; additionally,
there exists a minimum in viscosity aﬁ the isocelectric point. Figure 1l
shows that the isoelectric point of the polymer used is about 3.5,

Hannah, Cohen, and Robeck (1967) studied relative floc strength by
drawing aggregates through a 70 pm orifice; the size of the surviving frag-
ments was thought to be indicative of aggregate strength. The flow rate
used in the investigation provided an orifice Reynolds number of about 360.
Because size determination was based upon conductivity (actually curvent
interruption), sodium chloride was added to the test solution, assuring
that the ionic strength was always in excess of 0.034; this relatively high
value results in compression of the ionic atmosphere surrounding the collo-
dal particles. Kaolin was used as the dispersed phase by Hannah et al.,

and alum was the coagulant although a polyelectrolyte coagulant aid was used
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in oae set of experiments; the optimum piH for reduction of the total number
of particles was found to be 7.6. This is a reasonable value in view of the
iscelectric point data (for kaolinite) cited by Birkner and Edzwald (1%69).

Floc strength in polymer-clay systems will also depend upon the level
of aggregation at which the particular agglomerate was formed. Michagls and
Bolger (1962), Vold (1963), and Lagvankar and Gemmell (1968) have all proposed
or advocated multiple;level aggregation. Vold, for example, has suggested
three levels; primary colloidal particles, flocs formed entirely by the
aggregation of primary particles,‘and loose aggregates of [locs of the second
level.

Another factor affecting the strength of flocs is the distance of approach
of interacting colloidal particles during the coagulation process; as the
average distance of separation decreases, the possibility of additional bridge
formation and the efficacy of van der Waals-London Fforces are enhanced. A
qualitative indicator of the distance of approach of colloidal particles is
the "thickness" of the double layer (analogous to the Debye length in the
theory of strong electrolytes). wvan Olphen (1963) gives the "thickness" of

the flat double layer, L, as:

L =/YkT/a7re22Niz?L N

Clearly, an increase 1in the.ibnic strength of the solution will produce
more dense floc structures, containing much less interstitial water. 1In
the systems under study, typical values for L are around 70 A
4,2 EXPERIMENT AND DATA TREATMENT

Flocs were formed using same apparatus and with same chemical con-

dition as in the study of size-density relationship disscussed in Chapter 3.
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When coagulation was complete, individual aggregates were carefully
transferred to a polycarbonate observation chamber with a serological
pipette and allowed to attain terminal velocity. After settling approxi-
mately 30 cm, the floc would encounter a horizontally-directed turbulent
jet. The subsequent rapid displacement and fragmentationm of the parent
aggregate were recorded photographically using an extremely short dﬁration
repetitive strobe and a 35 mm camera with Kodak Plus-X Pan film processed
at ASA 400. An example of such a record is shown in Figure 12.

The objectives of this work included: direct observation of the de~
aggregation of individual floes, estimates of the critical level of stress
required for aggregate breakup, quantitative description of the distribu-
tion of daughter particle sizes, and relationships between various floc
paraﬁeters, partiéularly strength, density, size, and structpral type.

The kaolin-Fe(OH)3 flocs selected for the deaggregation experiments
ranged in size from about 700 ym to 3500 um. It should be noted that the
flash interval was 1/10 second, therefore, periodic disturbances with fre-
quencies much greater than about 1 Hz would not be detected. This is of
no :eal importance, however, as the observed breakup could only be caused
by stresses imposed by the mean flow or by integral-scale eddies during
the entrainment process. For example, typical critical acceleration levels
for 1500 yum kaolin-Fe(OH)3 flocs formed at an ilonic strength of 0.0034 m
and a pH of 9.5 were found to be on the order of 80 cm/secz. The eddy
scale required to produce such an acceleration would be many times greater

than the parent particle size, say, 1 to 10 em. Since:

a ~u/f, (8)
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one may argue that u is on the order of 16 cm/sec. Estimating the cri-

tical dissipation rate from the large-scale dynamics,

e ~u3p, (9)

then € ~1300 cmz/séc3. For the experimental results under discussion,
the average jet velocity, Ul was approximately 20 cm/sec at the slot
opening (xl = 0); evidently, smaller eddies play no significant role in
the observed fragmentation. -

Critical levels of stress required for aggregate breakup were
identified with the aid of the photographic data cited previously. For
kaclin-Fe(OH)3 flocs formed at an ionic strength of 0.0034 m and a pH
of 9.5, regression analysis of 52 data points yielded the relationship:

2.46

S =0.05 d (10)

where the critical force, 5, is in dynes and the meén diameter, d, is
measured in millimeters. The correlation coefficient for this data was
found to be 0.94. Kaolin-Fe(OH)3 flocs formed at similar ionic strength
but a pH of 7.4 were found to follow a analogdus relationship:

2.44

S = 0,034 d (11)

with a correlation cogfficient of 0,88.

These two logarithmic regression lines represent data over a range
of mean diametgrs from about 0.8 to 3.5 mm. Observation of the breakup
of a few small flocs indicated that the regression lines shown in.Figure
13 are not applicable for d £ 0.5 mm; the slope in this range is reduced

to something on the order of 1.0. It is felt that this discontinuity in

34
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slope is indicative of the existence of multiple levels of aggregation,

i.e., that a change in pradominant structural type occurred for the ex-
perimental conditions at d = 0.5 mm.

Daughter-particle sizes and number produced upon fragmentation have
been found to be highly variable; it was observed however, that higher
Reynolds numbers (higher local dissipation rateé) tended generally to pro-
duce more fragments. With kaolin—Fe(OH)3 flocs, the breakage mode d is cer-
tainly not binary: the experiments performed indicate a mode, or number
of fragments produced upon breakup, of about 10 to 20. Strictly speaking,

O can be a function of local energy dissipation, floc size, and structural
type. Typically, the daughter particles include one large fragment with
a mean diameter of about 70 percent of the parent’value and a number of
smaller fragments ranging from the threshold of detection'through several
hundred microns. This behavior suggests the smaller fragments are sub-
units, flocs of a more compact conformation that when loosely affiliated,
form the parent aggregate structure.

In the case of flocs formed by using commercial polyacrylamide as a
coagulant aid, the flash interval was reduced to 1/20 second. The same type
of simple relationship between critical force and floc diameter was capable

of data representation, namely:
InS=mlnd+b (12)

Two defferent pH levels were investigated, but with similar ionic
strength as before. Regression analysis of the data points yielded
(Figure 14):

s = 0,110 3**%7 "(13)
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with correlation coefficient C.94 for a pH of 10.6 and

s = 0.008 3%°%° (14)

with correlation coefficient 0.92 for a pH of 7.2. The results show flocs
formed by using a high-molecular weight polyacrylamide coagulant-aid are
more than twice as strong as those formed by using an Fe+3 acid-salt alone,
The critical force requirement is marginally smaller for lower pH. This
phenomenon can be explained by examining the relationship between viscosity
of polvacrylamide and pH (Figure 11). At pH = 7.2 the polyelectrolyte
possesses a more extended rod-like conformation thanm at pH = 10.6, thus
a weaker linkage between macromolecule and colloidal particle is ewpected.
Average and maximum floc sizes are larger with the polyacrylamide
than with Fe+3 alone as anticipated. Again, no systematic behavior was
observed for daughter particle sizes and/or number produced. The breakup
mechanism appears to be similar to the kaolin-Fe(OH)3 system, a large-
scale fragmentation occurring in response to stresses imposed by the mean
flow or integral-scale eddies. The daughter particles are, as before,

more compact structures formed at a lower level of aggregation.



NOTATION

a, Critical eddy accleration cm/sec2

d Geometric mean aggregate diametar mm

e Constant electronic charge e.s5.u.

k Boltzmann's coastant erg/molecule.K
! Eulerian integral length scale mm

L Thickness of double layer cm

Ni Number of lons of speciés L per unit volume

3 Critical forces required for deaggregation dynes

T Absolute temperature degree Kelvin
u Fluctuating velocity cm/sec

Zi Charge of ion i

GREEK LETTERS

Y Dielectric constant of fluid medium

€ Dissipation rate cmz/sec3

f Fraction of primary particle surface covered by

adsorbed polvmer

8 Number of daughter particles produced by breakage incident
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-CHAPTER 5
FLOC BREAKUP

5.1 TINTRODUCTION

The mechanism of floc breakup has been studied for many vears and a
number of conflicting theories regavrding the breakup of flocs in turbulent
flow fields have been proposed. This diversity of opinion stems partl&
from lack of direct experimental evidence showing the mode of breakup for
individual aggregates in wellecharacterized turbulent fields. Histo-
rically, proposed breakup mechanisms have been based on either of two types
of systems: liquid-liquid dispersions (emulsions) and solid dispersions in
liquid phase (sols). Some similarity in behavior is observed between the
liquid and solid dispersed phase in both cases, yet the mechanism causing
the breakage of the dispersed phase is entirely determined by the charac-
teristics of the media, the interactions between them, and the flow field.
5.2 BREAKAGE MECHANISM
5.2.1 Resonant Breakup:

This mechanism has been suggested by Gunn (1949), Bu and Kintner
(1955), and Elzinga and Banchero (1961) in the context of droplet breakup
in emulsification processes. Thomas (1964), however, points out that no
direct analog of surface tension exists in the case of flocs where particle-
particle interactions tend to oppose fragmentation but do not promote vor=-
tex-induced oscillation. A possible exception to Thomaé’s observation
might be the case of floecs formed by macromolecular bridging; for these
aggregates, the flexible linkages between adjacent particles produce a

structure that is surprisingly resilient when subjected to monor defor-
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mation. An oscillatory response to periodic disturbance is easily demon=-
strable in this case.
5.2.2 Deformation and Rupture by Viscous Shear:
According to Hinze (1955) in his discussion of droplet splitting
in dispersion processes, a requirement for rupture by viscous shear is

that the droplet be small with respect to the Komogorov microscale, M, where

-1/4

M= (e/ v (15)

Generally, the size of large flocs considerably exceeds N and thus massive
splitting by wviscous shear has historically been discounted.
5.2.3 Dynamic Pressure Deformation:

Thomas (1964) advocates bulgy deformation and rupture resulting from
random velocity fluctuations as the most plausible mechanism for floec dis-
integration. The reasoning behind such a hypothesis is due to A. N. Kolmo-
gorov and is summarized by Levich (1962).

Thomas offers the simple dynamic equation:

dNA

dt

2
= BN, - KN (16)

A

where K is the collisional rate constant for reaggregation and 8 is the

rate of floc rupture. B is described as being comparable to the frequency
of occurrence of eddies whose characteristic velocities exceed a threshold
value proportional to the square-root of the floc yield stress. Equation
(16) is obviously oversimplified since the breakup of floc of size B is not
requisite for production of daughter particles of size A, and the disappear-

ance of flocs of size A is not uniquely due to collisions between flocs of
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that size.
5.2.4 Particle Erosion by Shear:

This mechanism, advanced by Healy and La Mer (1964), Argaman and
Kaufman (1970), and Parker, Kaufman, and Jenkins (1972), envisions a de-
aggregation process that proceeds through the removal of individual
primary particles rather than the massive splitting and rupture envisionéd
by analogy to theories of emulsification. This is a particularly attractive
hypothesii at high Reynolds numbers, because the eddy scales that impart
maximum stress upon the floc structure lie primarily in the inertial sub-
range of the three-dimensional spectrum of turbulent energy. In this range,
energy is distributed by wave number according to the familiar -5/3 power
law:

atey = w3 53

(17)

Unfortunatelj, recent experimental data presented by Glasgow and
Luecke (1980) show that primary particle erosion plays a very minor role
in the disintegration of clay-polymer flocs. It now seems probable that
the mechanism put forward by Kaufman et al. could be valid only for very
specific floc structures, for example, those characterized by an absence
of both interparticle linkages and coulombic repulsion between neighbors;
that is, van der Waal's force is the only contributor to the pair potential.
5.2.5 Collisional Fragmentation:

Ham and Christman (1969) were the first to suggest that flec-floc
collisions could produce aggregate breakup and they offered some limited
data in support of their hypothesis. Glasgow and Luecke (1980), however,
were unable to verify the existence of a collisional disintegration mech-

anism in a more extensive study of the deaggregation of clay-anionic polymer

floes. It is likely that such a mechanism would be confined to collisions
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between very large flocs formed at an upper level of aggregation; since
such collisiens are infrequent, the rate of fragment production would be
small.
5.2.6 Impeller Vortex Breakup

Ali, Yuan, and Tatterson (1979) have studied the dispersion of oil
in water using high-speed stereoscopic photography. They found that the
trailing vortex systems (shed from the impeller blades) caused the elonga-
tion and rupture of parent drops; little dispérsion occurred outside the
vortex systems. Ali et al. have subdivided the breakup process into three
classifications, mean shear, transition, and turbulent comminution. The
turbulent QOmminution mechanism is characterized by the interaction of the
dispersed phase with the fine-scale structure of the turbulence; this in-
teraction was generally found to occur in the impeller stream at high agi-
tator speeds and to produce small daughter droplets.
5.3 RESULTS

An example showing the breakup of a floc is shown in Figure 12. The
photographic record clearly shows that the breakﬁp mechanism entails massive
splitting; primary particles erosion did not contribute significantly to
varent particle size reduction. The photographs also show that disinte-
gration was generally preceded by counterclockwise rotation (with the jet
moving froem left to right in Figure 12) and by elongation parallel to the
axis of the two-dimensional plane jet. Similar photographic data was obtained
for particles ranging in size from 1.1 to 5.0 mm. The range of jet Reynolds
numbers used in this portion of the investigation was 1800 to 3800; cthese values
correspond very roughly to centerline dissipation rates, ¢, of 1000 to 2000

il e} .
cm"/sec”. The mean number of daughter particles produced upon fragmentation



was found to be about 10 to 200 for all experimental conditioans studied.
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NOTATION
E (k) Three-dimensional wave number spectrum cm3/sec
K Collision rate constant .cm3/sec
L Number density of particles of type A, B ™
GREEK LETTERS
a Spectrum constant for inertial subrange
B Deaggregation rate constant sec’

' ; 2
€ Dissipation rate em /sec
n Kolmogorov microscale cm

-1

_K Wave number cm

: 2
v Kinematic viscosity cm /sec
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CHAPTER 6

MODELING THE DYNAMIC BEHAVIOR OF THE PARTICLE SIZE DISTRIBUTION
6.1 THE EXPERIMENT
A rough population balance model was proposed to describe the de-
aggregation process. Flocs were Eérmed undef the same chemical condi-
tions as in the study of the size-density relationships in Chapter 3 and
introduced carefully into a baffled stirred tank, which has a volume of

about 13 liters. The stirrer was then started with a rotating speed of

+
9¢ and 130 rpm for clay-Fe 3 and clay-polymer flocs, respectively. Pictures

were taken from a side window on the tank using Kodak High-Contrast Copy
film and singlé»flash frame ‘at successive time intervals. The film was
developéd with D-19 and analyzed with an Omnicon Alpha TM500 Image An-
-alyzer (a product of Baﬁsch & Lomb, Rochester, N.Y.) which gives the
particle number concentration and size distribution of the suspension
inside the tank at the selected times. The relationship between Reynolds
number and ﬁean enefgy dissipation for the stirred flocculator was in-
vestigated, and the result is shown in Figure 15. The Reynolds number is
defined as‘Re'ﬁtﬁdz/v and mean energy dissipation (e) is calculated from
torque measurements made at various angular velocities. |
6.2 DYNAMIC MODEL

Let:

N(t) = aggregate concentration (number density)

E(M,t) = function describing the distribution of particle sizes

ny = breakage parameter reflecting size and strength of flocs in

(x,y) Llnterval

48
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K = breakage parameter reflecting size and strength of flocs in
(v,2) interval
t = circulation time for baffled, stirred flocculator
3 = number of daughter particles produced per fragmentation incident
g(M) = function which describes the distribution of daughter particle
size (assumed to be independent of time as a simplifying
approximation).

Consider the dynamic equation:
d v -
It (N(t)Jx E(M,£)dM) = ==mec-mcemcconaannn (18)

to complete the integral population balance, the terms added to the right
hand side should account for:

1)} reduction in (%x,y) due to breakup of interval members

2) reduction in (x,y) due to aggregation of interval members

3) increase in (x,y) due to breakup of larger particles

4) increase in (x,y) due to breakup of interval members

5) increase in (x,y) due to aggregation of smaller fragments
If the dispersion is lean or if the particular floc structure does not lend
itself to reaggregation of fragments, then 2) and 5) will be negligibly
small. The balance between 1) and 4) can be redressed in favor of 1) by
sultable adjustment of the interval limits (x,y). Thus, a simplified po-

pulation balance will appear as follows:

(@) 1 £0,0a0 = B (x,y) + Hy(7,2) (19)

Before Hl and H3 can be quantified, the following must be known:
i) breakage mode (average number of fragments produced per incident)
ii) distribution of fragment sizes, and

iii) breakage frequency.
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6.2.1 Breakage Mode

The breakage mode for the cases under study is certainly not binary.
The preliminary experiments performed upon individual floc indicate a mean
for the number of fragments produced upon breakup of about 10 to 20.
However, there are many more variables affecting § than can be accounted
for in simplistic pépulation balance models (structural type and age, for
example). The assumption of a particular comnstant value should not be
regarded as indicative of the instantaneous breakup process; indeed, the
selected number for O merely represents an attempt to establish a temporal
and incident-average value.

6.2.2 Distribution of Fragment Sizes:

The distribution of daughter particle sizes is very broad, ranging
from colloidal size to perhaps 1500 um. The most numerous fragments are
typically 100 to 400 um in diameter. It is likely that thié rather narrow
band corresponds to second or third level aggregate structures, which are
more resistant to disruptive forces due to their compact conformation. It
is also quite probable that primary colloidal particles are stripped from
the floc surface simultaneously; the distribution of fragment sizes is pos-
sibly bimedal. For the initial purposes however, it should be sufficient
to regard daughter particle size as a normal variable.

6.2.3 Breakage Frequency:

The breakage frequency will depend upon the number of metastable
flocs present in the system and certain rate-determining variables perti-
nent to the deaggregation mechanism. Experimental evidence gathered thus
far suggests that the principal mechanism responsible for aggregate size

reduction in a baffled, stirred flocculator is interaction with the impeller



stream and vortex system. The observed large~-scale fragmentation probably
takes place in the impeller stream in the vicinity of the blade tips.
According to Holmes, Voncken, and Dekker (1964) a circulation time can be
defined as the residence time in a loop, averaged over all streamlines.
For a given Re, ', Holmes et al. give;:
imp
2
0.85 D

t =
c d2

(20)

For the apparatus used here, D = 31 em, d = 7.65 cm, and w = 9.6 rad/sec

+
for clay-Fe 3 floc and 13.7 rad/sec for clay-polymer floc. The Reimp

were calculated to be 55,930 and 79,946 respectively, and thus tc = 1.45
and 1.02 seconds.

The inverse of the circulation time can be thought of as an in-
dicator of the frequency at which flocs encounter the impeller stream.
A very simple model, therefore would express the breakage frequency, fb’
for flocs of a particular size and structural type as:

fb =K / tc (21)

where the dimensionless parameter K will reflect floc size, type, and
strength. A highly simplified integral population balance model can

now be written:

-—-g-E(N(t)JZf(M,t)dM) = - K—’t‘f N(e) [T, ey am
+ EtL:aN(t)I;f(M,t)deig(M)dM (22)

6.3 DATA TREATMENT
According to Smith and Jordan (1964) the log-normal law serves as

an excellent mathematical model for many small particle size distributions.
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The experimental number and size distribution data obtained were therefore
plotted on log-probability paper; a straight line indicates good agreement
wich the log-normal distribution. An example of such a plot is shown in
Figure 16. It should be noted that the fit is not good for very small

t's. Mean floc size and standard deviation are found from the plots for
each time period. The function F(M,t) is defined completely since according

to the definition of log-normal function:

(ln X - 1n ﬁ)z )

5 (23)
2(ln Ug)

y' o= exp (-

1
In agﬁ?
where y' is the probability density function.

N(t) can be found directly from analysis of the developed film. The
left hand side of equation (29) can now'be calculated; some results are shown
in Table 4. The size interval (x,y) chosen here is (600 - 800 um).

In order to evaluate the right hand side of equation (29) the mean
and standard deviation of the daughter particle size distribution (assumed
normal), a functional relationship between number of daughter particle
produced by fragmentation under various physical conditions, and an appro-
priate si;e interval (y,z), have to be found first. Unfortunately, the
information at hand so far is not sufficient to permit detailed use of
the population balance model. As an illustration of the possibilities,
however, sample values of the necessary ﬁarameters were inserted into
equation (29) and the results (Table 4) compared with a typical deaggregation
experiment. The size interval (y,z) chosen here is (800 - 1200 pum). The
assumed values of the mean and standard deviation of the daughter particle
size distribution are 430 um and 120 um, respectively; § is assumed to be equal

to 10 since this is typical of the values observed. ny, Kyz are chosen as 0.004
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TABLE &

COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUE OF
POPULATION BALANCE MODEL (CLAY-Fe (OH)3 FLOC)

Time Predicted x 103 Experimental x 103
(second)
15 38.01 39.60
180 4.79 2.74
360 1.86 2.62
600 1.17 1.36

1800 0.12 0.10
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and 0.0096 respectively. Table & shows qualitative agreement between
experimental results and computed values. The quality of fit depends on
the choice of parameters, of course,

An attractive variation of integral population balance technique
is the model presented by Ramkrishna (1974) employing the cumulative
volume distribution function (F) instead of the number distribution cited
earlier. For a batch vessel when the dispersion is lean in the dispersed

phase Ramkrishna gives:
0
aF/at = | T(v")G(w,v )dF (', 1) (26)

where G is cumulative distribution function of daughter droplet size
arising from breakage of a larger droplet in terms of volume fraction.

Ramkrishna assumes the breakage frequency function [(v) can be formulated as:
L) =cv” - (@25)

where C and n are constants. In an effort to solve equation (24) a si-
milarity variable z = (1+Ct)vn has been used. For a fixed value of

F(v,t) the similarity variable z is constant and for t sufficiently large:

vn = constant
Thus a log-log plot of v vs. t should produce a straight line with negative
slope of -1/n. Further, similar plots for different fixed values of
F(v,t) should yield a set of parallel straight lines. For a study of
clay-Fe+3 floes such a plot is shown in Figure 18. The slope of straight
lines in Figure 18 show an average value of n ~ 6.38, i.e., F(v)--d6'38.
The breakage function should reflect the relationship between floc strength

and the effective energy for floc breakup. Valentas, Bilous, and Amundson

(1966) state that there is no evidence for assuming a size dependence
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greater than d3 on the breakage frequency. Such a high order dependency of
T(v) on floc diameter may be due to the extremely abnormal distribution of
energy dissipation inside the tank. In addition, there is no direct infor-

mation regarding the relative magnitudes of C and t so the choice of a

sufficiently large t is still open to question.



NOTATION

£(M,t)
F{v,t)

g(M)

Breakage frequency constant

Diameter of impeller cm
Diameter of tank cm
As defined in the text

As defined in the text

As defined in the text

As defined in the text

As defined in the text

As defined in the text

As defined in the text

Mean of log-normal functiom . mm
As defined in the text

As defined in the text

GREET LETTERS

d

g
g

Volume of floc mm3
Size of floc mem
Probability density variable

Similarity variable

Number of daughter particles produced by breakage
Standard deviation of iog-normal function

Kinematic viscosity cmzfsec
Angular velocity rad/sec

Breakage frequency function
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CHAPTER 7
‘CONCLUSTONS

This study hgs shown that aggregate breakup im a turbulent jet at
moderate Reynolds number occurs in response to stresses imposed by the
mean flow or by integral scale eddies; the daughter particles produced are
relatively large and the reduction of the parent aggregate occﬁrs by frag-
mentation, not by primary particle erosion. Selection of a turbulent jet
for investigation of aggregate breakup is particularly appropriate, for |
it provides an environment similar to that experienced by flecs when they
encounter the impeller stream in a baEfled, stirred flocculator. The
local dissipation rate, ¢, required for Efragmentation of large kaolin-
Fe(OH)3 and kaolin-polymer flocs was found to be on the order of 1000 to
2000 cmz/sec3. In general, higher dissipation rates produced larger number
of fragments, probably due to increased energy availability at larger wave
number. This high Reynolds number behavior may be somewhat similar to the
comminution mechanism suggested by Ali et al. (1979) in their study of the
dispersion of 0il in water in agitated vessels, although in the present case,
high Frequency interactions between the floc structure and small-scale fluid
motions could not be detected. 1In all of the photographic evidence obtained
in this study of floc breakup, the daughter particles appear to be more com-
pact structures, characteristic of a lower level of aggregation.

& principle advantage of the experimental method employed in this work
is that it permitted quantitative estimates of floc strength to be made.
Earlier studies of floc strength, for example, Hannah, Cohen, and Robeck
(1967), depended upon indirect measurements to produce qualitative assess-

ments of [loc strength; Hannah et al. measured the size distribution of
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fragments produced when the parent aggregate was forced through a 70 um
orifice. 1In contrast, for the investigation made here, the strength of
floe could be deduced directly from the photographic record. For kaolin-
Fe+3 flocs, it is found that a pH of 9.5 produced aggregates that were
about 75 percent stronger than those formed at a pH of 7.4. 1t seems
evident that this difference is the result of a more rapid and complete
hydrolysis (formation of Fe(OH)3 at the elevated pH). For kaolin-polymer
flocs, the difference in strength between those formed at pH 7.2 and pH
10.6 is due to the conformational difference of the polyelectrolyte, with
those formed at elevated pH being very marginally stronger. It is parti-
cularly interesting to note that the regression lines yield a strength
expression proportional to &2'4; the critical force requirement per unit
mass 1s not constant, reinforcing the thought that structural differences
exist as a function of size.

Confirmation of the multiple-level hypothesis was obtained by mea-
suring floc densities and recording these data as a function of floc size.
For kaolin-E’e(OH)_3 flocs formed at a pH of 9.5, there was a pronounced
increase in apparent density for decreasing floc size beginning at about
d =2 mm. If all flocs were built up by the addition of sub-units of a
given size and set fraction of immobilized water, then the size-density
data could not possible exhibit this type of relationship. More importantly,
deaggregation could not occur by the large-scale fragmentation process
shown to exist by this investigation.

The batch deaggregation experiments performed indicated the log-

normal function can adequately describe the floc size distributions at



b4

advanced t's. Although quantitative results are not complete for eva-
luating the parameters of the dynamic model, some conclusions can be
inferred from the study. tor example, breakage parameters ny and K .
should reflect the strength of flocs within the sizes indicated so the
ratio ny/Kyz should be pr0portional'to Syz/Sxyr to some extent. Besides,
if different structural types do exist among f£locs of comparable sizes,
ny and Kyz would show a time dependence since in general, weaker flocs
of a given sizz suffer breakage earlier than the stronger ones.

4 future study should examine the daughter particle size distribution
and number produced as a function of various physical parameters; it is

strongly recommended that a more complete dynamic model be formulated

and refined with additional data.
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APPENDIX

List of computer programs:
1. Numerical integration of the population balance model.

2. Estimation the parameters of the population balance model.
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Photographic observation of floc disintegration resulting from
interaction with a horizontally-directed turbulent jet reveals a large-
scale fragmentation mechanism; the breakup occurs in response to stresses
imposed by the mean flow or integral-scale eddies. 1In addition to the vi-
sualization of aggregate breakup, the experimental method permitted quan-
titative determination of floc strength. Flocs formed by the aggregation
of colloidal kaolin with a high-molecular weight polyacrylamide were found
to be more than twice as strong as kaolin-Fe(OH‘)3 flocs of the same size.
Examination of floc density and strength at different levels of pH reveals
that the conformation of polymer largely determined the structural type
and thus the strength of flocs. The number and size of daughter particles
produced upon fragmentation varied widely, with higher local dissipation
rates, in general, producing more fragments. The evidence gathered in this
study suggests that the daughter particles are sub-units, lower-level
structures of a more compact conformation that when loosely affiliated,
form the parent floc. A population balance model was proposed to describe
the deaggregation history of flocs inside a baffled, stirred tank. Pre-
liminary data obtained shows that the logenormal distribution function
adequately describes the size distribution of the flocs. Using the si-
milarity variable suggested by Ramkrishna (1974), the breakage frequency

was found to be proportional to floc diameter to sixth power.



