& oo F

THE BREAKUP OF FLOCS IN A TURBULENT FLOW FLELD
by
JYH PING HSU

B. S., National Taiwan University, 1277

A MASTER'S THFESIS

submitted in partial fulfillment of the

requirements er the degree
MASTER OF SCIENCE
Department of Chemical Engineering
KANSAS STATE UNIVERSITY
Manhattan, Xansas

1980

Approved by:

Major Professor




THIS BOOK IS OF
POOR LEGIBILITY
DUE TO LIGHT
PRINTING
THROUGH OUT IT’S
ENTIRETY.

THIS IS AS
- RECEIVED FROM
THE CUSTOMER.



TABLE OF CONTENTS

INTRODUCTION vttt i i cv i e ineeeae e e e e 1

FLOW FIELD IN TURBULENT JET APPARATUS ... ..t ei i 4
D]  ADDEEDIBES: wew ws v it o 64 % @ i R S ¥ SRR b b R R 5 E S S B 6N A R E B P 4

2.4 Expervimental Method dnd RESUILS suvesusmsvisssaosissingnsis 4
Notation ...... e e e e 16
RETQIMBICED o wova n v omw b 6w 6 Somer © & % o 6 %0 o @ %5 W0 0 0 5 & 0w & ¥ 0 4 & W 6 0 # G 17

3. SIZE-DENSITY RELATIONSHIP OF FLOCS ..ttt ettt e i e e 13
3.1 IntrodUCEiom o v e e e e e s 13
Fud Expetivietitd]l Procedltl syam e sos onmes b onia i 3ia i isa e i3 i
+] .

3.2.1 Kaolin-Fe . FlOoCS i it e e e e 13

F3.2.2 Faolin~Polymer FLOGS .ivmwvsssnmmnsenwmsssnsomassa 19

3.3 Treatment of Daba . .ttt i e e e e 20

NOLAELOm i e e 27

RePoratiOEs wmpvin wme e s 5 s v F o8 50 65 e 5908 5 5 PRl S8R5 5 AR 9 8 8 5 28

0 0 29

Gl Beview 0F Previous WOTK s cwvriysamp ey SV p 458 559 0 § 58 4 9@ 8 0 4 29

4.2 Experiment and Data Treatmenl . ... ..ceiernrrereerenmnnnneen. 31

[ o Rt 8 5 o o O 3%

RET@TEIMOBIR! nowvw o w s 5 6 oo o § & & e i g 8 4§ 0 & 6§ 5% 50 ¥ 4 % 5 4 S50 8 8 54 § 500 g 4 44

5. PO  BREAK P ittt ittt i e e e e e e e 41

Sl ITALPBAUCELON G ovinn oo s mmam s s p e fe o 5000 6535 500 & £ 5 4 5105 © 3 41
5.2 Breakage Mechanism ....................... I 1 P 41
5.2.1 Resonant Breakup ... ... ... e e 41

5.2.2 Deformation and Rupture by Viscous Sheatr ........... 42

5.2.3 Dynamic Pressure Deformation ......... ............. 42

5.2.4 Particle Erosion by Shear ...... § B T m o ] o w o ot v 43

5.2.5 Collisional Fragmentalblion .....eeeeunrerenenrennnnns 43

5.2.6 Impeller Vortex Breakup ...cevevssvawes oo s sy 44

5:3 BResulbs ....icvvivsn I Y TTIY, TTNTTTYT Thheww by
Notation .......... A N R WL B A b { srhie 6 8w e e s e e e L6

Ref@rences ... v tinnreninensnn R e e e e 47



6.

7

8.

MODELING THE DYNAMIC BEHAVIOR OF THE PARTICLE SIZE DISTRIBUTION ....
6.1 The Experiment .........ceviuvicvnnns Tt Y. T Ty
6:2 Dyndmic MOABT . .5 uiiim e imbime ety s BEE88 08 homnn P50 E 8Ty m (5185

B. 2l Breakage MOGE .o wwe v v wmoa o s 6w 665 5 ok s 05 8 0w g e e 8 8
6.2.2 Distribution of Fragment Sizes .......¢c.iveivnnnn.
6.2.3 Breakage FreqUeNCY . ... ei vttt insans

6.3 DAta Trea@bmEOAL v v ettt e it et e e i et ebe e at et e
Notation ............ 1. 1 kit fiiTyY IRy Ti'IIT i
N A o 1 o= T P

CONCLUSTONS ot a o i 55 piam s 65 58 a8 5 8558 w455 biiv e ds 9w s 55 85 0w o a5

o 1



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



12

ww ‘U

RVRY
(x2in
YO NI '

=(‘o‘0'l1) My

‘JU3121}J300 UODIRMO) [DUIpNybuoT] h ean3T4

:W_



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH THE ORIGINAL
PRINTING BEING
SKEWED
DIFFERENTLY FROM
THE TOP OF THE
PAGE TO THE
BOTTOM.

THIS IS AS RECEIVED
FROM THE
CUSTOMER.



13

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
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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



