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Experimental studies on the dispersion process of fine flocculated particles in different

flows are carried out through visual image analyses and particle size measurements. The

flows investigated include a cone-plate shear flow, a cylindrical Couette flow, an orifice

contractile flow, and a hyperbolic flow.

Visual studies on the mechanisms of floe breakup in different flows are first conducted

through a video image acquisition and analysis system. A variety ofdynamic processes of

the deformation and breakup of fine floes of size from 3mm to 30mm in the contractile

flow, hyperbolic flow, and simple shear flow are visualized. The breakup and erosion

process of floes subjected to a constant shear stress in the cone-plate flow is analyzed

based on the changes of floe mass, size, and shape with shear stress and shearing time

through the image analysis. A significant portion of the breakup, or size reduction, of the

vi



fine floes takes place upon the application of the shear stress. Floe size continues to

decrease through erosion mechanism. The erosion rate depends on the applied shear

stress, the floe size, and the floe shape.

An orifice flow is applied to break floes and determine floe strength. The flow field

before an orifice of high area ratio is first numerically simulated and analyzed in order to

characterize the flow and stress field. The dependence of the maximum centerline

velocity gradient on orifice area ratio and Reynolds number is obtained and its asymptotic

behavior in high Reynolds number regime is analyzed.

The dispersion of floes in the orifice flow is analyzed based on the floe size

distribution measured using a particle size analyzer. Due to the rapid rise of the axial

velocity gradient near the orifice entrance, the floe breakup in the orifice flow is

instantaneous and the floe erosion mechanism can be excluded. The centerline maximum

shear stress in the orifice flow thus gives the floe strength of the resulting floes whose

average size is subsequently measured. The floe strength determined from the short-time

shearing in a cylindrical Couette flow at lower shear stresses follows essentially the same

power law dependence on the floe size as determined in the orifice flow. Thus, floe

strength measured in different flows can be unified using the maximum shear stress of the

flow.
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CHAPTER 1

INTRODUCTION

1.1 Background

Many modern advanced materials, such as electronic, magnetic, optic, and fine

ceramic materials, are produced from suspensions of colloidal particles. Floes or

aggregates are loose, irregular, three-dimensional clusters of particles in such

suspensions. The words, floe and aggregate usually are both used to refer to the wet

powder structure in liquids. High performance of materials requires sufficient dispersion

of the floes in suspensions, that is, sufficient breakup of floes into smaller floes or

constituent particles. Although this dispersion process is actually the result of a number

of different steps including milling, mixing, stirring, and so on, hydrodynamic shearing

plays an important role in controlling the stability and uniformity of the suspension since

the dispersion process is usually carried out in a hydrodynamic environment with or

without the aid of dispersants. The flocculation (particle size enlargement) of particles

and redispersion (particle size reduction) of flocculated particles take place

simultaneously and constantly in the flow environment of the solid-liquid suspension.

An important characteristic of floes is their binding force, that is, the ability of the

aggregate structure to resist deaggregation. As a measure of this binding force, floe

strength can be defined as resistance to breakup by shear forces induced by fluid velocity

gradients. The quantitative evaluation of floe strength is important to both dispersion
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process and flocculation process. However, it is understood that the strength of floes in a

suspension cannot be measured directly due to its spatially irregular structure and the

random characteristic in its formation but must be deduced from the evaluation of other

measurable parameters. Because the concept of "strength" for floes is always associated

with their breakup which involves different mechanisms, the study on the floe strength

should include the mechanisms of floe breakup and the force which causes this breakup.

1.2 Literature Review

Thomas (1964) gave the first analysis on the mechanisms of floe breakup and floe

strength. He proposed that large floes in a turbulent flow field break in the forms of bulgy

deformation and rupture. He assumed that the pressure difference on the opposite sides of

a floe causes its bulgy deformation and eventual rupture and that the pressure difference

is due to the random velocity fluctuations of turbulent flow. His work formed the basis

for a number of experimental investigations to determine floe strength since then.

Based on Thomas' models for floe rapture mechanism and isotropic turbulence theory,

several experimental studies of floe breakup in turbulent flows have been conducted to

determine the floe strength by relating the floe size to the turbulent flow conditions.

Tambo and Hozumi (1979) devised a special flocculator experiment to study floe strength

by measuring the maximum floe diameter under a weak agitation. Matsuo and Unno

(1981) used a turbulent pipe flow to evaluate floe strength. Bache and Al-Ani (1989) used

a vertical pulsating water column driven by an oscillating plunger to relate the floe size to

the turbulence energy dissipation. Moudgil, Springgate, and Vasudevan (1989)

experimentally studied the strength of kaolinite, dolomite, and A1
203 floes in a stirred



tank. The results for floe strength obtained by the application of isotropic turbulence

theory provide some qualitative understandings of floe characteristics. However, the

shear field is spatially nonuniform in a stirring tank and only the overall mean energy

dissipation rate can be estimated for flow description based on the power input. Floe

breakup and reflocculation are usually present simultaneously. Therefore, the results

obtained from such experiments do not suffice for the purposes of determining floe

strength.

Parker, Kaufman, and Jenkins (1972) derived a model for the breakup of complex

activated sludge floes and inorganic chemical floes based on the breakup mode of surface

erosion suggested by Argaman and Kaufman (1970). They proposed that the primary

particles are stripped from the surface of a floe by fluid shear at a rate that is proportional

to the floe surface area and the surface shearing stress.

Kao and Mason (1975) and Powell and Mason (1982) used a four-roller device in their

experiments of floe deformation and breakup in an elongational flow. This may be the

first systematic visual work to study aggregate dispersion in fluid flows. Couette

apparatus had also been used in their study for the case of simple shear. Quigley and

Spielman (1977, see Lu and Spielman, 1985) conducted similar experiments for ferric

hydroxide agglomerates in a four-roller device. It is important to note that in these

experiments the size of primary particles from which the floes or aggregates are generated

ranges from 20um to 400um and the size of floes or aggregates is about 3mm ~ 5mm.

Sonntag and Russel (1986, 1987) investigated experimentally the structure and

properties of flocculated suspensions in a simple shear flow of cylindrical Couette flow



device and in a contractile flow of syringe apparatus using small-angle light scattering to

monitor the breakup. The average number of particles per floe and mean radius of

gyration were related to the flow conditions. They proposed a mechanism of floe shape

change during breakup in contractile flow. However, because of the incomplete flow

characterization for the contractile flow, the experiment data in the orifice flow and the

comparison with that in Couette shear flow were inconclusive. Their experimental data is

re-examined based on the completed flow characterization in this work, and a more

reasonable interpretation of their results is obtained.

Lee and Brodkey (1987), and Wagle, Lee, and Brodkey (1988) studied various pulp

floe dispersion mechanisms by performing a visual study in a turbulent shear flow

between the two moving walls. Different pulp floe breakup modes were sketched

according to their experimental observation and the effect of flow shear level on

dispersion time and rate was proposed. The pulp floe size used in their experiment is

about 5mm.

Higashitani, Inada, and Ochi (1991) also employed a contractile flow ahead of an

orifice in a pipe to directly observe the breakup process of floes. No breakup images were

reported and only the variations of floe size along the flow direction were reported. The

analyses were mainly based on the variations in the average numbers of constituent

particles in a floe going through the orifice. The primary particles in their early

experiment are about 90 urn in diameter. Higashitani et al. (1992) completed experiments

on floes whose constituent particles were about lum in diameter using a Coulter counter

to size floes, and analyzed the variation of floe mean size with applied pressure across the

orifice. No flow characterization was given. It is noted here that the overall pressure drop



5

across the orifice cannot be explicitly related to the stress which causes the breakup of

floes.

Glasgow & Luecke (1980), Glasgow & Hsu (1982), and Glasgow & Liu (1991) have

experimentally investigated the floe breakup mechanisms and floe strength in turbulent

flow including impeller-stirred turbulence, turbulent jet, and turbulent channel flow. The

methods for floe sizing were based on the manual measurement of the photographs of the

floes. The floe size in their work ranged from hundreds of micrometers to a few

millimeters. The mechanical interaction between floes and solid meshes (Glasgow and

Liu 1991) was not considered. In their experiment with turbulent jet flow (Glasgow and

Hsu 1982), the breakup process and trajectory of individual floes were clearly filmed and

measured to determine the strength of floes. This work was very significant in the subject

for floes whose size is larger than 100 micron meters.

Navavrrete, Scriven, and Macosko (1996) visually showed the effects of shear,

extention, and vorticity on the microstructure of iron oxide suspensions and the effects on

their deformation and breakup using cryogenic scanning electron microscopy and video-

enhanced light microscopy. Jiang and Logan (1996) investigated the structure changes,

breakup, and coagulation of aggregates both in a laminar shear flow in a concentric

cylinder device and a turbulent shear in paddle mixer. Both particle counter and image

analyzer were used to obtain the changes in aggregate structure. Jung, Amal, and Raper

(1996) studied the effect of turbulent shearing induced by stirring on the restructure and

breakup of hydroxide floes using small angle light scattering technique. Spicer, Keller,

and Pratsinis (1996) investigated the effects of hydrodynamic conditions on the evolution
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of floe size and structure of polystyrene particles with aluminum sulfate in a stirred tank

flow via the image analysis system.

Yeung and Pelton (1996) used micromechanical technique to directly measure the

extentional force by elongating floes of 6 to 40 micron in size into breakup using

micropipettes. They found that there was no correlation between rupture strength in terms

of force and floe size. However, the large scattering in their data due to a small sample

collection may prevent one from seeing weak correlation.

1.3 Objective and Scope

Although the mechanisms of floe breakup, characterization of floe dispersion in

various flows, and the strength of floes have been the subjects of those numerous

theoretical and experimental studies, many issues remain. Floe breakup observations were

made only for large floes (mostly, 3-5mm in diameter) and little is available for fine

floes. The methodology for determining fine floe strength is not well developed. Results

obtained from different methods cannot be related to each other. Most of those studies

were carried out in turbulent flows and focused on the effects of overall hydrodynamic

conditions (such as nominal turbulent shear rate) on the structure of floes and aggregates.

Although relative effects resulted from the changes of the overall flow conditions can

provide some insights into the dispersion process, the relationship between floe properties

and the actual force acting on floes remains uncertain due to the lack of knowledge on the

flow and the stress field.

As an effort to address these issues, the present study focuses on visualizing the

dynamic breakup process of fine floes whose size ranges from a few microns to tens of



microns, relating the floe dispersion results obtained in different shear flows, and

developing a simple, reliable and practical technique for the determination of the strength

of floes. The basic approach is to apply a shear flow to fine floes to deform and break

them, and then measure the floe size distribution subjected to the flow. Two techniques

are employed to size the floes. One is based on the visual image analysis of the

deformation and breakup of individual floes via microscope-CCD camera image

acquisition and analysis system. The other is to measure the floe size distributions using a

Coulter particle size analyzer. To eliminate the uncertainty in the flow characterization,

the following four different well-defined laminar shear flows are used to disperse floes:

(1) a simple shear flow generated with a counter rotating cone-plate device where the

shear rate is constant in the entire flow field but there exists a rotation of fluid; (2) an

elongational flow formed with two opposing jet flows where a hyperbolic flow forms

around the stagnation point when the two opposing flows meet, the shear rate is constant

near the stagnation point and the flow is irrotational; (3) a contractile flow near an orifice

in a pipe in which the high orifice area ratio causes an extremely high velocity gradient

before the orifice. The shear rate is non-uniform and the rotation is nonzero in the flow;

(4) a simple shear flow in the annular gap between two concentric cylinders. The shear

rate in this flow is uniform and the rotation is nonzero.

The present dissertation work consists of two main parts. The first is the visual study

on the mechanisms of floe breakup and erosion processes in different flows. In order to

further understand the mechanisms of fine floe dispersion in different flows, the dynamic

deformation and breakup processes of individual floes of size ranging from a few microns

to tens of microns in the cone-plate simple shear flow, hyperbolic flow, and contractile
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flow are visualized. The breakup and erosion process of floes in cone-plate shear flow is

quantitatively analyzed to determine the effects of shearing time and applied shear stress

on floe mass, size, and shape.

The second part is the study on the floe dispersion and floe strength determination by

an orifice flow. Based on the results from the visual observation and the cone-plate shear

flow, an orifice flow device is designed and fabricated to break up floes and to determine

the strength of the floes. The flow approaching the orifice of high orifice area contraction

ratio is numerically simulated to characterize the flow. The size distribution of the floes

after breakup is measured using a Coulter particle size analyzer for floe size distribution

measurement. The instantaneous breakup of floes in the orifice flow is characterized

based on the stress field near the orifice entrance. In order to compare the floe breakup in

the orifice flow with that in uniform shear flow, floe breakup in a cylindrical Couette

flow with a short shearing time is also conducted. A rational basis for the floe strength

and floe dispersion process under a shearing is established based on dispersion results

from various flows.



CHAPTER 2

VISUALIZATION OF FINE FLOC BREAKUP PROCESS

The visualization of floe deformation and breakup process was made previously only

for floes of size in the millimeter range. A visual study for the dynamic deformation and

breakup process of fine floes whose size is in the order of micron meters is first

conducted to qualitatively investigate the mechanisms of fine floe dispersions in a simple

shear flow, a pure shear flow, and an elongational flow.

2.1 Experimental Devices

2.1,1 Cone-plate Device and Flow Description

The experimental facilities used in this work were originally set up by Tran-Son-Tay

(1984) for the investigation of the motion of blood cells and recently modified for

studying highly viscous cells and living cells (Henderson and Tran-Son-Tay, 1997). They

include a flow chamber with flow tubing and a control system and a optical image

acquisition system. Different flows can be formed with different flow chamber

configurations. The image system consists of an inverted interference contrast

microscope Olympus IMT-2, a CCD camera, a monitor, a video recorder, and a

Macintosh computer. The magnification of lens used in the microscope is 40 and the

resolution of the CCD camera is 720X360.

A schematic of the system with a cone-plate flow chamber for generating simple shear

flow is shown in Fig. 2.1. The shear flow is formed between a transparent glass plate and

9
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a Plexiglas cone of small cone angle 8= 1 .26 ° Both plate and cone can rotate and can be

adjusted both in direction and in magnitude independently. The cone and the plate can be

controlled through a differential drive mechanism to keep the differential rotation

velocity between them constant. The cone-plate setting can be moved in a radial direction

so that the microscope can focus on a small region at any radial location. In the

experiment, we choose R=3mm so that the gap size is about 66um. This is large enough

to exclude possible mechanical effects of the surfaces of the cone and plate for floes of

maximum size of about 15|a.m in the present experiments. The gap between the cone and

plate can be adjusted and measured by focusing on the cone surface and plate,

respectively. The cone tip is truncated, so that there is a gap of 20um in the center region.

A more detailed description of the rheoscope system can be found in Tran-Son-Tay,

1984.

In a simple shear flow, the velocity field is linear, hence the shear rate is constant in

the field. In a simple shear flow, there exists a rigid body rotation of the fluid. In the

absence of rotation, the flow is called a pure shear flow. In the low Reynolds viscous

laminar flow regime, the flow field in the gap between the cone and the plate as shown in

Fig. 2.1 is given as

ue= 2y(z-Z(), u=0, u=0 (2.1)

for small angle, & In the above equations, z is in the direction of rotating axis of the cone

and the plate and z0 is the location of velocity component ug=0. The shear rate, /, in the

flow field can be obtained from the angular velocities of the cone and plate as below:



where coc and a>
p
are the angular velocities of the cone and the plate, respectively, and the

cone angle,£, is 1.26 °in the present setup. The strain rate tensor for the simple shear flow

r=3mm

Light

Tit

Condenser

17.8 mm

Plexiglas cone

Floe suspension

Objective

Glass plate

Water

Video recorder

00
NIH 1.6

CCD Camera Monitor Macintosh

Fig. 2.1 A Schematic of Cone-Plate Flow Chamber and Image Acquisition System
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can be expressed in terms of /as

D =

0 -y

-y
z-z„

0

r

o

y

o

(2.3)

When the cone angle 5 is very small,

(z-zj/r <tanS« 1.0 (2.4)

so that the strain rate component Dr6 then is negligible compared to y. The strain rate

tensor thus reduces to the constant tensor:

D =

0 0 0

0 0 y

0 y 0
(2.5)

The stress field accordingly is by Navier-Poison law for incompressible Newtonian

fluids:

T=2juD (2.6)

where // is dynamic viscosity of the fluid. For this stress tensor T, we can calculate three

principal stresses as

Oi=2w, a2=0, a3=-2^y (2.7)

The maximum shear stress is:

a, - <t7

2 -*->
(2.8)

Hence, the stress state in the flow field is determined by the shear rate ^for a given fluid.

It is noted that the rotation tensor for the flow Q * 0.
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2.1.2 Hyperbolic Flow Device and Flow Characteristics

A hyperbolic flow (or alternatively, stagnation flow) is usually a local flow that exists

in a small region around the stagnation point in a flow field. The devices mostly used to

generate this flow are four roller device and two opposite jet impinging flow device. Four

roller device has been widely used (Kao and Mason, 1975, Powell and Mason, 1982) in

breaking droplets and floes since G. I. Taylor's famous experiment (Taylor, 1934) on the

deformation of a liquid drop in a viscous flow in 1934. Impinging flow was applied to the

studies of drop deformation (Janssen et al., 1993) and blood cell deformation (Knoblock,

1996). It has not been used in the studies of breaking floes or aggregates.

The flow chamber for generating hyperbolic flow was initially built and used for the

study of blood cell deformation by Knoblock (1996). It has been modified to improve the

image quality and to readily produce either hyperbolic flow or contractile flow. The flow

generator and the image system are shown in Fig. 2.2. The image acquisition system is

identical to that described in the above section. The flow is self-driven by gravity via the

height difference between the flow reservoir and the flow chamber. The flow chamber has

two pairs of tubing ports. The flow channels are formed by sandwiching between two

parallel plates a rubber with channels. When it is used to generate a hyperbolic flow, the

rubber has two channels perpendicular to each other and crossed. Two opposite streams

of flow coming from two entrance ports at the ends of a channel meet in the cross region

of the two channels and flow out from the two exit ports at the both ends of the other

channel. A stagnation point is developed in the central point of the chamber. The flow

velocity is very low near the stagnation point while the shear rate is approximately
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Fig. 2.2 A Schematic ofHyperbolic Flow Setup



(exactly in theory) constant everywhere in the central region. Floes are introduced into

the inflow channel through a syringe located in one of the two entry tubing ports.

A hyperbolic flow is a linear two dimensional flow. In general, a linear 2-D flow can

be described as (Janssen et al., 1993):

u = L»x (2.9)

in which u is the velocity vector and x the position vector and L the gradient tensor

L =
1 + a

- 1 + a
0

l-a
l-a

0
with-7 <a<l (2.10)

where G, a are constants. In a Cartesian coordinate x(x, y, z) the components of u(u, v, w)

are

u = -[(l+a)x+(l-a)y]

v = ~[{-l + cc)x + {-l-a)y\

(2.11)

(2.12)

w=0 (2.13)

The value of a indicates the flow properties. For the simple shear flow in cone-plate

device, a = -1. For the hyperbolic flow, a = 1, and the flow field becomes

u=Gx

v=-Gy

w=0.

(2.14)

(2.15)

(2.16)

The strain rate tensor thus is

D =
GOO
0 -G 0
0 0 0

(2.16)
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and the rotation tensor is

0=0 (2.17)

Hence, the hyperbolic flow is a pure shear flow, that is, without rotation in flow field.

Both the maximum extentional rate of strain and the maximum shear rate of strain are G

everywhere in the flow field. That is,

s=y=G (2.18)

and

cy=T = 2fiG (2.19)

The flow in this experiment is in the creeping flow regime since the reduced Reynolds

number based on the geometry is less than 10"2
, that is,

„ . UnL h
2

,RS
=^r-l?

<10
(2-20)

where U„ is the average velocity of inflow, h half the thickness of the channel, v the

kinematics viscosity, and L denotes a characteristic length of interested region in the x,y-

plane of the flow field. Using the flowing typical values

Uoo=10 mm/s

v=6xia3 m2
/s (p ~ 1200 kg/m

3

, ju ~ 7.4 Ns/m2
)

h=0.6mm

L=0.1mm

it is estimated that Re = 6x1a3
. Two important characteristics of the creeping flow

between parallel plates are that the streamlines for all parallel layers (z = constant) are
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congruent and the flow has the same streamlines as a potential flow (Schlichting, 1979).

Thus, the flow field can be expressed as follows:

u = u0 (x,y) 1-

v = v0(x,y)
h
2

(2.21)

(2.22)

where u0 and v0 denote the velocity field of two-dimensional potential flow. For the

stagnation flow generated by two opposing jets, the well known solution for u0 and v0 is

u0=Gx (2.23)

v0=-Gy (2.24)

which holds only in the small region near the stagnation point (x,y)=(0,0) in the flow.

The only task in flow characterization is to determine G in this experimental study. In

this study, the image of the trajectory of a very small constituent particle is used to

determine the shear rate. G can be calculated as follows:

G =

v h ,

ln^ =

('2-'/)
- 2

InA
yi

(2.25)

J

by measuring the positions (x, , y,) and (x„ y2) of the particle at t=t, and t=t2 at a given z.

It completely relies on the particle trajectories. The trajectory of a moving particle and its

location can be obtained by videotaping its motion and using an image analysis software.

Several frames of pictures at a constant time interval can be digitized. The coordinates of

the particle at each picture can be read. However, the coordinates are relative to the frame

defined by the software. The origin of the hyperbola in the coordinates is unknown. To
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obtain the origin for the hyperbolic trajectory of the particle, and hence the coordinates of

these points relative to the origin, a best fitting of these points is done. Once the origin is

found, Eq. 2.25 is used to calculate the shear rate, assuming a vertical position z=0, that

is, particles move in the middle layer.

The value of z at which a particle moves cannot be determined in the present

experimental setup. This precludes any quantitative measurement of the flow and

quantitative analysis of the interaction between the particles and the flow. However, the

values of G calculated at two extreme positions, z=0 and z=0. 5h, differs only by a factor

of 1.333. Since two points on a trajectory can give a value of G, several values of G based

on different pairs of points on the trajectory are averaged to give the final value of shear

rate G. Figure 2.3 shows six points on a particle trajectory at 0.5 second time interval and

the hyperbola from the best fitting over these points.

Fig. 2.3 Best Fitting to a Particle Trajectory in Hyperbolic Flow
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2.1.3 Contractile Flow Chamber

When the system is used to generate a contractile flow, the sandwiched rubber

between the two parallel plates has one channel connected to one pair of tubing ports in

the flow chamber. The other pair of the ports are blocked by the rubber. A schematic for

the flow channel is shown in Fig. 2.4. The flow channel has a blockage with a small slot

to form the contractile flow. Flow comes from one end of a channel and goes out from the

other end of the channel. The two-dimensional channel used in this experiment is 0.8 mm

thick and 12 mm wide. The slot opening is 0.8 mm in width, so that the contraction ratio

is 15.

12mm

Fig. 2.4 2D Contractile Flow Channel
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Although the flow channel section is rectangular, the flow is not two-dimensional

because of the side wall effects. However, the shearing along flow direction is dominant

since the shear rate due to the contraction of the flow is much higher than other

components of the rate of strain tensor. In addition, the flow in the middle region is

approximately two-dimensional since the flow at the middle layer is a theoretically

perfect two-dimensional flow. The region of the two-dimensionality of the flow is very

small compared with the channel thickness, but is very large compared with the size of

the floes. Therefore, the floes moving in the middle region are subjected to a two-

dimensional contractile elongation.

The characterization of the contractile flow is much more difficult than the cone-plate

simple shear flow and the hyperbolic flow. A numerical simulation of the axisymmetric

orifice flow and two-dimensional flow and the analyses of the flow characteristics will be

presented in Chapter 4. In the preliminary experimental investigation in this chapter, the

primary focus is to observe the dynamic process of deformation and breakup of

individual floes. The quantitative characterization of floe breakup in an axisymmetric

contractile flow will be given in Chapter 5.

2.2 Floes and Fluids

2.2.1 Floes

The floes used in this study are flocculated silica particles. They are generated from

monodisperse spherical silica particles. Different diameters of silica particles are used to

obtain different types of floes. The complete procedure for making floes involves
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polymer preparation and particle flocculation. Given below is the detailed procedure

employed throughout all the experiments in the project.

(1) Preparation of ethyleneoxide polymer:

Step 1
.
In a flask, make a mother polymer solution with a concentration of 500ppm

(1 ppm = one millionth).

Step 2. Add 0.5g ethyleneoxide polymer of 5 million molecular weight.

Step 3. Add 1000 ml deionized water.

Step 4. Stir the solution for at least 10 hours with a stirring bar at a stirring machine.

Cover the flask with a box to shield the light.

(2) Flocculation of particles

Step 1. Choose dry powder: monodisperse spherical silica particles. Three different

diameters of particles are used: 0.5um, l.Oum, 1.5um .

Step 2. Select the solids loading: 0.5% (lg powder + 200ml deionized water).

Step 3. Sonicate the slurry of particle and water to break any possible agglomerates in

the powder using a sonic dismemberator (Fisher Model 300).

Step 4. Add 5ml ofPEO into the slurry.

Step 5. Agitate the slurry for a few minutes. The time period of agitation may affect

the size of resulting floes, but does not affect the chemical properties of floes.

Step 6. Drain the water to form a floe suspension of volume fraction at 2% after

sedimentation of the floes.

The mechanical properties of floes resulting from the flocculation depend on the

properties of the materials, the dosages of polymer and solids loading, the instruments,
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and the operations. To obtain floes of constant mechanical properties for every

flocculation in the study, special care in operation has to be exercised in the making of

the floes. The same dosages of materials such as polymer, water, and powders have been

used. The instruments used such as flasks, beakers, stirring bars, and stirring settings are

the same for every flocculation. It is crucial to have floes made at different times

possessing the same mechanical properties in order to isolate the hydrodynamic effects of

fluid shear on the dispersion of floes.

The floe suspension is stored at normal laboratory temperature for future use. It is

gently agitated before being added into suspending medium. Although there might be

changes of the floes in their size and properties due to their aging and the agitation

(Hannah et al., 1967), the effects are insignificant because the tests for floe breakup are

always conducted within a few hours on the same day on the same mixture of floes and

fluid for all different flow conditions in a flow to minimize all other unexpected factors.

2.2.2 Suspending Fluids

Two million M.W. dextran solution is used in the experimental study. The main reason

for the use of dextran is the requirement of an extremely high viscosity of the fluid to

break floes at low shear rates. Low shear rate is essential because the breakup process of

fine floes can only be visualized at very low flow velocity and a large velocity gradient at

high shear rate often leads to difficulties in visualizing moving floes. In fact, the limit on

the shear rate is very strict, once the shear rate surpasses 4 s
1
in the cone-plate device, the

floe image becomes very fuzzy. Solutions of highly viscous fluids have been widely used

in previous experiments for the same purpose. Sonntag and Russel (1986) used a 55.2 %
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(by volume) glycerol-water solution of 0.1 Poise viscosity. Higashitani et al (1991) also

used a 24 % (by weight) glycerol solution with a viscosity of 0.017 Poise. Powell and

Mason used silicone oil solution at 60% volume fraction.

The mechanical properties of 2-million-molecular-weight dextran solution are

investigated to determine its characteristics. The viscosities of the different concentration

dextran solutions are measured using a Wells-Brookfield cone-plate digital viscometer.

The relationships between the stress and strain rate at five concentrations are shown in

Fig. 2.5a, from which we can see that the solutions are Newtonian for the ranges of

concentration and shear rate considered. The viscosity of the dextran solution increases

with increasing concentration almost quadratically as shown in Fig. 2.5b.

2.3 Results and Discussions

2.3.1 Floe Breakup in Cone-plate Shear Flow

Figure 2.6a shows the detachment process of a primary silica particle of lum diameter

from a triplet floe in the simple shear flow. This triplet is initially composed of three

primary particles that form a straight line. As shearing continues, the floe rotates and one

of the primary particles detaches from the floe gradually. This triplet breaks at a shear

stress of t = 6.23 Pa. Fig. 2.6b shows the breakup process for a different triplet floe. The

initial shape is a triangular type, so that each primary particle is in contact with two other

particles. The floe ruptures, that is, the primary particles detach from each other

simultaneously. The stress level in the shear flow field at which the triangular floe breaks

up is 9.35 Pa. The results indicate that the floe strength depends strongly on the floe

structure. The triangular triplet has more contacts and therefore more effective binding
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y(s')
(a) Stress - Rate of Strain Relationship

r \i (Ns/m
2

)

(b) Variation of Viscosity with Concentration

Fig. 2.5 Mechanical Properties of Dextran Solution
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0=2.5) (t=3s) (t=3.5s)

(a) Breakup Process of a Line-shape Fine Floe (7 =0.842 r1
)

(t=0) (t=0.5s) (t=ls)

(fl.5) (t=2s) (t=3s)

(b) Breakup Process of a Triangular-shape fine Floe (y=1.257 s-')
(The edges of primary particles in this figure

are manually traced for better visualization.)

Fig.2.6 Two Breakup Processes ofFloes Consisting of Three Particles

in Cone-plate Simple Shear Flow
(u=7.4 Ns/m2

, Primary particle diameter d0=1.0\im)
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among primary particles. Thus, it is not surprising that a higher stress is required for

breaking a triangular floe than a linear floe. Therefore, the strength of floes in a

suspension can only be related to the statistic average of floe size since a suspension is

composed of floes with a large number of different structures.

Figure 2.7 shows the breakup process of a larger and more complicated floe which is

about 8um in equivalent diameter. The floe breaks up in the middle into two smaller

floes. One of them further breaks up in the middle to form two smaller floes. The shear

stress at which this process is observed is also 9.35 Pa and this process lasts for about 10

seconds. It seems that the fragmentation of a floe into smaller ones is a short time

sequence process at the low shear rate for the floes investigated. It is expected that when

the shear rate is increased and the shear stress is kept the same, the time period will

decrease.

2.3.2 Floe Deformation and Breakup in Contractile Flow

The deformation and breakup process of floes approaching to the entrance of an

orifice have been investigated by other researchers. Sonntag and Russel's deformation

model was based on the analysis of the variation of the average number of primary

particles per floe and the variation of the average radii of gyration of floes with shear rate.

They found that the radii of gyration vary weakly with shear rate while the average

number of primary particles per floe decreases exponentially. Hence, it was postulated

that the floes change shape in the orifice flow from spherical to elongated because of the

continuous removal of fragments from the same part of the floe by the irrational flow

near the orifice entrance, not because of the deformation. Higashitani, et al
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(t=15) (t=16)

Fig. 2.7 Deformation and Breakup Process of a Floe in a Simple Shear Flow
(u=7.4 Ns/m2

, y1.257 r1
, Primary particle diameter d0=1.0\wi)
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(1991) measured the variation of the length of floes consisting of small number of

particles, whose size is 90um in diameter, in the flow direction as they approaches the

entrance of an orifice using a stroboscope photograph technique. They proposed that the

floes were elongated and lined up towards the flowing direction, and then broken before

entering into the orifice.

The present experimental work is to examine those proposed scenarios by visualizing

the dynamic deformation and breakup process of fine floes subjected to a contractile flow

approaching to a small opening in a two-dimensional channel. To obtain a clear images of

floes when they move into the focal visual region, the velocity of the flow near the slot

entrance must be very low. This requires the use of a highly viscous suspending fluid in

order to create a shear stress that is sufficiently high to deform and breakup the floes. The

dextran solution with viscosity of 7.4 sN/m2
is used. The floes of 1.5 urn silica particles

are used to obtain better visual images.

The motion of floes is clearly visualized in the present system. Unfortunately, the

shear rate in the flow cannot be obtained in the present experimental conditions because

the exact location of the floes cannot be determined. For the two-dimensional slot with

contraction area ratio of 15, the maximum dimensionless shear rate, normalized by the

average channel velocity and the half channel width, can reach about 225 near the

entrance of the slot, as will be quantitatively shown in Chapter 4. However, the absolute

value of shear rate is very low, because the flow rate in the system is only 20 milliliter per

hour.
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Figure 2.8 shows the final moments of a dynamic elongation process of a floe. They

are captured by manually moving the flow chamber along the centerline flow direction

since the fixed region that the microscope can cover is very small (68p.mX90p.rn). This

floe whose image is captured is located at the centerline and near the entrance, as

suggested by the orientation of the floe. Its two ends are elongated in axial direction prior

to their detachments. The rest of the floe is also elongated and seems to be broken in the

middle as shown in the last picture.

The most frequently observed mode of floe breakup in the contractile flow is the one

where floes are elongated, then broken from the ends of the rod-like shape. Figure 2.9

shows a processes of disintegration oftwo floes approaching to the slot. The two floes are

deformed and completely ruptured in less than one second. Elongation usually takes place

before the disintegration.

In Fig. 2.10, a cluster of a few floes is followed. The cluster of floes is captured

somewhere upstream in the flow field, then is followed by manually adjusting the flow

chamber along the centerline and lateral directions. It can be seen that the cluster of floes

is flowing toward the central region of the flow and its orientation is gradually shifting to

align with the centerline direction as they approach to the orifice. The floes undergo

deformation and breakup in the process. On the last picture frame at t=17 second, the

cluster of floes becomes much thinner, consisting mainly of two or three particles in the

width. During the initial phase, there are some small fragments removed from the main

floe body by the flow. The major breakup takes place at the final moments around t=13

second.
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Fig. 2.8 Deformation and Breakup Process of a Floe in a Contractile Flow
{\i=7.4 Ns/m2

, Primary particle diameter d0=1.5\im, area ratio P=/ 5)
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t=0.875s t=ls

Fig. 2.9 Rupture of a Floe in a Two-dimensional Contractile Flow
(H=7.4 Ns/m2

, Primary particle diameter d0=1.5\im, area ratio P=/5)
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Fig.2.10 Motion and Breakup of Floes in a Two-dimensional Contractile Flow
(\i=7.4 Ns/m2

, Primary particle diameter d0=1.5\im, area ratio P= 15)
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The visual monitoring of floe motion also reveals that the floes tend to move toward to

centerline in contractile flow. In particular, floes detour the corner region of the flow

when they move toward the orifice wall due to the large lateral velocity. This observation

is significant for our study of the effective shear stress that floes experience in orifice

flow in Chapter 5.

2.3.3 Floe Breakup in Hyperbolic Flow

As we have seen, in the simple shear flows of the cone-plate, floes translate and rotate

with the fluid. In the two-dimensional contractile flow approaching the slot, the floes

move through a high shear section for a short period, undergo deformation and then break

up. In a hyperbolic flow, floes move very slowly near the stagnation point and be exposed

to the shear force for a much longer period. This is the case when the hyperbolic flow is

used to break and deform bubbles, drops, and blood cells. However, floes usually cannot

remain near the stagnation point even for a short period because the irregular shape of

floes causes a non-zero resultant force on the floes by the fluid. In fact, even for a

spherical particle, the stagnation point is unstable point. Once it is perturbed, it will move

away with the outgoing flow. The rotation speed of the four rollers has to be adjusted to

bring the drops back to the stagnation point. For floes, the incoming flow rate is

controlled to an extremely low value, about 20ml/h, to obtain clear picture of moving

floes in the flow around the stagnation point.

Such a low incoming flow velocity produces a very low shear rate, G=0.0032 s"
1

.

Although the dextran solution at concentration of60% with the viscosity fi=7.4 sN/m2
is

used, it is still not sufficient to deform and break most of the floes used in the study.
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Hence, it is more difficult to obtain good pictures of floe deformation and breakup in the

hyperbolic flow than in the contractile flow. Nevertheless, the breakup of some large

floes are observed and recorded. Two such processes are shown in Fig. 2.11 and Fig.

2.12. The same batch of floes used in contractile flow tests are used in the present test.

Figure 2.11 shows a typical process of deformation and breakup in the hyperbolic

flow. When captured, the floe is already elongated to about 10 um. The floes in the

hyperbolic flow experience a pure shear and an elongation similar to that in the

contractile flow. The breakup process in the hyperbolic flow is very similar to the one

observed in the contractile flow (Fig. 2.8), except that the floe in the hyperbolic flow

experiment moves at a much smaller speed over a small distance since the velocity of

flow in the stagnation region is near zero. This leads to a longer shearing time and the

better image quality. In contractile flow, the floes travel very fast, and experience a high

shear due to the high flow velocity at the entrance region.

Figure 2.12 shows another dynamic breakup process of a floe in the same flow

conditions. A neck region forms in the elongated floe. Further necking leads to the

breakup in the middle while no apparent deformation is observed in its shape. It is

noticed that individual floes have very different structures than the one captured in this

case, even though they were generated from the same batch by using identical procedures

and chemicals. However, Fig. 2.11 and 2.12 clearly show the simultaneous presence of

deformation-breakup mode and breakup without deformation mode in the hyperbolic

flow.



Fig. 2.1 1 Floe Deformation and Breakup in a Hyperbolic Flow
( G=0.00322 1/s, n=7.4Ns/m2 ,d0=1.5\m )
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Fig. 2.12 Breakup Process of a Floe in a Hyperbolic Flow
(G=0.00322s>, \L=7.4Ns/m2

, d0=1.5\im)
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2.4 Summary

This chapter presents the visual results for the dynamic deformation and breakup

process of fine floes of size ranging from a few microns to tens of microns in different

flows. The main conclusions and significance of this work are summarized as follows.

(1) Dynamic process of deformation and fragmentation of fine floes in the size range of 3

- 30um is clearly visualized for the first time in different flows including a simple

shear flow, a pure shear (hyperbolic) flow, and an elongational (contractile) flow.

(2) In hyperbolic flow, floes can stay in the region of constant shear stress for a longer

period of time compared to contractile flow where floes experience a high shear stress

only in a very short period of time. In both contractile flow and hyperbolic flow, the

more frequently observed mode of breakup is that floes are elongated, then broken

into several smaller floes simultaneously.

(3) In simple shear flow, a floe is usually broken into two floes at a time. Compared to

breakup in contractile flow and hyperbolic flow, the breakup process in the simple

shear flow is usually much longer than that in the elongational flows.

(4) The visualizations of detailed dynamic floe deformation and breakup process reveal

various modes of the dispersion of fine floes. Such information is helpful to the

understanding and the modeling of this complicated floe dispersion process.



CHAPTER 3

ANALYSIS OF FINE FLOC BREAKUP IN CONE-PLATE SIMPLE SHEAR FLOW

3.1 Introduction

Simple shear flow has been widely used to quantitatively study floe dispersions, using

three devices:

(1) Cylindrical Couette flow apparatus with two concentric cylinders. When the gap

between the two cylinders is sufficiently small compared to the radius of inner cylinder,

the velocity distribution in the viscous flow between them due to the rotation of either

cylinder or both in opposite directions is linear. Hence, the shear field in the flow is

constant when the Reynolds number is smaller than the critical Reynolds number. This

apparatus has been widely used to generate either a laminar simple shear flow or

turbulent flow for the experimental study of particle dispersions and aggregations in shear

flow (Jiang and Logan, 1996; Kao and Mason, 1974; Patterson and Kamal, 1974; Powell,

and Mason, 1982; Potanin et al, 1997; Serra et al, 1997; Sonntag and Russel, 1986).

(2) Flow between two parallel walls moving in opposite directions. This apparatus was

used in visualizing the pulp floe breakup process (Lee and Brodkey, 1987) and deforming

liquid drop in another fluid (Taylor, 1934).

(3) Flow between a counter-rotating plate and cone with a very small angle. This

device has been used to deform blood cells (Tran-Son-Tay, 1984; Henderson and Tran-

Son-Tay, 1997). This same device is used in the present study .

38
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The simple shear flow device and image acquisition system used in the last chapter is

employed to quantitatively study floe breakup process, and floe strength in this chapter.

This is done by visualizing the deformation and breakup of individual floes and analyzing

the floe mass, size, and shape. Floe mass refers to the number of constituent particles of a

floe. Since the constituent particles are spherical and the density of the particle is known,

the mass of the floes can be related to the number of constituent particles. The main

objectives of this study are to further understand the breakup mechanisms of fine floes of

a few microns, analyze the effect of shearing time on floe dispersion process and evaluate

the mechanical strength properties of floes.

3.2 Experim ental Procedure and Data Processing

In order to analyze the change of floe mass, size, and shape with shearing time and

shear stress, the floes are sheared in the cone-plate shear flow. The experimental device

was described in the last chapter. The flow chamber is centered and leveled before the

fluid and floes are put in. About 0.5 ml dextron is first dropped on the surface of the

plate, then a small amount (no more than 10"5
ml) of wet floes prepared previously is

added to the drop of fluid using a needle. The floes are initially concentrated at a small

region in the fluid. The mixture of floes and fluid is left undisturbed for several minutes

before the cone is positioned to its preset position so that the floes could spread with the

very slow and free flowing of the drop of fluid. It can be seen that the volume fraction of

the floes in the fluid is about 10"5
, when the solid volume concentration of the wet floes

added into the fluid is assumed 50%.
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The shear rate is controlled by adjusting the differential rotation speed between the

cone and the plate. To follow the motion of a floe in a limited range, the rotation speed of

the cone or the plate can be adjusted while the differential speed is kept constant. The

focus of the microscope is adjusted to change the focal plane during the experiment so

that floes at different heights can be observed. The focused region is 68p.m x 90^im. All

the floes moving in the region on the focal plane are continuously filmed by a CCD

camera after magnification through the microscope, and the images are monitored and

videotaped using a monitor and a VCR connected to the microscope-CCD camera

system. Then the movie is digitized with a given time interval on a Macintosh computer

using the public domain NIH Image program. Figure 3.1 shows a frame of a typical floe

picture. The averages of equivalent size of floes, shape, and mass (number of constituent

68 nm

Fig. 3.1 Typical Floe Sampling for Size and Shape Analysis
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particles of a floe) over all floes in a picture represent an instantaneous values of size,

shape, and mass of the floes that move in the focal region at that particular instant.

The floes move in and out of the focused region from the two boundaries in

circumferential direction following the fluid motion. It can be shown that the radial

movements of floes are random and negligibly small, and there does not exist an outward

flow of floes resulting from the centrifugal force since the fluid has an extremely high

viscosity. Assume that a spherical floe of radius a has a radial velocity vr at a radial

position r, the equation of motion for the floe may be approximated as,

drag is used in the equation since the Reynolds number for the flow is in the order of 10"6

based on the experimental conditions, floe size a=10"
5 m or less, fluid viscosity ju=1.0

(3. 1)

dr

where vr - ^ , pp is the average density of the floe and co the angular velocity. Stokes

Ns/m2
or higher, fluid density p=1100 kg/m\ a < 0.1s

1

. Let P = 9M

2ppa
2 , it is noted that

P ~107
s~', the Eq. (3.1) takes the following form:

r + fir-rto
2 = 0 (3.2)

When co/p« 1.0, the solution given by r(0)=r0, and r(0) = 0 is:

CO
2

P
(3.3)
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For the conditions in the study, (a/p~o(l(T
s
), and (O

2
/p~o(10~

9
). The radial movement of

floes due to the centrifugal force in 3 hours (10
4

second), the an extreme case, is

eventually zero in the highly viscous fluid.

In the vertical direction, the possible sedimentation is examined experimentally. The

size distribution of the floes suspended in the dextran solution in a high tube is measured

by a Coulter particle size analyzer at time interval of 1.5 hour. Samples are taken from the

top of the tube container. Fig. 3.2 shows the two measured floe size distributions. It is

found that when the concentration of dextran solution is 40%, the floe size distribution

difference disappears. The concentration of dextran solution used in the study is higher

than 50%. Thus there is no systematic depletion of the floes in one specific region and the

sample in the visual region is representative of the entire flow.

3.3 Results and Discussion

3.3,1 Variation of Floe Mass with Time Under a Constant Shearing

In order to study the effect of shearing time on floe structure in a simple shear flow, an

experiment on the change of floe mass under a constant shearing is conducted. Each floe

consists of only small number (typically less than or equal to 6) of primary or constituent

particles. Such floes are highly irregular in shape. Such floes are encountered in the last

stage of dispersion process in which larger floes (with diameters 10 or 100 times the

primary particles) have been broken down and the remaining floes of smaller size are

difficult to break. An understanding of the floe breakup mechanism on this small scale is

essential to the dispersion of colloidal particles. Floes are sheared at a constant low shear

rate y=1.9J 1/s in the highly viscous dextran fluid of viscosity ^=15.1 N«s/m2
for two
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Sedimentation time

— - t=93 mimute

Floe Size (urn)

(a) Dextran Concentration 30%

Sedimentation time

— — - 1=79 minute

Roc Size (urn)

(b) Dextran Concentration 40%

Fig. 3.2 Effect of Sedimentation on Floe Size Distribution



44

hours. The entire dispersion process is recorded by the video system as described above.

After the experiment is done, the video is played back and digitized at twelve time

segments apart approximately 10 minutes. At each time segment, about 5 frames of

digitized pictures are taken every 5 or 10 seconds, depending on the image quality and the

number of floes in a picture, since the floes do not distribute uniformly in the flow field.

The pictures including too few floes or those of poor quality are usually skipped. The

number of visible primary particles in each of all the floes in one frame of picture is

counted. Some primary particles could be hidden in large floes consisting of four or more

particles. Hence, the floe structure observed is two-dimensional. The variation of floe

mass, which is represented by the average number of primary particles of one floe over

all floes at a time point, with time is obtained. The changes of number fractions of floes

consisting of certain primary particles are also analyzed.

To better visualize the floe structure, the floes generated with silica particles of 1.5 urn

in diameter are used. Experiments indicated that when this type of floes is used, the

individual particles in a floe are clearly visible. The floes generated with this size of silica

particles by the procedure described earlier are composed of small number of constituent

particles.

Figure 3.3 shows four frames of pictures illustrating typical floe structures under shear

at four different moments. The decreasing tendency of large floes consisting of more than

5 primary particles can be seen in the pictures. It is noted that the pictures taken at initial

phase have more floes and less floes at final phase, in other words, the population of floes
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is not balanced in these pictures. The reason is that the floes are relatively concentrated

spatially initially during the shearing process because the floes are put in a small region in

the fluid and the floes are more and more distributed spatially as the continuous shearing

proceeds because of the circumferential fluid flow. Therefore, the number fraction of

floes is used in the following analyses. Number fraction of some specified floes is the

ratio of the number of these floes to the total number of floes.

Figure 3.4 shows the variation of the average number of primary particles in one floe

with time. It can be seen that the average number decreases fast at the initial stage,

indicating the breakup of larger floes composed of large number of primary particles into

floes of smaller number ofprimary particles. At this initial phase, the breakup mechanism

is dominant. This period is short, compared with the long shearing process. For the rest of

the shearing, the average number of constituent particles decreases very slowly, which

indicates that the erosion process of floes dominates. This experiment clearly illustrates

that the breakup of floes in short time makes a major contribution of floe size reduction in

floe dispersion by shear flows and the continuous shearing will result in the erosion of

particles, but makes a small contribution to floe size reduction.

Figure 3.5a shows the variations of number fractions of floes consisting of one, two

and three particles with time and Fig. 3.5b shows those of floes consisting of four, five

and six or more particles. For the sake of convenience, the individual primary particles in

the pictures are considered as floes consisting of one constituent particle. They are, of

course, not floes. It can be found that the number fraction of largest floes ( composed of 6

or more visible particles) drops rapidly in the initial shearing phase ( from 12% to 3% in

about 6 minutes). The number fractions for 4-particle floes and 5-particle floes also
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decrease, from 9% to 3.5% and 7% to 4% in 12minutes, respectively. It is noted that the

bigger the floes are, the larger the decreasing rates, for these three sizes of floes. This

quantitatively indicates that the large floes are easier to break. On the other hand, the

fractions of single particle floes and doublet floes have an increase of about 8% in the

initial 6 minutes, and the number fraction for triplet floes increases slightly, that is, the

number of triplet floes increases keeping pace with the increase of total floe numbers

during this period due to the breakup of larger floes.

The strips of single particle or doublet floes obviously take place in the initial breakup

phase. Then what follows is the slow decrease in number fractions of large floes with

time during the shearing process and the slow increase in number fractions of single

particle floes. At the end of the shearing process, the largest floes (composed of five and

more primary particles) completely disappear. Although there are some deficiencies in

these curves due to the nonuniform space distribution of floes in the flow field and

possible sampling bias, these curves clearly illustrate the breakup mechanisms from the

point of view in floe mass changes. It is suggested that a continuous shearing does not

result in a significant floe size reduction and a sufficiently high shear stress that

overcomes the strength of floes can break floes almost instantaneously in the flow of

shearing domination. The initial breakup phase in this experiment lasts about 6 minute

because the extremely low shear rate is used. If the shear rate is increased by 500 times,

up to about 1000 1/s, and correspondingly, a much lower viscosity is used to obtain the

same shear stress, the initial breakup can be finished in a very short time, because the
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nondimensional parameter yt usually is considered to the quantity that essentially governs

the time effect (Powell and Mason, 1982).

3.3,2 Variation of Floe Size with Time at Constant Shear Rates

Based on the conclusion that a continuous shearing makes little contribution to the

floe size change, an experiment is performed to analyze the effect of shear stress on the

floe size and shape, as well as the effect of shear stress on the erosion rate of floes at a

constant shearing. The experiment is done by the same procedure as above, but four shear

rates are used for the shearing process. The floes used in the experiment are those

consisting of primary silica particles of 1.0p.m in diameter. The digitization is made at a

constant time interval for a given shear rate. The interval varies for different shear rate

since the floes move faster at a higher shear rate. The projected area of a floe in the focal

plane is measured and an equivalent diameter is calculated. This diameter corresponds to

the diameter of a circle that has the same floe projected area. The equivalent diameter of a

floe provides an effective measure of the floe size since the floes translate and rotate in

the flow field. Each data sample of digitization is a frame of picture having a number of

floes. The average of equivalent diameters in a sample represents an instantaneous

average size of the floes that move in the focal region at that particular instant as shown

in Fig. 3.1. The analyses of the floe size and shape are based on the measurements of the

projected shape of floes. It is done by tracing the profile of a floe image. The area of the

outlined shape and the length of the profile edge are measured by the image software.

Figure 3.6 shows the variation of the instantaneous average floe size with time for the

entire shearing process of about 36 minutes. During this period, the shear stress is
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increased from 6.2Pa, to 13.3Pa, then to 20.6Pa, and finally to 27.6Pa. The data exhibit a

large fluctuation, because the amount of floes captured in the small focal region at a

moment represents floes which have a large random distribution in size. Since the floes

are randomly distributed in the flow field, the floe structures (size and shape) captured at

a fixed small region in the flow appear to be random. A linear regression analysis is

conducted to analyze the time effect at a given shear rate. That is, the averaged floe size d

is expressed in terms of the linear function of dimensionless parameter yt as follows:

d=d0(l+ky(t-t0)) (3.4)

Figure 3.7 shows the variation of the averaged instantaneous floe size change with

nondimensional parameter, yt, and the linear regression results at four shear stress levels.

The values ofk and d0 for the four shear stresses are given in Table 1. The constant k is

the linear rate of change in floe size. It is a measure for the erosion process during the

constant shearing. It is seen that the k is very small at a constant shear rate, that is the floe

size decreases with yt very slowly. The absolute value of k decreases as the shear rate

increases for the first three shear levels. The positive k for the fourth shear level only

indicates that the effect of slow erosion is very small so that k results from statistical

fluctuations. The dimensionless values ofkyT for the last two shear stress level is so small

that the floe size can be considered not changing with time during the shearing. For the

first two shear stress level, the erosion process contributes about 26% and 13% to the

overall size reduction during the shearing.
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Table 3.1 Linear Regression Results For Floe Size Variation

<Pa) Xl/s) 'o(s) Duration, T(s) k d0(\im) kyT
6.2 0.8899 0 1200 -0.000239 9.37 -0.255
13.3 1.8981 1200 500 -0.000139 5.95 -0.132
20.6 2.9407 1700 380 -0.0000156 4.90 -0.017
27.6 3.9346 2080 80 0.0000222 4.03 0.0070

Since the experiment is conducted on the same batch of floes in a continuous operation

for the four shear rates, there are actually two factors that affect the result. One is the

shear rate, the other is the initial floe size and shape. As shear continues, the floes become

smaller, their shape becomes less irregular, and the erosion of floes with time becomes

more difficult. The characteristic of floe size change with time at different shear rates

essentially gives the information for the strength of the floes. For the floes of the same

chemical and physical properties, average floe size and size distribution vary when the

applied shear stress changes. At a constant shear stress, the floe size does not change

much with time since the strength of the floes balances the external applied shear stress,

unless a higher shear stress is applied to overcome their strength. The time effect exists i

the size reduction and depends on floe initial size, shape, and applied shear stress.

3-3,3 Variation of Floe Size and Size Distribution with Applied Shear
SjtfiSfi

If the time effect is neglected since it is small compared with that due to the increasing

shear stress, the statistics of the floe size distribution can be obtained during continuous

shearing under a given stress. Each individual floe that is sampled is treated as an

independent element in the statistical analysis. The probability density function (PDF) of

the floe size, the mean floe size, and its standard deviation are thus obtained for each

in
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given shear stress. Figure 3.8a shows the mean equivalent diameter of floes, ^ as a

function of the applied shear stress. Although only four shear stresses are used, the data

suggests a power law dependence of " on t,

dcCT
(3.5)

It should be noted that Sonntag and Russel (1987) obtained d qc t~
035

or oc r~
105

for floes of 0.14 um in diameter of polystyrene latex dispersed in glycerin-water mixture

in a sheared Couette flow, in which R
is the gyration radius of floes. This similarity

suggests that the different floes share a similar dispersion behavior in the shear flow. Fig.

3.8b shows the variation of the standard deviation of the floe equivalent diameter, ad,

with the applied shear stress. The standard deviation also decreases as the applied shear

stress increases following the power law given below,

_ „ --0.72
d (3.6)

This decrease is more rapid than that of the mean floe diameter, which indicates that the

distribution of floe size is in a size band that becomes more narrow as the shear increases.

The PDF's for the distributions of the logarithm of floe size at various shear stresses are

shown in Fig. 3.9. It is seen that the PDF's are approximately logarithmic-normal. At a

low shear stress, r = 6.23 Pa, floe sizes are widely distributed. As shear stress increases,

the resulting floes not only become smaller but also become more uniform in size which

corresponds to a more narrow PDF distribution curve.
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3.3.4 Change of Floe Shape with Time and Stress

One of the advantages of the present study is the visualization and characterization of

the fioc shape. The spherical floe assumption has been widely used in theoretical models

and measurement techniques in the particle sizing. The video images of the floes during

motion clearly show that the resulting floes under shearing are rather irregular in the

present study, however. As the floe size decreases with increasing shear stress, the floes

appear to have less irregularity on the surfaces, but are definitely non-circular for fine

floes composed of large number of particles. In order to quantify the floe shape, both the

projected area S and perimeter P of a floe image on the focal plane are measured. A shape

factor (sf) is defined as follows to analyze the shape change,

For a circular shape, sf'
= n . The averaged shape factor over all floes in one sampled

frame of picture is plotted with time and shear rate in Fig. 3.10. While the mean value of

sf decreases slightly with increasing shear stress, the fluctuation of sf is noticeably

smaller at higher shear stress. To see the variation of shape factor with time at a constant

shear rate, the linear regression analysis is performed on the curve in terms of the

following equation:

The coefficients in the regression equation are given in Table 2. Also given in the table

are the statistical data for the shape factor obtained over all floes at a given shear rate. It

can been seen that the change rate of time, k, is small at all the four shear rates, while the

P
(3.7)

sf=sf0(J+kr(t-to)) (3.8)
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mean shape factor, sf , becomes closer and closer to n and its standard deviation

decreases as the shear rate increases. The changes of mean shape factor and its standard

deviation suggest that floes become less irregular in their shapes. However, the deviation

from vindicates that the floes are far from spherical.

Table 3.2 Linear Regression Results and Statistics For Floe Shape Factor

<Pa) Ki/s) as) k sfo '/

6.2 0.8899 0 -0.0000296 3.658 3.535 0.307

13.3 1.8981 1200 -0.0000229 3.526 3.452 0.241

20.6 2.9407 1700 0.0000061 3.395 3.390 0.197

27.6 3.9346 2080 -0.0000507 3.390 3.373 0.193

In order to illustrate the average shape of floes in the shear flow, suppose an ellipse

with a major axis 2a and minor axis 2b is used to fit the image of the projected floe cross-

section, the area is given by

S= na b (3.9)

and the perimeter is approximately

P»n[ (1.5(a+b)-4ab
] (3 10)

The major-to-minor axis ratio of the ellipse can be expressed in terms of the shape factor

as

(3.11)

_2 sf
wim Q~

j
" + 2~) Using the measured values of sf and the above expression, we can

calculate
b

to estimate the degree of non-circularity of the floes. To quantify the
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a
deviation of the floe across-section shape from a circle, the major-to-minor axis ratio, T ,

is calculated using Eq. 3.1 1 and the measured sf. Figure 3.11 shows the mean values of

a
7 and sf under four different shear stresses. Even at the highest imposed shear stress of r

a
= 27.6 Pa, the ratio, 7, is about 2. This clearly suggests that the floes generated under

simple shearing are not close to sphere.

x (N/m
2

)

Fig. 3.11 Variation of Mean Shape Factor with Applied Shear Stress
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3.4 Summary

A visual study is carried out to help us understand the mechanism of dispersion of fine

floes in a simple shear flow and floe strength. The variations of floe size, shape, and mass

with time and shear stress are analyzed. The main results and conclusions are summarized

as follows:

(1) In shear flow, rapid breakup of fine floes occurs when the applied shear stress

increases and it gives a significant contribution to the floe size reduction. In the

absence of erosion, the shear stress required to break up floes increases with

decreasing floe size following a power law dependence.

(2) The long-time constant-stress shearing results in slow erosions of floes in a simple

shear flow. Whether the erosion contributes a small part or a large part to the size

reduction depends on the duration of shearing and the shear rate. The erosion rate

mainly depends on the shear stress, floe size, and floe shape. The erosion is faster for

a larger floe size with an irregular shape than that of a smaller floe size and a regular

shape.

The results in the part of the work are the base for other experimental setup and the

determination of experimental conditions for the work in later chapters.



CHAPTER 4

FLOC BREAKUP IN ORIFICE FLOW-PART 1

FLOW CHARACTERIZATION

4.1 Introduction

Orifice flow device refers to the axisymmetric duct flow blocked using a plate with an

orifice. The area ratio of an orifice flow device is defined as the ratio of the upstream duct

section area to the orifice area. For more than 100 years, orifice device has been

extensively used in hydrodynamic engineering as one of a family of differential pressure

flowmeters due to its simplicity and reliability. The orifice area ratio is usually no more

than 20 in flowmeters. Since the late 1970's, orifice with very high area ratio has been

applied to study deflocculation and deaggregations (Kousaka et al, 1979, Yuu and Oda

1983, Sonntag and Russel 1987, Higashitani et al 1991,1992). Because the flow

accelerates as it approaches the orifice, a very large velocity gradient is generated near the

orifice entrance. When floes and aggregates in the flow approach the orifice, they

experience a high rate of strain or stress so that they may deform and break up.

Clearly, a complete knowledge of the behavior of the stress field near the orifice

entrance is essential for understanding floe dispersion process. Because of the complexity

of the flow field near the orifice and the difficulty in the flow simulation and

measurement for high area ratio (>100), very little attention has been paid to the flow

characterization of high area orifice flow. Only limited information such as velocity along

centerline was reported (Higashitani, 1991). Some overall flow parameters (e.g. pressure

63
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loss estimate across the orifice or energy dissipation based on experience) in the flow are

used to evaluate the hydrodynamic conditions. Unlike Couette flow and hyperbolic flow,

in an orifice flow, the stress field is highly nonuniform in the region of interest and no

simple methods are available to describe the flow field and stress field other than

numerical simulation.

Previous numerical simulations for orifice flow were for flowmeters with orifices of

low area ratios ( < 16 ) and high Reynolds numbers (Re > 104

) (Giovannini & Gagnon,

1993; Morrison & DeOtte et al., 1990; Morrison & Panak et aL, 1993; Patel &

Sheikholeslami, 1986). The flow discharge coefficient was usually of interest. In the

experimental investigations of particle dispersions, the orifices used have much higher

area ratios (> 100 ) in order to obtain high strain rate. To observe and visualize the

motion of particles approaching an orifice, the experiment is usually operated at a very

low average velocity using highly viscous fluids to achieve sufficient stress to break the

floes. In the work of Higashitani et al., (1991,1992) the Reynolds numbers based on the

diameter of flow pipe and the average velocity are less than 500. In the syringe

experiment (Sonntag and Russel, 1987), Reynolds numbers ranged from 267 to 2667. To

recapitulate, low to moderate Reynolds number and high area ratio are used for floe

dispersion, in contrast to high Reynolds number and low area ratio of flow metering.

In the work presented in this chapter, a numerical simulation for the flow inside a pipe

with an orifice area ratio up to 567 is performed at finite Reynolds number ranging from

0.01 to 3200, depending on the orifice area ratio, using a stream function-vorticity
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formulation for axisymmetric laminar flow. The velocity field, the rate of strain tensor

field near orifice entrance are analyzed in detail.

4.2 Formulation

4.2.1 Governing Equations and Boundary Conditions

The schematic for an orifice flow field and coordinates are shown in Fig. 4.1. The only

important geometric parameter for the orifice is its area ratio:

P=J (4.1)

where r0 is the ratio of orifice radius to upstream pipe radius R.

Fig. 4.1 Orifice Schematic and Coordinates System



Stream function-vorticity equations for axisymmetric flow in cylindrical coordinates

(x, r) are derived from the continuity equation and N-S equations by defining a vorticity ^

and a stream function yrfx, r)\

£=V -U
r (4.2)

1 1
u=~Vr , v=--V, (4.3)

where u, v are the velocity components in x direction and r direction. The subscript

represents partial derivative. The transport equation for vorticity in nondimensional form

is

fi + (UQX + = + Cr +^ -
(4.4)

in which all the parameters are normalized based on the radius of the pipe R and the

average upstream velocity U, Reynolds number Re is based on the diameter of pipe D and

U.

The equation governing the stream function is

V** + Yrr-
1

-V'r=-rZ (4.5)

The region of interest is before the entrance of the orifice, since our visualization of

floe breakup in contractile flow has indicated that the deformation and breakup of floes

occur when they approach the orifice. The inlet boundary are fixed at 1.0D from the

orifice entrance face. The inlet condition is a fully developed pipe with the velocity

profile given by

u=2(l-r>), v=0 (4.6)
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Hence, at inlet,

£=4r, yr=T*(l-0.5t>) 4.7)

Along the centerline,

v=0, y^O, £=0 (4.8)

On the wall,

v=0, u=0, y^0.5 (4.9)

The exit boundary is located far downstream of the orifice and a zero derivative

condition is assumed for the vorticity, with vanishing transversal velocity:

£=0, v=0 (4.10)

For comparison purpose, inviscid flow computations are also carried out on the same

geometry. The governing equation is

Vxx+Yrr--Yr=0 (4.11)

and the inlet condition is

1 2

V =y . (4.12)

On the wall,

At the exit,

y*=0.5 (4.13)

<*L_n
dx~

0
(4-14)

is enforced.
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Meanwhile, computation for two dimensional channel with a small slot, as used in

Chapter two for the test of the visualization of floe breakup in contractile flow is

conducted to quantitatively compare the difference between an axisymmetric orifice flow

and a two-dimensional channel flow through a small slot.

4.2.2 Grid Arrangement and Numerical Schemes

Due to the large velocity gradient near the orifice, fine grids must be used and

coordinate stretching is necessary. The stretching in x coordinate upstream of orifice

corresponding to xg <x <0 is

x - x0
t 1 11-c atan (—tan—) for 0<£<£ (4.15)

as shown in Fig. 4.1, £ denotes the uniform coordinate of computational domain in axial

direction. Downstream of orifice, x2 <x <xmax , the following is used:

x = x2 + A(e for (4.16)

The grids within orifice, 0 <x <x2 , are uniform. The constants a, c, and A are determined

dx
by matching the derivatives, ^ , between the three segments and choosing proper

and £>, which determine the appropriation of girds in the three sections. The r coordinate

is also stretched using the same function as Eq. 3.15, and stretching is imposed at two

ends of orifice height corresponding to r0 < r < 1:

l + rn 1-r,'o 1 ~ 'o
r = ——- + -^-catan

2 2

2y-i-rh
t

l— tan— for^<7<7 (4.17)
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where tj denotes the uniform coordinate of computational domain in radial direction. The

grids in the core region (0 <r <r0) are uniform. c2 is chosen based on the continuity of

derivative
^ . Figure 4.2 shows part of the typical mesh of 81x41 grid for a orifice with

r0=0.05 generated by the procedure.

The governing equations and boundary conditions in physical domain (r, *)then are

transformed into computational domain (£ if). Equations (4.4) and (4.5) are transformed

to the following equations:

h
x
h2

2 1

Re h
x
h2

r h2 ) (h,
+ ;(^ + 7^)-^r<rj

(4.18)

(4.19)

where

"x
(4.20)

(4.21)

In the implementation of the finite difference method, the second order central

difference scheme is used for interior points. The following difference scheme (Lugt and

Haussling, 1974) for vorticity on the wall are employed:

773 7-2
4At?r, hZ2

' Jw rJ\

(4.22)
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for horizontal wall wherej=jw, and

(4.23)

for the front wall of the orifice at x=0 where /=/w. On the back side, x=x2, similar

expression can be easily derived. These formulae are derived from the boundary

conditions and making use of Taylor's expansion of the first order derivatives of stream

function at (ijw.,) and (ijw.2) as follows:

+
Kcftjj

cry
Atj

2
+o(Atj

3

) (4 24)

Jw

Jw-2

-r- +
\dri) . .

(-2A7) +|f0J 4At1

2
+ o(atJ

3

) (4.25)
'Jw ^ ijw

Since (y/n)ijw
=0 and

( *2 ^
<7 ^
^2 J

- r
jwCjwh2 according to Eq. (3.19) and boundary

Jw

conditions Eq. (4.9), taking 4xEq. (4.24) - Eq. (4.25), then the following equation for the

wall vorticity, is obtained:

(*} -4
'Jw-2

I eft])
iw-\

(4.26)

After the first order derivatives at interior point in the above equation are replaced with

the central difference:

V di]) . .

' >,Jw-Jw-2
2Atj (4.27)
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2Atj
+ o\

\dn)
i

(4.28)

>Jw-\

the Eq. (4.22) is obtained.

Similarly, expanding the first derivative of stream function at the expression for

the vorticity on the vertical wall can be obtained.

Time marching procedure is applied to solve the discretized equations for and

yK}j). The velocity field u(i,j) and v(i,j) are then derived from yjjj) by Eq. (4.3) using

central difference:

4.2.3 Validation of the Numerical Method

Grid independence is first examined for the case of f3=400, Re=200. Figure 4.3a

shows the computed vorticity distributions along the vertical wall of the orifice at x=0,

using six different grids. Figure 4.3b shows the computed velocity gradient along

centerline using the same set of grids. It can be seen that when the grid is not less than

81X81, the results become independent of grid size. The discrepancy near the corner

always exists because of the corner singularity.

To further validate the numerical solution, the centerline velocity is compared to the

experimental data of Higashitani (1991) and is shown in Fig. 4.4. The Reynolds number

is 64, r0=0.1 and a 81x81 grid is used in the computation. The good agreement between

the data indicates the reliability of the code.

r, 2Atj
r
J (4.29)

rj 2A4 (4.30)



73

(a) Vorticity Distributions on Orifice Entry Wall

(b) Velocity Grendient Distributions along Orifice Centerline

Fig. 4.3 Effect of Grid Size on Vorticity and Velocity Gradient
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Fig.4.4 Comparison of Computational Centerline Velocity
with Experimental Data (p=100, R

e
=64)
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4.3 Results and Discussions

Since the present numerical study is to aid the interpretation of the floe breakup

experiment, the interest is focused only on the entrance region of the orifice ( x<0 ). The

flows in the downstream region are more complicated and more difficult to compute

accurately at high Reynolds number. However, they have no impact on the computation

of the upstream region.

4.3.1 Basic Features of Orifice Flow Field

Figure 4.5a and 4.5b show the contours of stream function (i.e. streamlines) and the

contours of vorticity at Re=/ and r0=0.05 ( p=400 ). When Re reaches some critical

value, Re
c
for a given /?, the flow after orifice becomes unsteady. Re

c
is very small for a

high area ratio orifice. For example, flow behind the orifice becomes unsteady when Re

>1 for p=400. Computational results indicate that the flow field before the orifice reaches

a steady state while the flow field in the downstream region of the orifice is unsteady.

Since we focused on the entrance region of the flow the unsteadiness in the downstream

region is not of concern. The inclusion of a long downstream region in the computation is

to guarantee that the exit boundary condition, Eq. (4.10) has no effect on the entrance

region.

Figure 4.6a and Fig. 4.6b show the distributions of axial velocity and its gradient in

axial direction along centerline for the case of Re=1600 and different orifice area ratios.

A 161x151 grid is used for the computation of the case. Large variations in the velocity

gradient are observed. It is also seen that the velocity gradients reach its the maximum

values before the orifice. Figure 4.7a and 4.7b show the axial velocity and its velocity
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Fig. 4.6 Centerline Velocity and Velocity Gradient Distributions
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gradient distributions at centerline for the orifice of area ratio P=400 at different

Reynolds numbers. It can be seen that the location of the maximum velocity gradient is

moving upstream as the Reynolds number increases.

4.3.2 The Strain Rate Characteristics Of Orifice Flow

The rate of strain tensor D in cylindrical coordinates {x, r, 6) for axisymmetric flow

can be determined using the gradients oftwo velocity components:

D =

u Uu +v ) 0

4:(u +v | v
2\ r x) r

0

o o y-

r

(4.31)

If the eigenvalues of the symmetric rate of strain tensor at a point in the flow field are X„

X2,
X3, and

:

X,>X2>X3 (4.32)

then the maximum extensional strain rate, Smax , maximum shear strain rate, , can be

expressed in terms ofthem as follows:

Aj (4.33)

/max
=

~2 (4.44)

They are useful to quantify the stress field exerted on the floes.

Figure 4.8a and 4.8b show the contours of maximum principal strain rate Smax and the

contours of maximum shear rate near orifice entrance region for /3=156 at Re=100.

The contours of 5^ and ymax are circle-like around the orifice corner since they are

dominated by the singularity at the sharp corner. The values of and ymax increase near
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(a) Maximum Principal Strain Rate

Orifice

(b) Maximum Shear Strain Rate

Fig.4.8 Contours ofMaximum Strain Rate Before Orifiec

($=400andRe=100)
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the comer, but change relatively slowly near centerline at the inlet face. They also change

rapidly in the wall boundary layer. The resolution of the grids has some effect near the

comer. The effect will always exists near the comer since the vorticity is mathematically

infinite at the point. On the other hand, the changes in Smax and ymax in core region near the

centerline are relatively small before orifice. Their isarithms normal to the centerline in

the core region suggest that Smax and ymax are radially uniform in the region and equal to

their values at centerline. Similar behavior can be observed for the flow at other /? and Re.

It is also found that the size of the core region is approximately equal to the radius of

orifice.

4.3.3 Maximum Centerline Velocity Gradient

As we have seen from the experimental visualization of floe motion in contractile flow

in Chapter 2, the floes in the flow always tend to move toward the centerline in the

contractile flow due to the radial velocity in the flow. Most of the floes passing through

an orifice will experience the stress in the core region. Therefore, the rate of strain at

centerline is important for our study of floe breakup in orifice flow.

At centerline all the off-diagonal elements of the strain rate tensor given by Eq. (4.31)

are zero. The three eigenvalues of the strain rate tensor are

j _ di . 1 du I du

which corresponds to a uniaxial extension. The maximum principal strain rate Smax and

maximum shear strain rate ymax at any point along the centerline are determined by the

axial velocity gradient at centerline as follows:



82

Smax(x >
r=0

) = ÔX
x, r=0

, * 3 du

x, r=0

(4.46)

(4.47)

They vary along the centerline and reach their maximum values and ycmax somewhere

before the orifice entrance face. Since ycmax is 3/4 of Scmax and Scnax is equal to the

maximum centerline axial velocity gradient, the effects of Reynolds number and orifice

area ratio on Scmax are examined.

Figure 4.9 shows the effect of Re on maximum centerline gradient velocity, Scmax for

five orifice area ratios. It can be seen that Scmax, which is already normalized by U/R,

decreases as Re increases. As Reynolds number approaches to 3000, it tends to the value

for inviscid flow of the corresponding orifice area ratio. The asymptotic behavior of Scmax

at large Re is obtained based on curve fit,

S^Re, 0)= SJJ3) + a(P) Re
2'3

for Re > 200 (4.48)

as shown in Fig. 4.10. The values of Sc0 and a at several /?s are given in Table 4-1. The

centerline maximum velocity gradient Scmax h are also given in the table at corresponding

p. It can be see that Sc0 is actually equal to Scmaxin at moderate area ratios. The differences

at two highest area ratio are less than 1%.

Table 4.1 Coefficients in Eq. 4.48 and S__ for inviscid flow

p 64 100 156.25 256 400
243 500 1050 2280 4550

c° cmax in
243 500 1068 2303 4602

a 5198.3 7366.6 21067 28454 40439
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Fig.4.10 Asymptotic Property of Maximum Centerline Velocity Gradient
at Large Reynolds Number
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In the range of 10 < Re < 200, a small flow separation bubble, whose length depends

on the thickness of the orifice plate, occurs near the orifice front corner. This separation

bubble affects Scmax so that the asymptotic value SJP) is established only at higher

Reynolds number when this separation bubble merges with the main separation bubble

after the orifice plate.

The effects of the orifice area ratio on the maximum centerline shear rate are shown in

Fig. 4.11. in log-log plot. Straight lines for creeping flow and for inviscid flow are

obtained. The finite Reynolds number results are approximately linear between these two

lines for the range of f5 investigated. For the Reynolds numbers investigated, the relation

may be expressed as follows

R du k
cmax ~Ufc

CCP
(4-49)

where k ~ 1.54 in the creeping flow regime and k ~ 1.61 based on an inviscid flow

computation. Since the cross-sectional averaged velocity at the orifice increases linearly

with /? based on mass conservation, the length scale at the orifice scales with

r«*P'Yl

(4.50)

a simple dimensional analysis indicates that

3/

5<:max
00 P 2

(4.51)

This exponent 3/2 is in agreement with the numerical results. It is also seen that at

Re=1600, the Navier-Stokes equation based result still differs than that of the inviscid

flow solution by 5-16%, depending on the area ratio
J3, indicating that the viscous flow

computation is needed for determining Scmax even at this Reynolds number.
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Fig.4. 1 1 Variation ofMaximum Centerline Strain Rate
with Orifice Area Ratio
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4.3.4 Comparisons Between Axisymmetric Flow and Two-dimensional Flow

A numerical simulation for flow passing a two-dimensional slot is also performed to

compare the rates of strain in 2-D flow with that in a 3-D orifice. Figure 4.12 compares

among four configurations. First, for a 2-D slot and a 3-D orifice with the same area ratio

P=64, 2-D slot generates much higher velocity gradient. Next, when the radius ratio of 3-

D orifice is the same as the height ratio of 2-D slot, maximum velocity gradient in the 3-

D orifice is 29 times that of the 2-D slot.

For the two dimensional flow, a similar dimensional analysis shows that Scmax <x ft
2

.

The numerical results agree with the analysis very well.

4.4 Summary

(1) The flow through an orifice with high area ratio up to 400 is simulated numerically

for finite Reynolds number. Orifice flow for /?=567 is also conducted at very small

Reynolds numbers ( Re=0.1 ) for our study of floe breakup in orifice flow. The rate of

strain field of the flow is analyzed. The strain rate field in the core region is radially

uniform and can be described by the value along the centerline. This core region before

the orifice is of interest for the analysis of floe deformation and breakup.

(2) The dependence ofmaximum centerline velocity gradient on Reynolds number and

orifice area ratio is analyzed based on the numerical simulation and dimensional analysis.

The variation of the maximum centerline velocity gradient scales with the orifice area

ratio,
f3, as Scmax ~ 0 5

. The asymptotic behavior of the maximum centerline velocity

gradient with Reynolds number is obtained. These relations can give a good estimation
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for an orifice of given geometry configurations and flow conditions considered in this

work.

(3) The comparative numerical simulations for the flow of two-dimensional slot and

for the inviscid orifice flow have also been conducted to compare their characteristics

with axisymmetric flow and evaluate the validity of inviscid calculation of the flow

characteristics.



CHAPTER 5

FLOC BREAKUP IN ORIFICE FLOW-PART 2

MEASUREMENTS

5.1 Introduction

Based on the flow simulation and characterization results for the flow of high area

ratio orifice given in the last chapter, this chapter will present and discuss the

experimental results on the floe breakup in an elongational flow generated by an orifice.

These results include the measured variation of floe size distribution and mean size with

flow conditions. In order to determine the effective stress that causes the breakup of floes

in the orifice flow, a comparative test of the floe breakup in a uniform simple shear flow

is also conducted and presented in this chapter. The experimental devices and techniques

used in this study are described in detail.

There have been a few studies of the floe breakup in orifice flow. Early applications of

orifices for deaggregation involve air stream. Kousaka et al., (1979) compared the

deaggregations in flows generated by a variety of devices to investigate the possible

dispersion mechanisms of CaC03
and Fe203 aggregate in air stream. They used an orifice

with diameter ratio r0 = 0.15 as one of the dispersers in their experiments. The aggregate

size distributions were obtained at different mean velocities near the orifice entrance.

Effects of orifice flow on the dispersion of the aggregates were demonstrated. Yuu and

Oda (1983) measured the changes of the fly ash particle size distributions due to the

disruption in air stream through orifices of r0 = 0.4 and 0.6 with various far upstream
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velocities to verify their particle population balance equation. The results obtained in

these studies were not well-established because of the lack of the precise control over

experimental conditions.

As mentioned in previous chapters, Sonntag and Russel (1986) used a common plastic

syringe of r0= 0.083 to conduct their floe breakup experiments. A large acceleration of

the flow was generated when a syringe was driven by a constant force, and the

flocculated suspension of monodisperse polystyrene latex was expelled from the needle

of the syringe. They obtained the variations of the floe mass and size with an overall

nominal strain rate in the flow. A numerical analysis for an inviscid flow passing through

an orifice of r0= 0.27 (J3= 13.7) was performed to characterize the flow in the syringe of

r0 = 0.083 {fi
= 144) used in their experiment. They assumed a floe deformation model

based on the size variation with flow condition. Since the stress field was incorrectly

characterized, large uncertainties exist in the interpretation of their results.

Besides the breakup process of floes along the centerline of contractile flow in an

orifice reviewed in Chapter 2, Higashitani et al. (1992) investigated the breakup of floes

composed of a small number of polystyrene latex particles below 1 um by measuring the

floe size changes across the orifice using a Coulter counter. The diameter ratios of the

three orifice used are r0 = 0.002325, 0.0116 and 0.02325. The average size of broken

floes and the maximum number of constituent particles in a broken floe were expressed

as function of the estimated energy dissipation at the orifice. Although the floe breakup in

the orifice flow can be characterized by the power input to the system, the determination
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of floe strength by the orifice flow needs the evaluation of the flow stress and the

effective stress that causes the breakup of the floes when they move in the flow.

5.2 Experimental Apparatus and Procedure

5.2.1 Orifice Setup and Procedure

Figure 5.1 shows the schematic of the experimental apparatus. The flow is generated

in a vertical syringe tube by a piston moving at constant velocity. The piston is driven by

a syringe pump. The orifice plate is located at the bottom of the tube. The orifice diameter

is d=l.l mm and the internal diameter of the syringe tube is D=26.2 mm; hence the

orifice area ratio is fi=567.3. The flow rate is controlled by the syringe pump, which can

be adjusted continuously from 0 to 389 ml/h, corresponding to a maximum upstream

average velocity of U=0.02 cm/s in the tube.

If water is used as the working fluid, the Reynolds number based on the D and U

would be 5.24, since the dimensionless maximum velocity gradient of the centerline is

c
c mat

c max

based on the numerical simulation results given in Chapter 4, the instantaneous centerline

maximum shear stress for the setup is

3 (du) U ( du

=-R^Tx (5.2)
c max c max

Obviously, this stress is too small to deform the floes of interest. To achieve a sufficiently

high shear stress to break floes, a 2 million molecular weight at concentration 50%

dextran solution with a viscosity of 2.9 Ns/m2
is used. The maximum shear stress can
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reach 50 Ns/m2
. This is a reasonable stress level for breaking floes according to our

results from the simple shear experiment.

The high-stress, low-velocity and low-shear-rate setup has other advantages which are

critical to the determination of floe strength. First, the use of low shear rate to a large

extents eliminates the reflocculation of floes. Second, no jet after orifice is generated with

such a low upstream velocity. Jet impinging on the sampling container wall could have an

unpredictable effect on the floes since it may lead to additional breakup or aggregation of

floes. Thirdly, in the Stokes flow condition, the floes completely follow the motion of the

fluid. The additional shear stress on particle resulting from the relative velocity between

the floe and the fluid is avoided.

The floes are made of silica particles with diameters d„=0.5p.m, 1.0p.m and 1.5|im in

this study. The floe synthesis procedures and the mechanical properties of dextran

solution are described in Chapter 2. In the experiment, the floes of volume fraction at

about 5% are added to the viscous fluid and mixed gently to form a uniform suspension

of floes at volume fraction
<f>
» 3x] (X

4
. A suspension of 30 - 40 ml is used for one run at a

constant flow rate. The fluid is pushed out through the orifice into a container. Then the

fluid with broken floes as sample is fed into a Coulter particle size analyzer (LS-230,

Coulter Co.) for size distribution measurement.

5.2.2 Couette Shear Device

In order to determine the effective stress that causes the breakup of floes in orifice

flow, a test of floe breakup in a cylindrical Couette flow is also performed. The

cylindrical Couette flow is a simple shear flow generated in the thin gap between two
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concentric cylinders when one of them rotating or both of them rotating in opposing

directions. This flow device has been widely used in the investigations of flocculation

and deflocculation. The apparatus used in this test is shown in Fig. 5.2. The diameter of

the inner cylinder is 36.7mm, the inner diameter of the wall cylinder is 41.7mm, hence

the width of the gap between the two cylinders is 2.5mm. The height of the cylindrical

shear device is 61 mm, so the volume of fluid needed for one run of the test is about 19

ml. The inner cylinder is connected to a shaft and driven by a motor. The outer cylinder is

fixed in this test. After shearing, the fluid is collected for floe size measurement using the

same Coulter particle size analyzer used in orifice flow experiments.

The rotation of inner cylinder is controlled by a control system which can preset the

rotation velocity of the cylinder and the time duration of acceleration when starting and

deceleration when stopping, as well as the duration of stable shearing. The flow between

cylinders becomes unstable when the angular velocity of the inner cylinder, co, exceeds a

critical angular value, coc . The following expression for the critical angular velocity is

used (Oles, 1992, Serra, et al, 1997) for the cylindrical Couette flow generated with inner

cylinder rotating.

0)C
= V\

339o[r\

(5.3)

where R, is inner diameter, R2 outer diameter. If water is used, then co = 0.6282 s', that is,

when the rotation of inner cylinder exceeds n = 6 rpm, the flow will become unstable. To

maintain a well defined laminar flow for floe disperion and floe strength evaluation as

have been done throughout the study in this project, dextran solution with high viscosity



96

Control System

Floe Sample Collection

For Size Measurement

36.7mm
<
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Simple Shear Flow

Fig 5.2 Schematic of Couette Device
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again is used for a sufficient critical rotation velocity and a stress level high enough to

break floes when a low shear rate is applied. We will see in the next section that the low

shear rate is necessary for the test to exclude floe reflocculation and the high viscosity is

beneficial to avoiding the sedimentation of floes.

The flow field in the gap between two cylinders as illustrated in Fig. 5.2 can be

described as follows:

which can be obtained by solving N-S equation for laminar flow in cylindrical

coordinates. The constants C, and C2 are functions of the angular velocities of the two

cylinders co, and co2 :

Howevr, co2=0 for the device used in this test. The only nonzero component of the rate of

strain tensor, E, is E
lr

It can be seen that the shear rate field is not constant. However, when the gap is small,

hence the variation of E„ is small, the shear rate can be considered constant and expressed

in terms of its spatial average over the gap:

ur
=0

C, „
u9 =— + C2

r
(5.4)

(5.5)

(5.6)
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Then the average shear stress in the field is

x=2nr (5.8)

It is also the maximum shear stress and equals to the maximum principal stress in the

flow.

5.2.3 Particle Size Analyzer

Coulter particle size analyzer (LS230, Coulter Co.) is employed to measure the floe

size distribution in this work. The instrument is a light scattering particle size analyzer,

which uses the diffraction of laser light by particles as the main source of information on

particle size. The LS230 Coulter uses a laser light with a wavelength of 750nm to size

particles with diameters from 0.4-prn to 2000pm by light diffraction. The laser radiation

passes through a spatial filter and projection lens to form a beam of light. The beam

passes through the sample cell where particles suspended in liquid or air scatter the

incident light in characteristic patterns which depend on their sizes. Fourier optics collect

the diffracted light and focus it onto three sets of detectors, one for the low-angle

scattering, the second for mid-angle scattering, and the third for high angle scattering

(Fig. 5.3).

The instrument measures particle size distributions by measuring the pattern of light

scattered by the constituent particles in the sample. This pattern of scattered light is called

a diffraction pattern. Specifically, a diffraction pattern is the scattered light intensity as a

function of scattering angle. Each particle's diffraction pattern is characteristic of its size.
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The pattern measured by the LS is the sum of the patterns scattered by each constituent

particle in the sample.

The Fourier lens is an important component in making this measurement. It focuses

any light striking on any part of the lens at a given angle onto a single annular area on its

plane of focus, the Fourier plane. The Fourier lens is sensitive only to the angle of the

light rays incident on it and not to the position or velocity of the source of light.

The result is that the Fourier lens forms an image of the entire diffraction pattern of

each particle, the image being centered at a fixed spot on the Fourier plane. This image is

centered at the same fixed spot regardless of the position or velocity of the particle in the

diffraction sample cell.

The individual diffraction pattern from many moving particles in the sample cell are

therefore superimposed, creating a single composite diffraction pattern that reflects the

contributions from all the particles in the sample cell. This composite diffraction pattern

can be accurately sensed by detectors judiciously placed on the Fourier plane. Over the

course of a measurement, a running average is computed of the flux patterns at every

instant. When the duration of the measurement is long enough that the flux pattern

accurately represents the contributions from all sample particles, an analysis of the

resulting pattern will yield the true particle size distribution of the sample.

The composite diffraction pattern is measured by 126 detectors placed at angles to

approximately 35 degree from the optical axis. The intensity in flux units (light intensity

per unit area) is the diffraction pattern. When the sizes are computed, the composite

diffraction pattern is decomposed into a number of diffraction patterns, one for each size



classification, and the relative amplitude of each pattern is used to measure the relative

volume of spherical particles of that size.

Data processing program that comes with the instrument calculates a number of

statistical quantities to characterize the particle size distribution. The statistics are

calculated as they would be for a frequency distribution, with the volume percent (or

surface area percent or number percent) in a certain size channel being analogous to the

frequency of occurrence of a certain value. Volume percent, q>, is defined as

where V
t

is the total volume of all particles in ith size channel and V, is total volume of

floes. The size channel are spaced logarithmically, and are therefore progressively wider

in span toward larger sizes. Statistical calculations are made based on the logarithmic

center of each channel, or diameter of a particle in that channel, d,c i,
in um:

The arithmetic mean of the volume over all particles is weighted based on spherical

particles as below:

The mean diameter of particles is then obtained based on the mean volume and spherical

particle assumption:

(5.9)

(5.10)

(5.11)
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It can be seen that the sizing in Coulter is based on the frequency of particle

occurrence detected during the run time and particles are assumed to be spherical.

Although the floes in the present experiment is not spherical, the measurement can give

an equivalent diameter since a floe can be detected for many times in different

orientations.

5.2.4 Estimate of Reflocculation in Couette Flow and Orifice Flow

It is well known that reflocculation and breakup take place in shear flow

simultaneously. The stable size distribution of floes in the flow is governed by a dynamic

equilibrium between aggregation and breakup. For the purpose of assessing floe strength,

the reflocculation of floes should be avoided.

Reflocculation of floes is a result of collisions of individual floes as particles form

aggregates by collisions. There are three different mechanisms that can account for the

aggregation of particles (Serra et al., 1997): Brownian motion, shear rate, and

sedimentation. Coagulation due to Brownian motion is important for particles with

diameter smaller than 1p.m. Collision frequency is proportional to shear rate, it is

significant for particle size in the range 1-40 urn. The difference in sedimentation

velocity due to different size of floes increases the chance for particle collision.

In the present study, floe size is larger than 1 um, thus reflocculation due to Brownian

motion is negligible. Because of the wide size distribution of floes, the collision due to

sedimentation may occur in general. It can be avoided, however, by the use of fluids with

high viscosity as indicated in Chapter 3. At 40% concentration of dextran solution, little

sedimentation is observed. Therefore, the only relevant mechanism for reflocculation of
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floes is shear rate. The number of collisions experienced by a typical floe, Nc, can be

estimated by the formula below (Sonntag, 1987):

* * f (5.13)

where </)
eff

\s effective floe volume fraction, Tthe shearing time. Thus, three factors, shear

rate, floe volume fraction and shearing time, should be minimized to prevent

reflocculation from taking place.

In this test, shear rate is determined according to the viscosity of fluid so that the

shear stress falls into a range that can overcome the floe strength estimated using the

results from Chapter 3. The use of high viscosity leads to very low shear rates. The

minimum floe volume fraction is limited to maintain sufficient floes in the limited

volume of fluid required by the particle size analyzer. The same nominal floe volume

fraction as in orifice experiments is formed, that is, <f>« 3x10^. The effective floe volume

fraction in Eq. (5.13) is usually much higher than this nominal value because floes retain

substantial water within their interstices. The following is an estimate given by Sonntag

and Russel (1987) according to their light scattering measurement for their latex floes:

<t>eff=
25<

f> (5-14)

With the determination of shear rate range and volume fraction, a shearing time

should be as short as possible to eliminate the collision. In order to determine a proper

shearing time, an exploratory test is conducted to qualify the dispersion and

reflocculation of floes in the present Couette device and different shear rates. A shearing

history shown in Fig. 5.4a is applied to shear floes at five different inner cylinder rotation

velocity n=l rpm, 10 rpm, 20 rpm.SO rpm, and 40 rpm, corresponding to shear rate from
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0.409 s"
1

to 16.353 s'
1

. The rotating cylinder is started and accelerating in 30 seconds to its

preset rotation for 300 minutes, then decelerating and stopped with a 30 second transient

process. The floes with fl?0=1.0pm is used. The size distribution of the floes subjected to

such a shearing history is measured and given in Fig. 5.4b. It is found that the given

shearing history resulted in a reflocculation of floes, that is, an increase in overall mean

floe size as shown in Fig. 5.4c with increasing shear rate. It can be seen from the changes

of size distribution in Fig. 5.4b that the small floes with size around 2pm, and mostly, the

primary particles of size around lpm decrease, forming larger floes as shear rate

increases. At first three shear rates, the tendency is small. When shear rate increases from

^=8.18 s"
1

to 12.17 s"
1

, the reflocculation of small floes increases rapidly, resulting in an

increase of mean floe size from 2.47pm to 2.63p.m. When shear rate further increases to

^=16.35 s"
1

, the dispersion and reflocculation of different size of floes exhibit. The

primary particles decrease, small floes of size around 3pm increase while the large floes

of size beyond 4pm decrease, compared to the size distribution at last shear rate level

Y=\2.\l %\ This generates a small decrease in overall mean size from 2.63pm to 2.51pm

because of the breakup of large floes.

This result was discouraging, because we could not compare it to those from the

orifice flow where no reflocculation can be found in measured size distributions. Table

4.1 shows the data for Nc calculated with Eq. (5.13) for the reflocculation. Based on the

experimental results and these data, reflocculation at the same test settings is expected to

be avoided by shortening the shearing time.
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(a) Shear History
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(b) Floe Reflocculation in Simple Shear Flow
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(c) Variation of Mean Floe Size

Fig. 5.4 Reflocculation of Floes in Couette Flow
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Table 5.1 Estimate of Particle Collision Rate

n, (rpm) Y (s-
1

) x (N/m2

) T(s)* N
c

1 0.4088 1.076 330 7.5x1
0"3

2.58

10 4.0883 10.76 330 7.5xl0"
3

25.77

20 8.1766 21.51 330 7.5x1
0"3

51.54

30 12.265 32.27 330 7.5x1
0"3

77.31

40 16.353 43.03 330 7.5x1
0"3

103.08

*The effective time for corresponding shear rate, considering the transient process.

If the shearing time is decreased by 100 times, to about 3.3 second, which means a

very rapid start and stop of the inner cylinder in Couette flow, the particle collision

frequency could be low enough to completely eliminate floe reflocculation for the same

test conditions as used above. However, because the time resolution of the control system

for the transient process and shearing process is 0.1 minute, that is, 6 seconds, a longer

effective is used. To alleviate the unsteady effect in the flow during start and stop, a 0.4

minute accelerating transient process and a 0.2 minute decelerating transient process are

used. In total, the effective shearing time for a corresponding shear rate is 24 seconds.

This generates a particle collision frequency of 7.3% of the value in Table 4-1 at

corresponding conditions.

It should be pointed out that the reflocculation is minimized in the Cone-plate

experiments in Chapter 3, since the maximum collision number estimated with the

conditions used in that experiment is Nc =0.71, which is attributable to the lower shear

rate, lower nominal floe volume fraction used, and reasonable shearing time, although

much longer than the shearing time in Couette flow test (maximum y= 3.93 s"
1

for 80

second, $ = 10
s

).
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The number of particles collisions along the centerline in the orifice flow is estimated

using the following integration since the shear rate is nonuniform.

where x, is the location of floe injection and x2 is the location of the orifice exit. The

value of the integral depends on the Reynolds number Re and the orifice area ratio /?. For

the present experimental conditions, N =0.0924. This ensures that very little

reflocculation takes place in the orifice experiments for floe breakup.

5.3.1 Effect ofFlow Condition on Floe Size Distribution

The floe size distributions in terms of volume percentage at different flow conditions

are given in Figs. 5.5-5.7, for the three types of monodisperse floes whose primary

particle are d0 = 0.5jjm, l.Oym and 1.5/jm in diameter, respectively. Each curve

corresponds to a given flow rate. The fluid is 50% dextran-water solution and has a

viscosity /j.=2.9 sN/m 2
.

For floes with d0 =1.5jum, large floes break at a low flow rate as shown in Fig. 5.5.

The size distribution changes at flow rate Q=100 ml/h. The curves for flow rate

Q=200, 300,389ml'/h overlap and correspond to the uniform distribution, indicating that

the floes can be completely dispersed at the flow condition of Q=200ml/h in the present

settings.

Figure 5.6 shows the size reduction at various flow rates for the floes with d0 =1.0/jm.

A very uniform floe size distribution is reached at the maximum flow rate Q=389ml/h. It

(5.15)

5.3 Experimental Results and Discussions
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Fig. 5.5 Floe Size Distributions at Various Flow Rates

(Primary particle d
0
=1.5 fim)
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Fig. 5.6 Size Distributions at Various Flow Rates

(Primary Particle Size d
0
=1.0um)
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Floe Diameter (yim)

Fig. 5.7 Size Distributions at Various Flow Rates

(Primary Particle Size d
0
=0.5 u.m)
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is noticed that there is a noticeable secondary peak at floe diameter d0=2.5fjm in the floe

size distribution curve when flow rate Q=300 ml/h, while the maximum floe size

survived in this flow condition is about 4.5pm in diameter. This suggests that the

segmentation into smaller floes of big floes whose size is between 5-1 lpm in the flow. At

the maximum flow rate, the floe size reaches a very uniform distribution. It indicates that

the silica floes of 1 micron diameter constituent particles can be completely dispersed

with the present orifice setting (area ratio /?= 567) and flow conditions.

For floes with d0=0.5jum, the initial distributions do not tend to an uniform distribution

with the increasing shear rate in the given flow stress region, which indicates that the

given flow condition is not strong enough to break the floes consisting of 0.5pm particles

generated at conditions described in Chapter 2. However, the larger floes is broken

noticeably when the flow rate reaches to Q=200 ml/h and the large floes of size ranging

between 10pm and 20pm reduce in the volume percentage as the flow rate increases.

Figure 5.7 clearly illustrates the size reduction of large floes, although the size

distribution at the highest flow rate is still nonuniform. The floe size will further reduce if

a higher stress level is applied.

5.3.2 Dependence ofMean Floe Size and Maximum Floe Size on Flow Rate

Figure 5.8 shows the variations of mean floe size with flow rate for the three types of

floes. Dextran at different concentrations are used as working fluid, corresponding to

different fluid viscosity and density. The effects of hydrodynamic shear stress on floe

breakup can be demonstrated through the use of different values of viscosity. For the

floes with d0 =1.0pm, the results for the two fluids with ju=2.90 Ns/m2
and ju=1.32 Ns/m2
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Fig. 5.8 Variation of Mean Floe Size with Flow Rate and Effect of Viscosity
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are compared. While the mean floe size changes with flow rate for Q < lOOml/h at the

higher viscosity, it keeps unchanged until Q > 200ml for the lower viscosity. For the floes

with d0=1.5fim, when the fluid of /j=0.57 Ns/m2
is used, the mean floe size retains

constant, which indicates the viscosity is too low to break this type of floes. But when the

fluid of n=2.90 Ns/m2
is applied to the test, the breakup of floes takes place at Q <

200mlfh, the mean size no longer changes when flow rate increase furthermore and the

mean size is about 1 .7 urn, just a little larger than primary particles of which the floes are

made. For floes with d0=0.5/jm, the viscosity is // = 2.90 Ns/m 2
, the mean floe size do not

change when Q < 200 ml/h at this viscosity. When Q increases from 200 ml/h, the floe

mean size decreases. To further break the floes of this type, higher viscosity is required at

high flow rate. However, the syringe pump cannot be normally operated at a viscosity

higher than this value at high flow rates because of the large wall friction drag.

The maximum floes that can exist at a given flow rate are given in Fig. 5.9 for the case

of /i=2.90 Ns/m2
. The maximum size remains to be 2.92p.m for Q > 200ml/h for the floes

with d0 =1.5fjm. Compared with the size of initial unaffected floes, 6.76p.m at Q=0, the

floes are almost completely broken at the given conditions except very few floes (about

0.0014% in number fraction), which possibly are doublets consisting of two primary

particles. In contrary to the case of d0 =1.5jum, the floes generated with particles of d0

=0.5jum are much stronger. With the same fluid of /x=2.90 Ns/m2
, the breakup just begins

in the same flow rate level. To disperse this type of floes, reducing the mean size and

maximum floe size further, a much larger stress is required. For the floes with d0 =1.0fjm,

both the mean floe size and the maximum floe size have been significantly reduced. The



Fig. 5.9 Variation of Maximum Floe Size with Flow Rate

(\i=2.9Ns/m
2

, $=567)
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fact that the mean size has reached 1.2um and the maximum 2.66p.m indicate this type of

floes has be sufficiently dispersed in the same flow conditions used in the experiment.

5.3.3 Comparison with the Result from Uniform Cone-Plate Simple Shear Flow

If the floe mean size changes with flow conditions are plotted against the maximum

principal stress at centerline in the orifice flow field:

where Scmajl is the maximum dimensionless centerline velocity gradient, then above curves

at different values of viscosity are converted to Fig. 5.10 for the three types of floes. It is

found that the floe size is single-valued function of the stress. In the low stress region the

floe mean size are constant for all three types of floes. The fitting straight lines in log-log

coordinates have increasing absolute values of slopes as the primary particle diameter

increases. The floe mean size does not reduce further for the floes of the largest primary

particle d0=1.5jjm while the mean size is still decreasing for the floes of primary particle

d0=0.5^m. It is unlikely that the mean size for the floes with d0=1.0/jm will continue

decreasing when a higher stress level is applied since its mean size has reduced to a value

near the primary diameter.

We also can plot the curves against the maximum centerline shear stress:

c max
(5.16)

t.cmax

3 du

~4~dx
cmax (5.17)

and the nominal average stress defined as below(Sonntag and Russel, 1987):
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Fig. 5. 10 Variation of Mean Floe Size with Centerline Maximum Stress
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where

(5.19)

Because the Reynolds number is very small in the experiment (Re« 1.0), dimensionless

centerline velocity gradient Scmax is independent of Reynolds number as dimensionless E
.

Hence the three parameters, <rcmax ,
rcmax, and te, are related to each other linearly. Hence,

the curves of the variation of mean floe size in terms of them will be parallel. The

question is, however, which parameter can best stand for the real stress that results in the

floe breakup.

To answer the question, the results from the nonuniform orifice flow is compared with

that from the cone-plate simple shear flow obtained in Chapter 3, where the shear stress is

uniform in the entire flow field. Figure 5.11 shows the variations of mean floe size with

the three stresses, acmax,
rcmax, and te, for floes of primary particle diameter d0=ljum. Also

shown in the same figure is the variation of mean floe size with shear stress obtained

from the cone-plate experiment for the floes that are produced with the exactly same

procedure and the same primary particle and PEO as used in orifice experiments. It can

be seen from the comparison that when the quantity defined by Eq. 5.18, rE, is used as the

measure of floe strength, it will underestimate the floe strength about 4 times. When the

centerline shear peak, rcmax , is used, however, it will overestimate the strength about 2

times, compared to the long shearing results.

The result is not surprising since rE is much lower than the core region shear stress that

most floes will experience when they move through the orifice. On the other hand, rcmax is
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Fig. 5.1 1 Stress-Floe Size Relationship in Orifice Flow and in Cone-plate Flow
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the value of maximum shear stress in the core region of orifice flow that fiocs will

experience instantaneously.

5.3.4 Comparison of Floe Dispersion between Orifice Flow and Cylindrical Couette Flow

A comparative test on the breakup of floes in cylindrical Couette flow is conducted.

The shearing history is determined based on the theoretical estimate of reflocculation and

the test result in section 5.2.4. The shearing history used is shown in Fig. 5.12a. When

this shearing history is applied at five different shear rates, 4.09s"
1

, 8.18s"
1

, 12.27s"
1

,

24.54s"
1

, the resulting floe size distributions are shown in Fig. 5.12b. It is found that the

breakup dominates for the first three shear rates, which correspond to a maximum

N=5.6. When the shear rate reaches 24.54s"
1

, corresponding to N=10.12, the

reflocculation takes over. Due to the unexpected contamination of collected samples, no

data is available at the two shear rates of 12.27 s"
1

and 24.54s"
1

. Nevertheless, it could be

concluded from the test that when the shear rate y < 12.27 s'
1

, corresponding to an inner

cylinder velocity n, < 30 rpm, the floe breakup is dominant. The comparison of the results

of floe breakup in the orifice flow with that from the Couette constant shear flow can be

made in the range of y< 12.27 s"
1

.

Figure 5.13 gives the comparison of the result in the test with the result obtained from

Cone-plate constant shear flow in Chapter 3. It is seen that the two results are parallel to

each other in logarithmic coordinates with floe size being larger in Couette flow. There

could be two major factors that are responsible for the minor disagreement. One is the

effect of erosions of floes in cone-plate experiment owing to long shearing. The other is
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Fig. 5.12 Floe Breakup and Reflocculation in Cylindrical Couette Flow
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Fig. 5.13 Floe Breakup and Reflocculation in Simple Shear Flow

that there could be some reflocculation of floes in the Couette flow experiment, although

the breakup of floes dominated.

To find the connection between the breakup of floes subjected to a spatially uniform

shearing and the breakup in the spatially nonuniform orifice elongational flow, the

variation of floe size with flow stress from all the three experiments are shown in Fig.

5.14. Once again, the result from the orifice experiment is expressed in terms of four

different centerline maximum stresses: acmax,
rcnax ,

xAxcmax, and r£ . It is clearly shown that

the effective stress that results in the floe size reduction in orifice flow can be expressed

in terms of the centerline maximum shear stress, r__ as follows:

T
eff

aTcmax (5.20)
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Fig. 5.14 Comparison of Floe Dispersion in Orifice Flow
with Simple Shear Flows
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To fit the long shearing results in cone-plate experiment, the maximum centerline shear

stress in the orifice flow must be scaled down by a factor a « 0.5. To fit the short

shearing time results from the cylindrical Couette flow, the factor must be a* 0.83. It

will be see from the following comparison that when the uniform shearing is

instantaneous, a « 1.0, since the shearing history that floes moving in the orifice flow

experience resembles a instantaneous process.

5.3.5 Re-Examination of Sonntag's Experimental Data

If the long shearing in the cone-plate test gives the lowest limit for the effective shear

stress, the highest limit can be determine with a test using instantaneous shearing.

However, the device available to this work cannot be controlled to achieve this shearing

history due to its minimum resolution of 0.1 minute in shearing time and accelerating and

decelerating process. Fortunately, there is an experimental data resource that can be used

to serve this purpose. Sonntag and Russel (1987) conducted experimental studies using

both an orifice flow and a Couette flow, as mentioned above. The uniform shear in their

Couette flow actually is temporally a ramping history for the purpose to minimize

reflocculation. With very high acceleration of shear rate 1200 1/s
2
, and very high

deceleration of shear rate at 600 1/s
2

, the shearing history is very much like a spatial shear

distribution in orifice flow shown in Fig. 5.15a. The results from the two flows were not

compared intrinsically in their publications, perhaps because of the lack of the orifice

flow characterization. They only plotted the data from orifice flow against rE and found

the nominal stress has to be scaled up by 4.6 to fit the results from the Couette flow.
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(b) Variation of Floe Size with Stress

Fig.5.15 Comparison of Floe Dispersion in Couette Flow with Result
in Orifice Flow, Experimental Data From Sonntag(1985)
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In Sonntag's work (1985, 1986, 1987), the orifice area ratio is J3=144 and the

Reynolds numbers range from 267 to 2667. According to our results in Chapter 4, the

maximum centerline velocity gradient for the orifice is

Scmax=915.13+16453R;
2/}

(5.21)

thus acmax,
rcmax ,

ViTcmax , can be obtained from Scmax . The data for the average number of

particles per floe then are plotted against Gcmax ,
rcmax,

l/2Tcmax, and te, as shown in Fig 5.15b.

The results from their Couette shear experiment are also plotted in the same figure. It is

seen that the rcmax in orifice flow fits well to the uniform shear stress in Couette flow. That

is, for their experimental data, a & 1.0 in Eq. (5.20).

5.3.6 Floe Strength Assessment

It is assumed that floes can break instantaneously upon the exerting of a step external

force as shown in Fig. 5.16a and 5.16b (Sonntag and Russel, 1987). According to our

results of floe breakup obtained from the three devices, the cone-plate flow in Chapter 3,

the cylindrical Couette flow, and orifice flow, the floe dispersion process under a step

constant shearing can be considered to be composed of three part, the instantaneous

breakup, the slow erosion, and the transition between the them, which features the more

difficult breakup of the smaller floes resulting from the instantaneous breakup and the

easier erosion due to the irregular floe shape. This transition process essentially is very

short, depending on the shear rate and the shear stress. The instantaneous breakup makes

major contribution to the total floe size reduction. The orifice flow gives this part. The

transition part is captured in our cylindrical Couette shear experiment. It gives a

significant part of total size reduction. The slow erosion is shown in the continuous
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(a) Step External shear Force

Time

Instantaneous breakup

Size reduction due to Erosion

(b) Instantaneous Breakup Assumption Time

Fig. 5.16 Response of Floe Size to a Step Shear (Sonntag, 1986)
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shearing experiment in Chapter 3. Its contribution to the total floe size reduction mainly

depends on the shear rate and shear stress. The response of floe breakup (size reduction)

to a step shear stress and the contributions from the orifice flow, cylindrical Couette flow,

and cone-plate shear flow are illustrated in Fig. 5.17, according to this analysis.

Note that a«0.5 for the constant long shearing time in the cone-plate experiment and

a&0.6 for short shearing time in the Couette flow in our test, and a & 1.0 for impulsive

shear. This suggests the effect of shear time on floe strength. In other word, if the value of

shear stress for impulsively breaking floes of given chemical conditions is requested, then

rcmax should be given when orifice flow is used to determine the value. On the other hand,

if the value of shear stress for breaking floes by long shearing time is requested, then

0.5Tcmax is the correct value.

With the establishment of the effective shear stress for floe breakup in orifice flow, the

average mechanical strength of floes can be assessed according to the relationship

between the effective shear stress and the mean floe size, which is usually power function

of the following form:

d = d, or T ~ T
i (5.22)\djj

where d, and t, correspond to a reference status. Constant/ is intrinsically the chemical-

physical properties of floes, which can be determined by the orifice flow methods. For the

silica floes made in the present study, f=0.25 for floes with d0=0.5jum;f=0.490 for floes

with d0=1.0^m and 0.55, for floes with d0=1.5fjm. The value off for floes with

d0=1.5jum is not sufficiently determined because of the insufficient number of points in
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the narrow size reduction region. The floes for different primary particle size are

generated in exactly the same conditions, so the variation of/ with d0 demonstrated the

effect of primary size of silica floes on their strength. The smaller the primary particle is,

the stronger the floes is, as illustrated in the change of floe size distribution with flow

conditions.

5.4 Summary

This chapter focuses on the dispersion of floes in orifice flow by measuring the floe

size distribution and comparing the breakup of floes in nonuniform contractile orifice

flow with the floe breakup in uniform Couette simple shear flow. The experimental work

is based on the well controlled experimental conditions and the detailed flow

characterization presented in the last chapter. The following conclusions are drawn from

this part of work:

(1) A simple and reliable orifice flow device is set up and applied to break floes. The

dispersion of floes in the orifice flow is characterized based on the complete

numerical flow characterization and floe size distributions measured with a Coulter

particle size analyzer at various flow conditions. The change of the floe size

distributions with changing flow conditions demonstrates the variation of floe

strength with floe size. The relationship between average floe size and flow shear

stress is established for the three types of floes generated respectively with primary

particles of three different diameters at the same chemical conditions.

(2) Due to the rapid rise of the axial velocity gradient near the orifice entrance, the floe

breakup in the orifice flow is instantaneous and the floe erosion mechanism can be



excluded. The centerline maximum shear stress in the orifice flow thus gives the floe

strength of the resulting floes whose average size is subsequently measured. The floe

strength determined from the short-time shearing in a cylindrical Couette flow at

lower shear stresses follows essentially the same power law dependence on the floe

size as determined in the orifice flow. Thus, floe strength measured in different flows

can be unified using the maximum shear stress of the flow. The floe dispersion results

of similar experiments (Sonntag, 1987) in orifice flow and in a cylindrical Couette

flow are then reinterpreted using the computational results for the flow near the

orifice. The reinterpreted data give excellent agreement for the strength-size

relationship between their dispersion results in two sets of experiment.

(3) Because all floes must pass through a high shear section a very uniform particle size

distribution can be obtained at a sufficiently high flow condition when orifice flow is

used to disperse floes. Hence, it is an effective tool for particle dispersion and for floe

strength determination. Its simplicity in construction and reliability in control and

operation are also advantages over other devices.



CHAPTER 6

SUMMARY

6.1 Summary and Conclusions

The dispersions of floes whose size ranges from a few microns to tens of microns in four

different flows, cone-plate simple shear flow, cylindrical Couette flow, contractile orifice

flow, and hyperbolic flow, are studied by visual image analyses and particle size

measurements. The results from different flows are compared and related to each other. The

visual observations and quantitative measurements are made to characterize and understand

the dispersion process of fine floes in hydrodynamic environments and floe strength. All

flows used in the present study are well-defined or computationally analyzed, so the

uncertainties in the flow characterization and the interactions between the floes and the

flows, which can be found in most previous work, are excluded. The main results are

summarized as follows:

1 . In a uniform simple shear flow, the breakup of fine floes takes place upon the onset of

the applied shear stress and the main contribution to the floe size reduction is from the

increase in the shear stress. The average fine floe size under a constant applied shear

stress decreases with the increasing shear stress following a power law. The continuous

constant shearing results in slow erosions of floes in a simple shear flow. The erosion

rate mainly depends on the shear stress, the floe size, and the floe shape. For larger size

131
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of floes with more irregular shapes, the erosion will generate a large fraction of floe size

reduction.

The floe strength is interpreted as the resistance to its breakup under an applied shear

stress. Typically, the floes of smaller size have a higher strength. When the external

shear stress is larger than the floe strength at a given size, the breakup will rapidly take

place to reach a relatively stable smaller floe size. The subsequent change in the floe size

under the applied external shear stress is due to slow erosion.

2. A simple orifice flow device is set up to study the breakup process of floes in the

elongational flow near an orifice and assess floe strength. The flow through an orifice

with high area ratio up to 567 is simulated numerically for finite Reynolds numbers and

creeping flow regime. The rate of strain field near the orifice is analyzed. Although the

rate of strain field near the sharp corner of the orifice is highly nonuniform, the

maximum centerline velocity gradient can be used to represent the maximum strain rate

in a radially uniform core region in the flow. The dependence of maximum centerline

strain rate on Reynolds number and the orifice area ratio is analyzed based on the results

of the numerical simulation. The variation of the maximum centerline strain rate with the

orifice area ratio and its asymptotic behavior at finite Reynolds number are established.

3. The dispersion of floes in the orifice flow is characterized based on the numerical

solution for the flow and the size distribution of floes just downstream of the orifice

measured using a Coulter particle size analyzer. The floe size variation as a function of

shear stress applied over a short period of time in a cylindrical Couette flow is also

obtained. These results are compared with that obtained in the cone-plate Couette flow
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sheared over a long period of time. Due to the rapid rise of the axial velocity gradient

near the orifice entrance, the floe breakup in the orifice flow is instantaneous and the floe

erosion mechanism can be excluded. The centerline maximum shear stress in the orifice

flow thus gives the floe strength of the resulting floes whose average size is subsequently

measured. The floe strength determined from the short-time shearing in a cylindrical

Couette flow at lower shear stresses follows essentially the same power law dependence

on the floe size as determined in the orifice flow. Thus, floe strength measured in

different flows can be unified using the maximum shear stress of the flow. The floe

dispersion results of similar experiments (Sonntag, 1987) in orifice flow and in a

cylindrical Couette flow are then reinterpreted using the computational results for the

flow near the orifice. The reinterpreted data give excellent agreement for the strength-

size relationship between their dispersion results in two sets of experiment.

Because all floes must pass through a high shear section a very uniform particle size

distribution can be obtained at a sufficiently high flow condition when orifice flow is

used to disperse floes. Hence, it is an effective tool for particle dispersion and for floe

strength determination. Its simplicity in construction and reliability in control and

operation are also advantages over other devices.

4. Dynamic process of deformation and fragmentation of fine floes of about 3 - 30 um is

visualized for the first time in different flows including a simple shear flow in cone-plate

device, a pure shear flow generated with two impinging jets, and a contractile flow

approaching a slot in a rectangular channel. In the hyperbolic pure shear flow, floes can

stay in the region of constant stress for a longer period of time compared to the
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contractile flow where floes experience a very high stress in a very short period of time.

In both the contractile flow and the hyperbolic flow, the most frequently observed mode

of breakup is the one in which a floe is elongated, then broken into several smaller floes

simultaneously. In the simple shear flow, a floe is usually broken into two floes at a

time. The dynamic visualizations elucidate the floe deformation mechanism and breakup

process. The physical pictures can help advance the understanding and the modeling of

this complicated process.

6.2 Suggestions for Future Studies

Based on the conclusions of this study, the following suggestions are given for further

studies.

1 . Study the dispersion process of a variety of other floes with different physiochemical

properties using the orifice flow device and techniques used in this work.

Simultaneously, visual observation can be also made to easily understand the dispersion

mechanism for a type of specific floes in flow.

2. The results of visualization of the dynamic deformation and breakage process can be of

help in the physical concept formation and the establishment of models. More

visualization results can be obtained using the technique and the system used in the work

for assistance and verification of computer simulation and modeling of the complex

process.

3. Study the erosion rate of floes in a shear flow. As shown in this study, the erosion rate is

dependent of the shear stress, floe size, and floe shape. Quantitative studies of erosion
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process for floes with different structures will provide information for the effective

control of the dispersion process.

4. More closely examine the floe disperion in cylindrical Couette shear flow and orifice

flow. Analyze and compare quantitatively the efficiencies and other characteristics of the

floe dispersions in the two flows.

5. Determine strength of a variety of floes using the orifice flow. The mechanical properties

of floes can be obtained by the method developed in this study. Furthermore, the

behavior of various floes subjected hydrodynamic force can be predicted.
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