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ABSTRACT

Dissolved air flotation (DAF) is considered an efficient clarification process for the
treatment of drinking water supplies. Bench scale and pilot plant investigations
demonstrated comprehensively that the DAF process is considered a viable choice when
compared to the sedimentation process. It is considered very efficient for the treatment of
soft, low alkalinity and algae-laden waters.

Over the past two decades. much research has been conducted on this unit
process. Some of these studies were aimed at understanding the fundamental principles of
dissolved air flotation for the application of drinking water treatment. Different
mathematical models were developed to describe the bubble-particle collision and
attachment inside the contact zone. One of these models was based on the single collector
efficiency concept for a batch system. It has identified important design and operating
variables which would affect the performance of the DAF process. However. model
variables were based on theoretical calculations and therefore do not represent the actual
conditions inside the contact zone.

The main objectives of this research were to develop a kinetic model for the DAF
contact zone and to incorporate the model into a continuous-flow DAF system. The
contact zone kinetic model included parameters which describe bubble-particle transport
and attachment efficiencies, particle size, bubble size and volume concentration. and
contact zone hydraulic loading. In addition. some of the model variables were measured

experimentally for a range of conditions typically encountered in water treatment practice.



Model simulations predicted that contact zone height, particle stability and size.
and bubble size and volume concentration would affect the DAF removal efficiency. Jar
test experiments showed that algae particles must be destabilized for successful bubble
attachment.

Model variables such as bubble size, volume concentration and rise velocity were
measured, simultaneously, using a non-intrusive measurement method for different
operational conditions. These experiments showed that the hydraulic loading, recycle
ratio, saturator pressure and the nozzle orifice diameter have affected the measured
variables and therefore would affect the DAF removal efficiency.

The contact zone kinetic model was tested, by using pilot-scale DAF system and
synthetic water spiked with algae, by measuring the DAF particle removal efficiency.
These experiments were conducted at different hydraulic loadings, recycle ratios and
nozzle orifice diameters. Results indicated that removal efficiencies increased as bubble
size decreased and bubble volume concentration increased.

To validate the kinetic model. the theoretical particle removal rate constant kp was
compared to the experimental values for the same operational conditions. The results
showed that the theoretical and the experimental kp values were equal when bubble-

particle attachment efficiency opg was in the range of 0.35 to 0.40.
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1. Symbols

NOMENCLATURE

1.1 Roman Alphabet

Aelement

Csat
Co

Cos
des

dppi

projected area of spherical bubble with mean diameter dg
correlation parameter determined by least square method

air mass

cross-sectional area of the DAF contact zone
cross-sectional area of the DAF separation zone
cross-sectional area of main water mlet

cross-sectional area of saturated water inlet

Hamaker constant, 1077 to 1077 ergs

surface area of horizontal element mside DAF contact zone
correlation parameter determined by least square method
constant for a given water temperature, (gp¢ 1811)
correlation parameter determined by least square method
concentration of tracer at an axial distance x downstream from the injection
point at time t

concentration of air released in the flotation tank
concentration of air dissolved in water at atmospheric pressure based on
Henry's law

mass concentration of dissolved air in the saturated stream
concentration of dissolved air in DAF influent raw water
drag coefficient of a single air bubble

equivalent spherical diameter of bubble-particle agglomerate

equivalent spherical diameter of bubble-particle aggiomerate of size dpi




dPB critical

€

E(t)

uq

critical diameter of bubble-particle agglomerate
inside diameter of the DAF contact zone

inside diameter of the DAF separation zone
inside diameter of the DAF mixing column
mean bubble diameter

mean bubble diameter of size i
critical diameter of the bubble nucleous

critical diameter of bubble-particle agglomerate of size i
volumetric mean bubble diameter

mean particle diameter of size i

diameter of a solid sphere

inside diameter of nozzle orifice
height of horizontal element inside DAF contact zone
volume of horizontal element inside DAF contact zone

inside diameter of DAF contact zone column
axial dispersion coefficient

residuals of the regression model
correlation parameter determined by least square method
residence time distribution density function

saturator efficiency factor

bubble’s focal length

ratio of mean square to the mean square errors of the ANOVA model
drag force

force of attraction between colloids

hydrodynamic resistance force between two identical spheres

mean velocity gradient

acceleration due to gravity, 9.8 m/s’



H;
Hcz

Hsz

Jpx

Jok

np
[H:]

Nelement

height of flotation tank
separation distance between the center of two identical spheres

height of DAF contact zone column
height of DAF mixing column
height of DAF separation zone tank

rate of change of the total concentration of particles N with time t due te
perikinetic flocculation
rate of change of the total concentration of particles N with time t due to
orthokinetic flocculation
overall particle removal rate constant
empirical proportionality constant
Boltzman’s constant, 1.381x10™ J/K
Henry's constant, 4.18 kPa/mg/L at 20°C

path length inside contact zone

fraction of dead space inside the clarification zone of the DAF tank

momentum of saturated water flow
momentum of main water flow inside DAF contact zone
particle mass

bubble mass

number of classes in the particle size distribution

number of bubbles attached to particles

number concentration of particles remaining in a fluid element inside DAF
contact zone

bubble number concentration
bubble number concentration of size 1
dispersion number

particle number concentration




Ncz

NCZ 0.1

Ncze.i

NDAF e.i

Pe

P Sat

p’l'ot."xl

Qsat
Qwater
QFloce
Qrotal

number concentration of particles leavingthe contact zone at time t

initial number concentration of particles of size i entering the DAF contact
zone

number concentration of particles of size i exiting the DAF contact zone

DAF effluent particles number concentration of size i

total power dissipated

Peclet number

saturator gage pressure

absolute pressure of gas above liquid inside the saturator

total air pressure of saturator, sum of saturator gage pressure and one

atmosphere

volumetric flow rate of saturated water

volumetric flow rate of DAF mnfluent water

flocculated water volumetric flow rate

total volumetric flow rate entering the DAF contact zone. sum of Qs,; and
QWater

volumetric flow rate of air

volumetric gas flow rate

statistical coefficient of determination for linear least squares regression

single bubble removal efficiency

removal efficiency for DAF contact zone for particles of size dg,
overall removal efficiency for DAF contact zone

DAF removal efficiency for particles of size dg;

overall DAF removal efficiency

recycle ratio, ratio of Qs.; divided by Quaer

Reynolds number



Rep

Re pgi

Us

Uos
UPB aggl
UPBi aggl
UB stoke
Urs
Urms
Uj

U

VB

\"

Vez

Reynolds number of a single air bubble

Reynolds Number of bubble-particle agglomerate of size ds,
suspended solid mass

spacing between PDA photodetector 1 and 2

projected fring spacing

mean residence time of DAF contact zone

absolute temperature, K

instantaneous bubble rise velocity due to advective flow and buoyancy
relative bubble rise velocity due to buoyancy

superficial liquid velocity, contact zone hydraulic loading
terminal rise velocity of a single bubble, or Stokes’ rise velocity
limiting overflow rate of the separation zone in the DAF tank
particle-bubble agglomerate rise velocity

rise velocity of particle-bubble agglomerate of size ds;

Stokes’ bubble rise velocity

relative velocity of bubbles to particles of size dp

root mean square velocity

PDA photodetector at position 1

PDA photodetector at position 2

mean volume of a single air bubble
flotation tank volume, reactor volume

DAF contact zone volume
DAF separation zone volume
DAF mixing column volume

mole fraction of gas in saturated liquid

response variable used in the linear regression model



1.2 Greek Alphabet

a;
app
apB
af;
Bj

np
ni
ns
NN

nT
Ha

Gt
GuB
GuL
AP
AN;
Psat

PB

effect of the i level of the first independent variable
particle-particle collision efficiency

particle-bubble collision efficiency factor

two-way interaction of the i" and the j* level
effect of the j* level of the second independent variable

the intercept of the linear regression model

the slope of the linear regression model
estimated intercept of the linear regression model

estimated slope of the linear regression model
single collector efficiency for Brownian diffusion
single collector efficiency for interception

single collector efficiency for sedimentation
single collector efficiency for inertia

total single collector transport efficiency

fluid dynamic viscosity

overall average effect of the ANOVA model
surface tension of bubble

variance of residence time distribution curve
standard deviation of Ug in« OT the root mean square velocity for bubbles

standard deviation of Uy or the root mean square velocity for water
pressure difference across the nozzle
particle count per milliliter in channel i

density of saturated air

density of air bubble



pf density of liquid

pp density of particle

PPBi density of particle-bubble agglomerate of size ds;
PPB particle-bubble agglomerate density

v kinematic viscosity of the fluid

0 dimensionless time, (/1)

d1-2 phase shift for detector pairs U1-U2

¢1-3 phase shift for detector pairs U1-U3

T theoretical residence time inside DAF contact zone
&p bubble volume concentration

Pdp particle volume concentration

£f volume fraction of air bubbles in the saturated water stream
€u linear regression model experimental random errors
£jj ANOVA model random errors

2. Abbreviation

ANOVA analysis of variance

BSD bubble size distribution

DAF dissolved air flotation

DOC dissolved organic carbon

DLVO Derjaguin, Landau, Verwey and Overbeck theory
EDLF electrical double layer force

EPM electrophoretic mobility

IEP isoelectric point

HRT hydraulic residence time inside the DAF contact zone

LOF lack of fit errors



LDA laser Doppler anemometry

LRHF long range hydrodynamic force

LVDW London-van der Waals molecular force of attraction
NOM natural organic matter

PE pure errors

PBT population balance model in turbulent flow
PDA particle dynamic analyzer

PSD particle size distribution

PACI polyaluminum chloride

PHF pressing hydrodynamic force

PMT PDA photomultipliers

RPM revolution per minute

RTD residence time distribution of the liquid
SRHF short range hydrodynamic force

SSR sum of squares of residuals

SCE single collector efficiency model

UTCC University of Toronto culture collection



CHAPTER 1

INTRODUCTION

1.1 Overview

Dissolved air flotation, DAF, is an alternative process for solid-liquid separation
whereby particles are removed by means of their attachment to air bubbles. This process
was recognized as early as 1924 for the recovery of fibers and white paper in the paper
industry (Gregory. 1997). It has become increasingly important in the field of drinking
water treatment since the mid-1960’s especially in Scandinavia and the UK. It is an
emerging technology in North America which is used successfully for treating soft, low

alkalinity, naturally colored and algae-laden waters.

In the DAF process, water is saturated with air under pressure and recycled back
into a circular or rectangular flotation tank through a nozzle or a valve. The resultant
pressure reduction releases air from solution as small or micro-bubbles, i.e. bubbles with
diameters less than 150 pm. These bubbles collide with the flocculated particles in the

flotation tank forming bubble-floc aggregates as the result of successful attachments.

Kitchner and Gochin (1981) listed three possible mechanisms for forming bubble-
floc aggregates: (1) entrapment of bubbles in large floc structures. which is more
important for sludge thickening and municipal wastewater which involves large flocs and
concentrated suspensions; (2) growth of bubble nuclei and their formation on particles or
within flocs; and (3) particle collision and adhesion with pre-formed bubbles. The third
mechanism is applicable to the treatment of dilute suspensions typically found in drinking
water sources. Also, air bubbles are formed very quickly (within 1 second) after injecting
the air saturated water into the flotation tank (Rykaart and Haarhoff, 1995) which makes

the last mechanism more applicable.



The controlling step for flotation to proceed is bubble-particle attachment which is
determined by the surface chemical and hydrodynamic parameters that exist in the
flotation tank. There are two views that describe the bubble-particle attachment: the
contact angle and the heterogeneous system of small particles and micro-bubbles
(Edzwald. 1995). The contact angle between the adsorbed bubble and the particle must
be finite and large enough so that attachment of an air bubble to the surface of the particle
is thermodynamically feasible (Gochin, 1981). However, the magnitude of the contact

angle depends on the size scale of the bubbles and particles.

The second view of bubble-particle attachment of colloidal particles to micro-
bubbles was presented by Derjaguin et al. (1984) where a finite contact angle is not
required and therefore the term contactless flotation was used. In this model, reduction of
electrical charge interactions and attraction by London-van der Waals forces are required

for attachment as particles are transported to the bubble surface.

Regardless of the view taken, there are two important conditions for successful
bubble-particle attachment (Edzwald, 1995): charge neutralization of the particles (particle
destabilization) and the production of hydrophobic particles.

As the above discussion illustrates, the performance of the DAF process is
dependent on complex interactions involving many physical and chemical processes. Due
to these complex interactions, the establishment of a suitable design model based on the
fundamentals of the DAF process is almost impossible. Therefore, the design and
operation of the DAF process is heavily based on bench and pilot scale testing. However.
many researchers have attempted to model the DAF performance mathematically for the

application to drinking water treatment.

Edzwald and co-workers (Edzwald et al., 1990; Malley and Edzwald, 1991;
Edzwald, 1995; Edzwald, 1997) have described a conceptual model for particle collection
by bubbles in the DAF tank. They have divided the flotation tank, for the purpose of



modeling, into two zones: the contact or the reaction zone and the separation or the
clarification zone. The purpose of the contact zone is to collide and attach particles to
bubbles, while the purpose of the separation zone is to provide relatively quiescent
conditions for particle-bubble agglomerates to rise to the surface of the tank. Their model
is based on the single collector efficiency concept which is used to describe particle-bubble
collision and attachment. This concept has been used successfully to describe dispersed
air flotation (Flint and Howarth, 1971; Reay and Ratcliff, 1973) and also used to model
particle removal by deep bed filtration (Yao, 1971).

The single collector efficiency model, SCE, is based on the convective-diffusion
equation and particle trajectory analysis. These were used to derive individual particle
transport expressions for the single collector efficiency for Brownian diffusion, np,
interception, n;, sedimentation, ns, and inertia, nw. The SCE model shows that transport
by inertia and sedimentation are not significant for particles and bubbles less than 100 um.
Also, the model has shown that the total single collector transport efficiency, nr, is
controlled by interception for particles larger than 1 pm, which are typically found

water treatment.

The SCE model indicated that nt is proportional to bubble size according to dg”
and dependent on particle size according to dp’ for interception. Based on the SCE
model, a particle removal rate equation was developed which was expressed in a first-
order rate form. This approach was used successfully for describing the flotation system
as analogous to a chemical reactor where the overall rate of particle removal by bubbles is
a first-order process (Gochin, 1981). This simple first-order equation, which was applied
to a batch flotation conditions, has identified important design and operational parameters

affecting the flotation performance.

A more complicated approach for modeling bubble-particle collisions was
considered by Tambo and co-workers (Tambo and Matsui, 1986; Fukushi et al., 1993).
Their model, called the population balance model in turbulent flow or the PBT model,

(V3]



described the bubble-particle collisions in the contact zone as a heterogeneous flocculation
process where the bulk fluid flow is characterized by turbulent flow. They have developed
flocculation rate equations for particle transport based on collisions caused by the bulk

water velocity differences caused by the turbulent mixing.

The actual difference between the PBT and the SCE models is the bubble-particle
collision rate. This is due to the differences in the flow condition assumptions used in each
model. The SCE model considers the transport of particles in the vicinity of the bubble
surface where the relative motion of the fluid to the bubble creates streamlines of flow
around the bubble, which occurs under laminar flow conditions. Both approaches are
reasonable and valid for modeling particle removal by bubbles for design with appropriate
safety factors. However, they need to be applied properly for the particular flow

conditions.

A recent study by Edzwald (1995) entitled “Principles and Applications of
Dissolved Air Flotation” discussed comprehensively the fundamentals of the DAF process
for drinking water treatment and also compared the differences between the PBT and the
SCE models. This study highlighted the need for further research in this area by
considering alternative models that would describe bubble-particle collision in the contact
zone. It also suggested that those models need to be tested and verified at the pilot scale

jevel.

1.2 Research Objectives

The research presented here is a rational approach for modeling bubble-particle
interactions in the DAF contact zone for drinking water treatment applications. The
primary objectives of this study are: (1) to develop a kinetic model for the DAF contact
zone based on fundamental principles and the single collector efficiency model

incorporated into a continuous flow system; and (2) to validate the contact zone kinetic



model by comparing the experimental removal rate constant to the theoretical values.

using synthetic water spiked with algae, for the same operational conditions.

To achieve the main objectives, three supplemental objectives were established in
this research: (1) to design a continuous-flow pilot-scale DAF system where the contact
and the separation zones are physically delineated; (2) to characterize the hydrodynamics
inside the contact zone for different operational conditions; and (3) to measure,
simultaneously, bubble size, concentration, and rise velocity inside the DAF contact zone

for different operational conditions.

1.3 Research Approach

The research approach involved six major components which included:
(1) the development of a contact zone kinetic model incorporated into a continuous-flow
DAF system; (2) the design of a complete pilot-scale DAF system; (3) tracer studies to
characterize the hydrodynamics inside the contact zone for operational conditions typically
encountered in water treatment practice; (4) simultaneous measurements of bubble size,
concentration and rise velocity inside the contact zone for different operational conditions;
(5) experimental studies using synthetic water to measure DAF removal efficiency under
different operational conditions; and (6) comparison of the experimental to the theoretical

removal efficiencies to verify the contact zone kinetic model.

The development of the contact zone kinetic model was based primarily on the
fundamentals of the DAF process and the SCE model that was developed by Edzwald and
co-workers (Edzwald et al,, 1990; Malley and Edzwald, 1991; Edzwald, 1995; Edzwald,
1997). In this research, the SCE model was modified by incorporating it into a

continuous-flow DAF system.



Four major considerations were incorporated into the design of the continuous-
flow pilot-scale DAF system: (1) the design was based on the integrated treatment concept
(Edzwald, 1995) where the design of the pre-treatment processes, i.e. coagulation and
flocculation processes, was integrated with the flotation process; (2) the contact and the
separation zones were physically delineated by designing the DAF tank as a coaxial
column, where the inner column was considered part of the contact zone; (3) the mixing
of the flocculated water and the supersaturated water was accomplished in a separate
column, called the mixing columm, where large bubbles were separated from the micro-
bubbles; and (4) the influent section to the contact zone columm was designed as a circular

cone to minimize turbulence.

Tracer studies were conducted to characterize the hydrodynamics inside the DAF
contact zone. These experiments involved the measurements of the mixing time, m terms
of mean residence time, and the degree of mixing, in terms of Peclet number, at three
different heights of the contact zone column. That was achieved by conducting a pulse-
input test where sodium chloride, NaCl, was injected into the fluid influent line just
upstream from the contact zone column after reaching steady-state conditions. The
conductance of the fluid inside the column was monitored as a function of time by means

of a conductivity probe.

Simultaneous measurements of bubble size, concentration and rise velocity inside
the DAF contact zone were accomplished by using a particle dynamic analyzer, PDA. This
non-intrusive instrument is based on the laser Doppler anemometry . LDA, technique.
These experiments involved four components: (1) configuration and settings adjustment
for the PDA instrument; (2) measurements of bubble size using the videophotography
technique to verify the PDA settings adjustment, under the same experimental conditions;
(3) measurement of liquid superficial velocity inside the contact zone for different
hydraulic loading rates; and (4) measurement of bubble size, concentration and rise
velocity for different hydraulic loading rates, saturated flow rates, saturator pressures and

nozzle orifice diameters.




The DAF contact zone kinetic experiments involved the measurement of contact
zone particle removal efficiency and the overall particle removal rate constant. These
experiments involved four components: (1) preparation of laboratory grown algae cultures
and synthetic water preparation; (2) determination of the optimum coagulant dose using a
bench scale DAF unit (Aztec Environmental Control Ltd., UK); and (3) measurement of
contact zone particle removal efficiencies for different hydraulic loading rates. saturated
flow rates and nozzle orifice diameters; and (4) measurement of the overall particle
removal rate constant for different hydraulic loading rates, saturated flow rates and nozzle

orifice diameters.

Finally, the contact zone kinetic model was verified by comparing the theoretical
particle removal rate constant to the experimental values for all operational conditions

tested.

In the subsequent chapters, a thorough literature review. detailed discussion on the
model development, detailed description of experimental procedures. results. discussions.

conclusions and recommendation for further research are presented.



CHAPTER 2

LITERATURE REVIEW

This chapter will provide the background information necessary for understanding
the research objectives, the approach used to address thesis objectives and interpretation
of the results obtamed in this study. The literature review will focus on two main areas
including dissolved air flotation, DAF, pretreatment process and the fundamentals of the

flotation process.

2.1 Dissolved Air Flotation (DAF) for Drinking Water Treatment

2.1.1 Introduction

The dissolved air flotation process was developed first m the mining industry as an
economical means for separating mineral ores. As the understanding of the DAF process
increased. its application spread to other areas inciuding: industrial waste treatment such
as refinery wastewater. recycled paper de-inking and paper mill wastewater and municipal
waste treatment such as activated sludge thickening, tertiary wastewater treatment and

combined sewer and storm waters (Malley. 1988:; Edzwald: 1995).

DAF was first used for drinking water clarification in Scandinavia and South
Africa in the 1960°s (Longhurst and Graham. 1987). It is considered now a proven
drinking water treatment technology in Belgium, The Netherlands. Australia and the
United Kingdom while it is considered as an emerging technology in North America
(Edzwald, 1995).




There are currently ten operating DAF plants for drinking water treatment in the
United States with capacities ranging from 136 ML/d to about 4 ML/d with others under
design and construction (Nickols, 1997). Several large DAF plants are proposed for
construction in Canada within the next few years which include the Seymor water
treatment plant in Vancouver with 1000 ML/d capacity, the Glenmore water treatment
plant in Calgary with 300 ML/d capacity and the Deacon water treatment plant in
Winnipeg with 700 ML/d capacity (Adkims, 1997).

Extensive laboratcry, pilot and field scale studies were performed by many
researchers to asseses the effectiveness of DAF for the treatment of drinking water. These
studies showed that DAF was effective for the treatment of algae-laden waters. low
turbidity, soft and high organic content (including color) waters that produce light flocs
(Hyde et al.. 1977; Zabel. 1985; Heinanen. 1988; Edzwald and Malley. 1990: Arora et al..
1994).

There are several advantages of DAF over conventional clarification processes
such as sedimentation. DATF is more efficient for the separation of low-density particles
such as algae and precipitated aluminum hydroxide. These particles are considered to be a
problem in conventional treatment processes. especially under cold water conditions.

DAF requires smaller tanks since less time is required for flotation than sedimentation.
which translates into lower capital costs (Zabel. 1985). Hydraulic loading rates are 10
times higher than sedimentation and hydraulic detention times are much shorter. typically
5 to 15 mmutes (Edzwald and Walsh, 1992).

Also, smaller flocculation tanks with shorter retention times are required since
smaller flocs are required for flotation (Edzwald, 1995). The solids concentration of the
sludge produced in DAF is higher than that of settling tank, which reduces the cost of
sludge disposal (Edzwald and Wingler, 1990). Other potential advantages of DAF are the

removal of volatile organics and taste and odor by air stripping during flotation.



Fundamentally, the DAF process can be divided into two integrated
sub-proccsses: the pretreatment process. or the coagulation process, and the flotation
process. The concept of integrating DAF into the overall treatment process was
emphasized by Edzwald (1995) who stressed that what is done ahead of flotation with
coagulant addition and flocculation (i.e. the pretreatment process) affects the flotation
performance and in turn affects the design and performance of subsequent treatment

processes.
In the following sections, the fundamentals of each process. including the

important process variables that are related to the treatment of drinking water, will be

discussed in detail.

2.1.2 DAF Pretreatment Process

The DAF pretreatment process involves two steps: particle destabilization and
particle flocculation (Edzwald, 1995). In water treatment literature, these two steps
define the coagulation process. The term flocculation applies only to the transport and
agglomeration aspects of the overall process of coagulation. On the other hand. the
chemical engineering literature defines coagulation as the process of destabilization by the
double layer compression and flocculation as the process of destabilization by the bridging
mechanism (AWWAREF. 1991).

In the DAF pretreatment process, particle destabilization occurs during the rapid
mixing stage, after the addition of chemical coagulants, while flocculation and the growth
of aggregates occur during the slow mixing stage. The objective of the rapid mixing step
is to disperse the coagulants uniformly and quickly so as to cause destabilization of
colloidal particles in the raw water. On the other hand, the principal aim of slow mixing is

the transport of the destabilized particles and to promote collisions and floc formation.

10



2.1.2.1 Particle destabilization

The particulates and colloidal materials typically found in raw waters include
inorganics such as clays, silica, iron and manganese, and natural organics such as viruses,
algae, bacteria and synthetic organic chemicals. Colloidal systems contain particles with a
high surface area to volume ratio and ranging in size from approximately 1.0 nmto 1.0 um
or more in diameter. These particles are known to carry a negative electrical surface
charge in aqueous solutions. These charges are counter balanced by charges in the
aqueous layer, resulting in an electrical double layer at every interface between the solid
and the water. Repulsive electrical forces and van der Waals forces interact between

particles producing a barrier that prevent aggregation.

There are four distinct mechanisms that can cause particle destabilization of
colloidal suspensions (O’Melia, 1972):
I. compression of the double layer surrounding the colloid;
1. adsorption to produce charge neutralization;
1. enmeshment of the colloid or sweep coagulation: and

V. adsorption to permit interparticle bridging.

In water treatment, coagulation by inorganic coagulants and polymeric inorganic
coagulants occurs predominantly by two mechanisms: (1) adsorption of the hydrolysis
species on the colloid causing charge neutralization and (2) sweep coagulation where

interactions occur between the colloid and the precipitating hydroxide (AWWARE. 1991).

For water treatment with the DAF process, charge neutralization is considered to
be the main particle destabilization mechanism where small destabilized pinpoint flocs are
produced at low dosages of chemical coagulants (Edzwald, 1995). Since charge
neutralization occurs very rapidly, within 1 second after the addition of the coagulant, the
coagulant must be dispersed in the raw water stream as rapidly as possible, within less
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than 0.1 seconds. so that the hydrolysis products that develop in 0.01 to 1 seconds will
cause destabilization of the colloids (AWWARF. 1991).

For colloidal particles to be destabilized by the charge neutralization mechanisms.
transport or collisions between the colloids and the incipiently forming products of the
hydrolysis reactions must occur through rapid mixing. The energy required for mixing is
related to the well recognized mean velocity gradient, G, concept of Camp and Stein

(1943). It is defined m terms of the power input per unit volume as:
—
P
G= \/’— (2.1)
Vu

where P is the total power dissipated. p is water dynamic viscosity and V is the volume of

the rapid mix reactor.

Johnson and Amirtharajah (1983) suggested that high intensities of mixing with
mean G values of 3000 to 4000 s™' for very short time, i.e. less than 1 second, would
probably be beneficial for effective charge neutralization. Coagulant dosages and pH
conditions required for particle destabilization by charge neutralization depend on
coagulant rype and raw water quality characteristics, such as particle concentration.

hardness and the content and type of natural organic matter. NOM.

Trivalent aluminum or iron salts can destabilize particles via the charge
neutralization mechanism. Aluminum salts are widely used as coagulants in the water
treatment field, of these alum is the most commonly used in water treatment. Alum is the
generic term for the coagulant aluminum sulfate Aly(SO,);.17H,O. When alum is
dissolved in water it forms SO, ions and six coordinate aquo-aluminum complexes
commounly written as A"’ (Stumm, 1967). These ions are acidic and can undergo
additional hydrolysis reactions (O’Melia, 1972). The interaction between the positively

charged ions with the negatively charged colloids produces two points of zero zeta



potential, or the isoelectric point, [EP, at pH values of 4.8 and 6.8 (AWWA. 1990).
Favorable particle destabilization by charge neutralization can be expected to be at or

close to these pH values.

However, for cold and soft waters, pre-formed aluminum polymers, such as
polyaluminum chloride, PACL, have an advantage over alum. They are also very effective
over greater pH range (5 to 10) because of the basicity of the solution. PACI is prepared
by the partial neutralization of AIC; by the addition of a base resulting in the formation of
stable polymeric aluminum species (Malley, 1988). PACI can destabilize particles via the
charge neutralization mechanism if it contains primarily the polymer Al;304( OH)"’ species.
This is analogous to the action of cationic organic polyelectrolytes used in water treatment
(Edzwald, 1985). In comparison to alum. PACl is considered to be a more effective

coagulant at lower dosages because of the higher charge on its species.

The coagulation requirements. or more fundamentally the particle destabilization
requirements, for the DAF process are similar to the sedimentation and direct filtration
processes. However, higher coagulant dosages are required in sedimentation processes

for sweep floc conditions (Edzwald. 1995).

2.1.2.2 Particle transport and flocculation

The particle transport or flocculation step of the coagulation process is the
rate- determining step for the formation of aggregates and is an important factor in
treatment facility design (Camp, 1955). Destabilized colloids must be brought into contact
with one another for aggregation to occur. There are three major physical processes for
particle transport and aggregation: (1) Brownian diffusion or perikinetic flocculation
where the driving force of this mechanism is the thermal energy of the fluid. (2) bulk fluid
shear or orthokinetic flocculation where the driving force of this mechanism is a velocity
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gradient mduced by mechanical mixing, and (3) differential settling where the driving force

is the gravity.

The importance of particle concentration on flocculation mechanisms can be

summarized in the following equations for particles of uniform size ( O’Melia, 1972):

)
de i app.KB.T.Np"
3

Jok= —— =- 2.2

PK i " (2.2)
dN 2 34y 3 -

JOK= —F =- = app.G.dp .Np (2..))
dt 3

where Jpi and Jok are the rates of change of the total concentration of particles Np with
time. t. due to perikinetic and orthokinetic flocculation. respectively. app is the particle-
particle collision efficiency factor, Kz is Boltzmann's constant. T is the absolute

temperature and dp is the mean diameter of particles.

The significance of particle size can be seen from the ratio of Jox to Jex which is
equal to 1.0 for particles with 1 um diameter at 25 °C and a mean velocity gradient. G. of
10 s, It can be concluded that for particles with diameters less than 1 pm. perikinetic
flocculation is predominant and conversely with diameters greater than | pm . orthokinetic
flocculation predominates. In conventional water treatment. the size of the flocs produced
is larger than 1 um and therefore the orthokinetic flocculation predominates in the particle

aggregation process.

Since the driving force in othokinetic flocculation is the velocity gradient. the mean
velocity gradient, G, is used to characterize the mixing intensity inside the flocculator.
Letterman (1981) has summarized the overall effect of mixing intensity on the rate of
orthokinetic flocculation. At high mean G values, a relatively rapid disappearance of

primary particles and a rapid formation of relatively small and high density flocs occur.



On the other hand. a lower mean G value causes slower rate of floc formation. however.

producing larger floc size.

These characteristics of floc formation are the reason for tapered flocculation used
in conventional water treatment with the higher G value in the first compartment and
progressively smaller G values in the remaining compartments. This tapering causes the
build up of progressively larger size flocs which improves the clarification process by
sedimentation. However, tapering of flocculation is not needed for the DAF pretreatment
process because large flocs are not needed. Thus, higher mean G values are desirable for

improved clarification by the DAF process (Edzwald, 1995).

Gregory and Zabel (1990) found an optimum mean G of 70 ™' using alum as the
coagulant which was independent of water type. While Janssens (1991) reported that
optimum G conditions for DAF depend on the type of the coagulant used: 70 to 80 s for
alum. 70 s for ferric chloride and greater than 30 s for PACL Klute et al. (1994) found
that velocity gradients of 50 s™ produced a narrower floc size distribution concentrated
around diameters of 30 um. compared to the wider size distribution produced by lower G
values of 15 s'. @degaard (1994) found that DAF efficiency increased with increasing

flocculation G to a maximum value and decreased above that value.

Since the floc size required for DAF is smaller than for conventional treatment. a
shorter flocculation retention time is required. Flocculation times of 5 to 20 minutes have
been reported for pilot-plant and full scale studies (Malley and Edzwald, 1991: Janssens.
1991; van Craenenbroek et al., 1993), compared to an average of 30 minutes for
conventional treatment (Malley and Edzwald. 1991). These small, strong, low-density
flocs can better resist the high shear and turbulence at the outflow openings of the DAF
nozzles (Bunker et al., 1994).

Recent research by Edzwald and co-workers (Edzwald and Wingler, 1990:
Edzwald et al., 1992; Bunker et al., 1994; Edzwald et al.. 1994a) supported the above
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work indicating an optimum G value in the range of 55 to 100 s"'. Their research has
confirmed that small and strong flocs with particle size distributions of 10 to 30 um are
effectively removed by flotation and that flocculation detention times of 5 minutes are

optimal.

2.1.3 Flotation Process

2.1.3.1 Overview

Flotation can be defined as a solid-liquid separation process in which gas bubbles
attach to solid particles to cause the apparent density of the bubble-solid agglomerates to
be less than that of the water, thereby allowing the agglomerate to float to the surface
(AWWA, 1990). Although in principle any gas that is not highly soluble in the liquid
phase can be employed., in practice air is the most commonly used gas because of its

availability, safety of use and cost (Zabel, 1984).

Flotation terminology and nomenclature is often confusing because they can be
classified in different terms. Flotation can be classified according to application. e.g. coal
flotation. in terms of the presence or absence of froth and in terms of the method of
producing gas bubbles, e.g. dispersed air flotation, microflotation and dissolved air
flotation (Mangravite et al., 1972). The discussion in this section will focus only on

flotation based on the method of bubble formation.

Dispersed air flotation relies on bubble formation by mechanical means which
produces bubble sizes in the range of 0.1 to 1.0 mm and uses surfactaats to produce
particle-bubble adhesion. It is primarily used in the mining industry for ore separation and

it is not suitable for drinking water treatment because of the addition of surfactants.

Microflotation uses very low gas flow rates and frothing agents to produce

microbubbles of about 40 pum. It is not applicable to drinking water treatment because of
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the addition of chemical collectors and frothers. Microflotation had received extensive
attention in the 1960°s and 1970 s (Rubin and Johnson, 1967; Rubin. 1968; Rubin and
Lackey, 1969; Rubin and Lapp, 1971). These researchers found that the electrolytic
flotation, or microflotation, could effectively remove bacteria, algae, metals and metal
precipitates, silica, humic acids and other organic colloids from solution. This extensive
research of the microflotation process has provided valuable information regarding the
physical and chemical mechanisms used in flotation and it provided insight nto the use of

flotation for drinking water treatment.

In dissolved air flotation, DAF, bubbles are generated by the reduction in pressure
of a water stream saturated with air. The air precipitates in the form of fine bubbles
usually of less than 100 pm in diameter. There are two types of DAF: vacuum flotation
and pressure flotation. Pressure flotation is the most widely used in the field of water
treatment. There are three basic pressure dissolved air flotation systems (Zabel, 1984):
full flow, split-flow and recycle-flow pressure flotation. For drinking water treatment. the

recycle-flow pressure flotation is the most appropriate system.

In recycle-flow pressure flotation, as shown in the schematic diagram of the DAF
process in Figure 2.1, part of the clarified effluent is recycled. with recycle ratios typically
ranging from 6 to 10 percent of the raw water flow. The recycled flow is pressurized in a
special tank called the saturator at typically 480 kPa gage pressure (Edzwald and Walsh,
1992). The pressurized recycle water is introduced to the flotation tank through a pressure
release device, needle valves or specially designed nozzles, where the pressure is reduced
to near atmospheric pressure releasing the air in the form of fine bubbles, i.e. 20 to 100

pum in diameter (AWWA, 1990).

The key parameters used in DAF design and operation for water treatment
applications are shown in Table 2.1 (Edzwald and Walsh, 1992; Haarhoff and van Vuuren,
1994).
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Table 2.1 Key parameters used in DAF design and operation.
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Design Values
Parameter Units Range Typical
Chemical Pretreatment:
Coagulant Dose (mg/L) determined by DAF jar test
Flocculation Time * (min) 10 to 30 10
G-value * (s 10 to 150 70
Flotation Tank Design:
Contact or Reaction Zone:
Detention Time (min) 1to 4 1.5
Hydraulic Loading Rate ) (m/h) 40 to 100 70
Separation or Flotation Zone:
Detention Time (min) 5to 15 10
Hydraulic Loading Rate” (m/h) 5to 11 8
Cross-Flow Velocity (m/h) 20to 100 30
Air Saturation System:
Operating Pressure * 206 to 620 480
(kPa)
Recycle Rate * (%) 7to 30 8
Bubble Size (um) 10 to 120 40
Saturator Efficiency (%) 40 to 90 70
Sludge Removal:
Percent Solids (%) 0.2to 6 3
Layer Thickness (mm) 5to 15 10
Sludge Scraper Speed (m/h) 15 to 50 30

* Based on total flow (feed plus recycle) and the maximum cross-sectional

area of the contact zone.

** Data from Haarhoff and van Vurren (1994) based on total flow (including

recycle) and effective flotation area.

# Data from Edzwald and Walsh (1992).




The flotation tank is divided into the contact or the reaction zone. and the
separation or the clarification zone. Delineation of the boundary between the contact zone
and the clarification zone is often difficult and arbitrary where the zones are not clearly
separated by baffles (Harrhoff and van Vuuren, 1994). The contact zone can take many
shapes, such as a section of pipe before the flotation tank, where bubbles and flocs mix
intimately forming bubble-floc agglomerates, as a result of collision and contact between
rising bubbles and flocs, which would rise into the clarification zone. The contact zone is
considered very important and the growth of bubble-floc agglomerates within this zone is

dependent on mixing time and mixing intensity.

Mixing time in the contact zone is based on the mean residence time while the
degree of mixing is dependent on the complex hydrodynamics within the contact zone.
which is related to the mean velocity of water. Mixing time usually ranges from 1 to 4
min. The mean velocity of water, or hydraulic loading rate, is based on the maximum
cross-sectional area of the contact zone. Typical hydraulic loading rates range from 40 to

100 m/h (Harrhoff and van Vuuren, 1994).

Two parameters are considered important for the clarification zone. The first is
the cross-flow velocity from the contact zone into the clarification zone. A very high
velocities will induce a circulation pattern within the clarification zone and excessive
turbulence may disrupt the air/floc agglomerate. Typical values ranges from 20 to 100 m/h
(Harrhoff and van Vuuren, 1994).

The second parameter is the hydraulic loading rate. A very high hydraulic loading
will result in a downward flow velocity toward the outlet which may exceed the rising
velocity of the bubble-floc agglomerates. Hydraulic loading can be based on the total flow
rate ( feed plus the recycle flow). Typical values range from 5 to 11 m/h (Harrhoff and

van Vuuren, 1994).




In the flotation process, three distinct phases can be distinguished: (1) bubble
formation and supplied air concentration; (2) bubble-particle interactions in the contact or
the reaction zone; and (3) bubble-particle agglomerate rise in the flotation or the
separation zone. Phase two can be further divided into three sub-phases: (a) bubble rise
velocity; (b) bubble-particle collisions; and (c) bubble-particle attachment. The following

sections will discuss these phases in detail.

2.1.3.2 Bubbles formation and air supplied

A bubble can be defined as a region in space occupied by a gas and enclosed by a
gas-liquid interface. Bubble’s shapes can be divided into three distinct types: spherical.
ellipsoidal and spherical capped bubbles. Very small bubbles with mean diameters less than
1000 pm are considered spherical in appearance and rise with a steady rectilinear motion
(Clift et al.. 1978). The shape of the bubble is determined by the balance between the
normal and tangential stresses, in each phase, at the interface. Factors which contribute to
the shape of the bubble include fluid forces, viscosity, surface tension and adsorbed

surface agents.

Small air bubbles in the range of 10 to 100 um are formed when the pressurized
recycle water is injected into the flotation tank using needle valves or specially designed
nozzles. The bubble formation process can be described in two consecutive steps:
nucleation and growth (Raaykart and Haarhoff, 1994). The first step commences
spontaneously after the pressure reduction through the nozzle producing bubble nuclei
according to the thermodynamic principle of minimizing the free energy change (Edzwald.
1995). Assuming air to be ideal gas, the critical diameter of the bubble nucleus dg. for

homogeneous nucleation is:

dBc = — (2.4)

21



22

where o is the surface tensionand AP is the pressure difference across the nozzle.
Equation 2.4 shows that as the pressure change increases, smaller bubble nuclei are
formed. However, there is a diminishing return in reducing the bubble size above

saturator pressure of 500 kPa (Heinanen et al., 1992).

After all the excess air in the saturated recycle water is transferred from the
dissolved to the gas phase, the second step, or bubble growth, begins. During the second
step, the total air volume remains constant but the bubbles continue to grow due to
coalescence. Additional bubble growth may occur due to the decrease in the hydrostatic
pressure as the bubbles rise in the flotation tank. Both of these factors have negligible
effects on the small bubbles formed in the DAF system (Takahashi et al.,1979).

Measurements of bubble size distribution for DAF system indicate that bubbles
maintain steady state size of 10 to 100 pm with mean bubble diameter of 40 pm (Edzwald,
1995). This steady state depends on the saturation pressure, recycle flow rate and nozzle
geometry (Takahashi et al.,1979). The study by Takahashi and co-workers (1979)
showed that the mean bubble diameter decreased as the saturation pressure and the recycle
flow rate through the nozzle increased. It was also found that bubble diameter increased

with nozzle length.

In order to ensure small bubbles, or microbubbles, in the flotation tank. saturator
gage pressure, Ps,, of 400 to 600 kPa are recommended (Edzwald et al., 1992). Also, the
recycle flow, or the saturated water flow, Qs., must be high enough to provide a rapid
pressure drop and to prevent backflow and bubble growth in the vicinity of the injection
system. However, the production of large bubbles, or macrobubbles, which are
significantly larger than the mean bubble diameter is inevitable. These macrobubbles rise
rapidly to the surface and as a result interfere with the slowly rising agglomerates of flocs

and microbubbles and also could disrupt the float layer at the top of the flotation tank.




Macrobubbles contain a significant quantity of air of which the rest of the system is
deprived. Their formation and presence in the flotation tank should be minimized because
they would lower the overall efficiency of the DAF process. Raaykart and Haarhoff
(1994) in their studies of numerous bubble size distributions have suggested that the

boundary between macro- and micro-bubbles in the DAF process should be set at 150 um.

The concentration of supplied air bubbles resulting from mixing the pressurized
recycle flow, or the saturated water flow, with the influent raw water, Qwater, affects
bubble-particle collisions and consequently the removal of the attached bubble-particle. It
is considered to be an important design and operating parameter in the DAF process

(Edzwald, 1995).

The concentration of the supplied air can be described in terms of air volume
supplied, A, per mass of suspended solids, S. or the Ato S ratio, A/S. which has been
used in wastewater treatment applications. Typical values for A/S in wastewater
applications range from 0.005 to 0.06 mL/mg (Metcalf and Eddy, 1979). However, for
drinking water treatment, the suspended solids concentration is low resulting in A/S on the
order of 0.4 mL/mg. Therefore, the A/S ratio concept is not useful for dilute suspensions

experienced in drinking water treatment applications (Zabel, 1985).

The air supplied for the DAF process in drinking water treatment applications can
be described in terms of (Edzwald et al., 1992): (1) the recycle ratio ., Rg; (2) the mass
concentration of the air released in flotation , Cg; (3) the air bubble volume concentration,

®5; and (4) the number concentration of air bubbles, Ng.

In practice, the recycle ratio is used as a surrogate measure of the air supplied for a
constant saturator pressure, which is defined as the ratio of Qsa t0 Quater- The equilibrium
mass concentration of dissolved air for saturated water can be calculated using Henry’s

law, which states that the solubility of a gas in a non-reactive gas solvent mixture is




directly proportional to the partial pressure of the gas above the liquid (Chang. 1981).
Henry's law can be expressed as:

Pe = Ku. Xoas (2.5)

where P, is the absolute pressure of the gas above the liquid inside the saturator, Ky is
Henry’s constant (4.18 kPa/mg-L at 20 °C) and X is the mole fraction of the dissolved
gas defined as the number of moles of gas divided by the sum of the number of moles of

gas and liquid.

Air solubility is affected by temperature and total dissolved solids. In general, the
highest solubility will be observed at lower temperature and lower dissotved solids. The
maximum concentration of air that can be dissolved, based on Henry’s law and assummng
100 percent saturation, ranges from 215 mg/L at about 0 °C to 126 mg/L at 25 °C
(Malley, 1988).

Using Henry’s law as a basis, equations can be developed for the saturation and
the release of dissolved air bubbles. Assuming air is a single ideal gas. the equilibrium

mass concentration in the saturated stream, Cs.., can be calculated as follows:

Csu= /. M (2.6)
Ky

where Py is the total air pressure of the saturator, i.e. the sum of the saturator gage
pressure Ps,, and one atmosphere, fis the saturator efficiency factor. In practice, fis
typically 70 percent for unpacked saturators and up to 90 percent for packed saturators
(Hyde et al., 1977).

Work by Zabel (1984) has indicated that the highest possible efficiency in most air

saturator systems is 90 percent of the theoretical saturation, i.e. based on Henry’s law.
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This is due to the fact that air is a mixture of gases consisting primarily of nitrogen and
oxygen. Oxygen has higher solubility than nitrogen, dissolving more rapidly producing a
nitrogen enriched atmosphere inside the saturator. At equilibrium, the saturator air is
composed of approximately of 88 percent nitrogen and 12 percent oxygen causing a
reduction by about 9 percent in the dissolution of air compared to 100 percent saturation
with atmospheric air (Edzwald, 1995).

Other factors that account for lower than 100 percent saturation efficiency, which
result in reducing the effective air concentration below the applied air concentration. have
been identified by Haarhoff and Steinbach (1997). These factors are : (1) the slow
adjustment of the saturator air composition from atmospheric to equilibrium; (2) the
method whereby saturator efficiency is estimated; (3) the air precipitation efficiency of the
injection nozzle, which simply relates the actual air mass precipitated to the maximum air
mass that could be theoretically precipitated: (4) the nature of the bubble suspension

produced by the injection nozzle: and (5) the oxygen concentration in the raw water feed.

The concentration of the air released, Cg, in the contact zone of the DAF process

can be calculated based on a mass balance approach using the following equation:

- (CSat _Ca)'RR _(Ca —Co)

C
§ 1+Rg

(2.7)

where C, is the concentration of air in the flotation tank which will remain in solution at

atmospheric pressure and C, is the concentration of air in the raw water.

Since the flotation process relies on the bubble-particle collisions. it is more
instructive to describe the mass of air released in terms of bubble volume or number
concentration. Bubble volume concentration, ®g, which is an important design and

operating parameter (Edzwald et al., 1990), is typically expressed in parts air per million



parts of water (ppm) or the volume of air supplied in mL per volume of water in m’. It

can be calculated as follow:

®g = — (2.8)

where ps, is the density of saturated air. High values of ®g ensure high collision

opportunities between particles and bubbles and consequently higher flotation efficiency.

The bubble number concentration, Ng, can be estimated by dividing ®g by the
average volume of a single bubble, vg. Since bubbles with diameters less than 100 um rise
like solid spherical particles in water at low Reynolds number (Levich, 1962; Tsukada et

al., 1984), the following expression for Ng can be used:

6 Dg
3
T dBV

Ng= (2.9)

where dg, is the volumetric mean bubble diameter which is calculated using the following

equation:

T (Np; def)] 3 (2.10)

o= 2 Np;

where Np; is the number of bubbles with diameter dg..

Table 2.2 presents a summary of calculations of the mass concentration, Cg, the
bubble volume concentration, ®g, and the bubble number concentration, Ng, based on
Equations 2.6 through 2.9 for recycle ratios of 3 to 15 percent, saturator pressure of 480
kPa, saturator efficiency of 70 percent and at 20 °C. These calculations were based on an

average bubble diameter of 50 um.
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Table 2.2 Bubble mass, volume and number concentration

Rr Cr dg Ng

% mg/L ppm bubbles/mL

1 0.72 608 9.3E+03

3 2.13 1790 2.7E+04

5 3.48 2927 4 SE+04

7 4.78 4021 6.1E+04
10 6.65 5587 8.5E+04
12 7.84 6585 1.0E+05
15 9.54 8016 1.2E+05

* Saturator pressure of 480 kPa, saturator efficiency of 70%.
mean bubble diameter of 50 um and at 20 °C.




Figures 2.2 to 2.4 show the effect of saturator pressure, saturator efficiency and

water temperature on bubble volume concentration as a function of the recycle ratio.

The quantity of air available for the DAF process is controlled by both the
saturator pressure and the flow of the recycle or saturated water. Experiments varying the
recycle ratio and pressure showed that the treated water quality was only dependent upon
the total quantity of air introduced to the system, and not upon the individual values of the
pressure or the recycle flow (Zabel, 1984). The main practical way to control and vary the

amount of air supplied to the DAF process is through the recycle rate.

Edzwald et al. (1992) have examined air requirements for treating three different
water types including fulvic acid water at dissolved organic carbon, DOC, concentration
of 2 to 15 mg/L, clay turbidity waters with clay solids at 20 to 100 mg/L and algae type
waters with algae at cell concentrations of 20.000 to 500,000 cells/mL. Their
experimental results showed that a recycle ratio of 8% at a saturator pressure of 483 kPa
with 70% saturator efficiency, which correspond to bubble volume concentration of about
4600 ppm and bubble number concentration of 1.2x10° bubbles/mL, was sufficient to treat

successfully all types of waters.

2.1.3.3 Bubble-particle interactions in the contact zone

As it was explained earlier, the purpose of the contact zone of the DAF process is
to provide collision and contact opportunities between the rising air bubbles and flocs
leading to attachment and formation of bubble-particle agglomerates with densities less
than that of water. The interactions of bubbles and particles in the contact zone can be
divided. for the purpose of this work, into two steps: (1) the transport of bubbles to the
particles, characterized by the bubble rise velocity, and (2) collision and attachment

between bubbles and particles. The following sections provide detailed discussion of each

step.
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Figure 2.2 Effect of saturator pressure Ps, on bubble volume concentration @y
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2.1.3.3.1 Bubble rise velocity

After bubble generation and growth. the next step in the flotation process.
which occurs inside the contact zone, is the transport of bubbles to the particles. The rate
at which the air bubble rises can be calculated by solving the Navier-Stokes equation.
Small bubbles of about 100 um or less are formed in DAF process. which rise as rigid
spheres under laminar flow conditions. i.e. Reynolds number Re << 1. and therefore
follow Stokes law (Clift et al., 1978). Larger bubbles have higher rise velocities and exist

as ellipsoids (1 to 10 mm) and spherical caps (> 10 mm).

Assuming that the bubble is held in a spherical shape by surface tension. the
problem becomes similar to that posed by solid sphere moving steadily through a viscous
liquid (Clift et al.. 1978). When a bubble rises in a viscous fluid. it is acted upon by three
forces: a gravitational force acting downward. a buoyant force acting upwards and a drag
force, Fp, acting downward. When the terminal velocity is reached, the drag force is equal
to the difference between the gravitational attraction and the Archimedes buoyancy. For a
bubble with diameter dg and density pg rising in a fluid of density py, the drag force can be

expressed as:
T
Fo= = do’ (pr-pa) g (2.11)

At low Reynolds Number, i.e laminar flow. the drag on a bubble with diameter ds
is due entirely to viscous forces within the fluid (Levich. 1962) resulting in the following

expression:

Fo=3ndgp Ug (2.12)
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where  is the fluid dynamic viscosity and Ug is the terminal rise velocity of the bubble.
also called Stokes’ rise velocity. in the laminar flow region. Substituting Equation 2.11

into Equation 2.12 and solving for Ug would give:

2
_2(pr—ppldp (2.13)
18 u

Us
Equation 2.13 gives good results for Reynolds Numbers up to 1.0 (Edzwald.
1995) which correspond to bubble diameters of about 120 um at 20 °C. Also, it indicates
that the rise velocity of the bubbles is proportional to dg’. In addition. water temperature
would affect pcand p and as a result Ug. The effect of bubble diameter and water
temperature on bubble rise velocity is summarized in Table 2.3. As shown. bubble sizes of
150 um and below. at 4 °C. and bubble sizes of 120 um and below at 20 °C. will ensure

lammar flow. i.e Re < 1.0.

For bubble with diameter in excess of 120 um at 20 °C, the rise velocity deviates
from that indicated by Stokes’ model (Levich. 1962). The drag force on the rising bubble

with diameter dg can be expressed in terms of the bubble drag coefficient. Cps:

_~ mdg®  Up’
Fo = Cos 1 Pt 5 (2.14)

where p¢(Ug™/2) is the dynamic pressure on the bubble. At the terminal rise velocity. Us.

Equation 2.11 can be substituted nto Equation 2.14. Solving for Cps would give:

gd
Ug

w

Gl |

CDB= (2.15)

to
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Table 2.3 Effect of bubble diameter and temperature on bubble
rise velocity, based on Stokes' Law, and Reynolds

Number, Re.
ds 4°C 20°C
(pum) Ug (m/s) Re Ug (m/s) Re

10 3.10E-05 0.0003 5.51E-05 0.0005
20 1.24E-04 0.0025 2.20E-04 0.0044
30 2.79E-04 0.0083 4.96E-04 0.0148
40 4.95E-04 0.0197 8.82E-04 0.0350
50 7.74E-04 0.0384 1.38E-03 0.0684
60 1.11E-03 0.0664 1.98E-03 0.1182
70 1.52E-03 0.1055 2.70E-03 0.1878
80 1.98E-03 0.1574 3.53E-03 0.2803
90 2.51E-03 0.2242 4.46E-03 0.3991
100 3.10E-03 0.3075 5.51E-03 0.5474
110 3.75E-03 0.4093 6.67E-03 0.7286
120 4.46E-03 0.5314 7.94E-03 0.9459
130 5.23E-03 0.6756 9.31E-03 1.2027
140 6.07E-03 0.8438 1.08E-02 1.5021
150 6.97E-03 1.0379 1.24E-02 1.8475
200 1.24E-02 2.4601 2.20E-02 4.3794
500 7.74E-02 38.4390 1.38E-01 68.4274




For low Re. i.e. laminar flow. substitution of Equation 2.12 into Equation 2.14

yields the following equation:

CDB = (2. 16)

where Reg is the Reynolds number of bubble with diameter dg defined as:

prdpg Up
n

Reg = (2.17)

In the previous discussion, Stokes’ equation. given by Equation 2.13. describes the
relative velocity between fluid and a bubble rising in a quiescent flotation column. i.e.
hydraulic loading or superficial liquid velocity. Uy, is equal to zero. The terminal rise
velocity based on Stokes’ equation will be termed the relative bubble rise velocity. Ug re.

in this research.

Under actual operational conditions. bubble rise velocity would be affected by the
contact zone hydraulic loading. Therefore, the instantaneous bubble rise velocity Ug wns.
which can be measured using a laser Doppler anemometer. would describe the actual
bubble rise velocity inside the contact zone. The instantaneous bubble rise velocity

Usg us can be defined as:

Ugins =UB +~ UL (2.18)

where Uy is defined as the total flow rate, Qo divided by the maximum cross-sectional
area of the contact zone, A-z. The total flow rate is the sum of Qs,;, Quaer and the

volumetric flow rate of air, Qa, which is defined as the bubble volume concentration, ®s,
multiplied by Qs... Since calculations of Q4 indicated that it was much smaller than both

Qs.: and Quaer, it was not included in Quoal.



2.1.3.3.2 Bubble-particle collision and attachment

There are three mechanisms that describe the collision and attachment of air
bubbles to the particles which include: (1) collision and adhesion of large particles to large
bubbles, which is termed contact flotation (Derjaguin et al., 1984); (2) collision and
surface attachment of rising bubbles to the pre-formed flocs, which is termed contactless
flotation (Derjaguin et al., 1984); and (3) growth of bubble nuclei within the floc structure
(Kitchener and Gochin, 1981).

The first two mechanisms are applied to water treatment applications while the
third mechanism is applied to wastewater treatment and sludge thickening. The first
mechanism, which is important in the separation of mining mineral ores, is observed for
particles larger than 100 pm and can be described as a two step process (Derjaguin et al..
1984). The first step of the contact flotation process is that the particle inertia would
rapidly rupture the intervening water layer between the bubble and the particle and as a
result the particle would make contact with the bubble surface. The second step is the
formation of a three phase wetting perimeter, or contact angle, through the interaction of
surface tension forces. The contact angle must be finite and large enough such that the
work or energy of adhesion of water to the solid particle is less than the work or energy of
cohesion of the water (Kitchener, 1984). A large contact angle indicates hydrophobicity

and good attachment.

The second mechanism is considered the primary mechanism of bubble-particle
collision and attachment in water treatment. Contactless flotation, also termed inertialess
flotation is analogous to a hetrocoagulation model involving the stability of bubbles and
particles (Edzwald, 1995). It can be described as a three step process flotation (Derjaguin
et al., 1984). First, particles are transported to the vicinity of the bubble surface. Second,
the intervening water layer is thinned to a critical thickness by the particle-bubble collision
and hydrodynamic forces. Third, the surface forces of attraction and repulsion become

dominant once the critical thickness is reached and the intervening water layer either



ruptures resulting in bubble-particle attachment by surface forces or the particle-bubble
surfaces repel each other resulting in no attachment. Therefore, the third step of the
process depends on the surface chemistry of the particles and bubbles. The surface
chemistry and the chemical aspects of the attachment will be discussed later in this section.

The bubble-particle collision in contacless flotation is affected by the hydrodynamic
forces. Theses forces are: the long range hydrodynamic forces, LRHF, short range
hydrodynamic forces, SRHF, and the pressing hydrodynamic forces, PHF. The LRHF
causes particles approaching the bubble to deviate from their rectilinear path due to the
curving of the fluid streamlines which is caused due to the fact that the fluid velocity at the
bubble surface approaches zero.

The long range forces occur at distances on the order of the bubble size upstream
of the bubble surface. The LRHF does not affect the transport of large particles to the
bubble surface because the inertial forces of these particles are much greater than the
LRHF. However, transport of 100 pum particles and smaller is greatly affected by the
LRHF (Derjaguin et al., 1984).

The short range hydrodynamic force is caused by the hydrodynamic resistance

force Fu between two identical spheres and can be given as (Taylor. 1953):

- kp. UPB udsl

Fu
(H, -d)

(2.19)

where k,, is an empirical proportionality constant, Upg is the particle-bubble approach
velocity, u is the dynamic viscosity of water, ds is the sphere diameter and Hs is the
separation distance between the center of the spheres. Equation 2.19 shows that F.

increases as Upg and ds increase and Hs decreases. Also, Equation 2.19 indicates that as



temperature decreases, i.e. as | increases Fu increase. For large particles. inertia forces

overcome the SRHF so that Fy is zero (Derjaguin et al.. 1984).

The pressing hydrodynamic forces result from the differential velocity of the
approaching particle and fluid. The velocity of the particle is slowed as it approaches the
bubbles by the hydrodynamic forces so that the radial velocity of the fluid is higher than
the velocity of the particle. As a result, the radial flow of the fluid envelops the particle
and presses it toward the bubble surface. This force would resuit in the initial thinning of
the intervening water layer, which is counteracted by the LRHF. PHF alone is not
sufficient to overcome the SRHF, so that the effect of both PHF and the surface forces is

required for collision and attachment.

Surface forces and the hydrophobic and hydrophilic nature of the particles play an
important role in the attachment of bubbles and particles (Gaudin, 1957; Anderson and
Rubin, 1981). When solid particles are immersed in water, an electric double layer forms
at the solid-liquid interface (Stumm and Morgan, 1981). This electrical double layer
generally arises from three mechanisms: chemical reaction at the surface resulting in
ionization of surface groups, or complexation with solutes, or isomorphic replacement of

atoms within the crystalline lattice.

Electroneutrality of the solid-liquid interface results in the formation of a second
diffuse layer containing oppositely charged counter ions adjacent to the surface. The
interaction of the overlapping electrical double layers raises the electrical double layer
force, EDLF, which is a repulsive force. The EDLF is counteracted by the London-van
der Waals, LVDW, molecular force of attraction, which results from the dipole interaction
between atoms and molecules. The LVDW force is an attraction force for most of solids

in water (Gregory, 1969).

Small particle and bubble interactions are assumed to behave the same way as the

particle-particle interactions described by the Derjaguin-Landaue and Verwey-Overbeck,




DLVO, theory (Derjaguin et al., 1984). The DLVO theory, after the classical works by
Derjaguine and Landau (1941), and Verwey and Overbeek (1948), involves estimating the
energy of attraction from the LVDW forces and the energy of repulsion from the EDL
forces. The theory shows that the repulsion energy is an exponential function of the
distance between two identical spheres with a range on the order of the thickness of the
double layer. On the other hand, the attraction energy decreases as the reciprocal of the

distance between the spheres.

There are two conditions for contactless flotation to occur. First, particles should
be unstable, i.e. have low electrophoretic mobility (EPM). The second condition is related
to the balance between the LVDW attraction forces and the hydrodynamic resistance
forces. This can be explained by first presenting the LVDW attraction force. Fa, by the

following equation:

Fp= ;‘A‘H_dz_s (2.20)
24 H,

where Ay is the Hamaker constant which ranges between 10" to 10'* ergs. Comparison
between Equations 2.19 and 2.20 indicates that the attraction force increases as the

reciprocal of H, * whereas the hydrodynamic force increases as the reciprocal of H; to the
first power. Since Upg is small and does not significantly affect F,, at small (H.-d,) values.

therefore, Fa can overcome F, and contactless flotation can be achieved.

Edzwald (1995) has suggested, based on experimental evidence, that there are two
important conditions for bubble-particle attraction and flotation: (1) charge neutralization
through efficient coagulation and flocculation, and (2) production of hydrophobic particle
surfaces or hydrophobic spots on the particie surfaces. For many particles, hydrophopicity
is simply increased by reducing the charge. However, there are particles, such as
amorphous AIl(OH); which have polar surface groups that bond to water molecules and
therefore render them hydrophilic. This poly-molecular layer of water would hinder the
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bubble-particle attachment. However, work by Kitchener and Gochin (1981) suggestes
that naturally occurring organic matter present in water act as surfactants or collectors and
can adsorb onto the surfaces of metal hydroxide flocs, and therefore render them

hydrophobic.

2.1.3.4 Bubble-particle agglomerates rise in the clarification zone

After bubble attachment and reduction in particle density, the formed bubble-
particle agglomerates rise to the surface of the flotation tank in the clarification or
separation zone. Bratby and Marais (1975) have developed a concept for the motion of
these agglomerates inside the flotation tank. In the contact zone column, the hydraulic
flow is upward and in the same direction as the buoyancy. In this stage, the flocs have no
chance to settle whether they are attached to air bubbles or not. However, in the
clarification zone the hydraulic flow turns downward or opposite to the buoyancy. If the
velocity of the bubble-particle agglomerates is higher that the hydraulic loading inside the
clarification zone, then these agglomerates rise and are collected in the foam layer on the

surface.

Bratby and Marais (1975) called the velocity that just keeps the agglomerate in the
foam layer as the limiting overflow rate of the separation zone, Uos, 1.e. the hydraulic
loading based on the surface area of the separation zone. Haarhoff and van Vuuren
(1994) have recommended the hydraulic loading in the clarification zone to be 5.0 to 11.0
m/h based on the total flow, i.e. including the recycle flow.

The Uos depends basically on the volume and the amount of air bubbles attached
to the particles. The volume of an air bubble is important in lowering the particle density
and therefore producing flotation. The following equations are used to demonstrate the
effect of bubble-particle attachment on the particle density. First, the mass of particles and

bubbles are determined based on volume and density:
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d 3
M, = E&ﬂ_ (2.21)
6
and
pgd 3
Mg = —‘3—6—3 (2.22)

where Mp is the particle mass, Mg is the bubble mass, pp is the particle density, pg is the
bubble density, dp is the particle equivalent spherical diameter, and ds is the bubble mean
diameter. Assuming ng bubbles are attached to one particle, Equations 2.21 and 2.22 are

combined with equations for bubble and particle volume, resulting in the following

equation for the particle-bubble density pps:

_[pp dp’ + np(ppdp’)]

PrB 3 (2.23)
[dp’ +np(dg°)]
The equivalent spherical diameter of the bubble-particle agglomerate, deg, can be
calculated using the following formula:
dp = [ dp’ + a(da’)] (2.24)

The rise velocity of the bubble-particle agglomerate, Upp .gq, assuming Stokes’ drag

conditions, i.e. Repg < 1.0, is calculated by:

- don?
UPBaggJ= g(pw pPB) PB (2.25)

18

For transition flow conditions, i.e. 1 < Repg < 50, the rise velocity of the bubble-

particle agglomerate would be (Edzwald, 1995):
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08 . .
g *l(ow —PpB)/ Pw1”® dpg"?

UpB agg = (2.26)

where v is the kinematic viscosity.

For alum flocs with initial density of 1.01 g/mL at 20°C, and size less than 100 um,
one bubble of size 60 um would easily reduces the floc density to less than 1 gm/ml.
Table 2.4 summarizes calculations for bubbles with different mean diameters and particles

varying in size from 10 to 100 um assuming only one bubble attachment per particles.

Removal of bubble-particle agglomerates in the separation zone occurs under plug

flow conditions when:

U
Ura e 2 - ‘:; (2.27)
—us

where mg is the fraction of dead space inside the clarification tank. For practical purposes,

the dead space can be neglected (Baeyens et al., 1995)

It can be assumed that there is a critical bubble-floc agglomerate diameter
dpB critical When Upp agq = Uos. Agglomerates having dpg > dps critical will have
Upg aga higher than Uos and therefore will be separated from the effluent. On the other
hand, agglomerates with dpg < dpg criicai Will be carried with the effluent. The critical

bubble-floc agglomerate diameter can be calculated using Equations 2.28 and 2.29:

dpB critica for Repe<1= [ML] (2.28)
g(Pw —PeB)

and



Table 2.4 Bubble-particle agglomerate velocity for different bubble and particle
sizes assuming only one bubble attached

dg =40 uym dg =60 um dg =80 pm

dp * prB dpg UpB aga  PrB dps UpB agal PrB deg  Ups aggl
um g/mL pum mh gml um m/h g/mL pm m/h

8 0.009 40.1 3.2 0.004 60.0 7.1 0.002 80.0 12.7
10 0.017 402 3.2 0.006 60.1 7.1 0.003  80.1 12.7
15 0.052 40.7 3.1 0.017 603 7.1 0.008 80.2 12.7
20 0.113 416 3.0 0.037 60.7 7.1 0.017 80.4 12.6
30 0.300 45.0 28 0.113 624 6.9 0.052 81.4 12.5
50 0.668 574 2.2 0371 69.9 6.1 0.199 86.0 11.8
70  0.851 74.1 1.6 0620 824 5.1 0.406 949 10.6
100 0.949 102.1 1.0 0831 106.7 3.8 0.668 1i4.8 8.6

* Assuming particle density of 1.01 g/mL at 20°C
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1000'6 UOS

2" [(ow - ppp) / Pw1®®

dpg critcat for 1<Repg<50 = { (2.29)

Studies performed by Heininen et al. (1992) indicated that the mean rising velocity
of bubble-particle agglomerate was about 27 m/h in the clarification tank. Visual
observations showed that the number of attached air bubbles varied from 1 to about 20
per agglomerate. Furthermore, there was hardly any separation or detachment of air
bubbles from the agglomerates. Therefore, following the recommendations of Haarhoff
and van Vurren (1994) for a maximum clarification zone hydraulic loading of 11 m/h and
designing the tank in a circular shape, to minimize the dead zone, it can be assumed that

all the agglomerates entering the clarification tank are removed.

2.2 Measurement of Bubble Size, Concentration and Velocity with the Particle

Dynamic Analyzer (PDA)

2.2.1 Introduction

Bubble size distribution, BSD, and bubble velocity distribution can be measured
simultaneously by using the particle dynamic analyzer, PDA, instrument which is based on
phase Doppler anemometry which itself is an extension of laser Doppler anemometry.

LDA.

The operating principles of the PDA is explained through the use of the simple
fringe model. The PDA consists of an optical system which splits a continuous laser beam
into two parallel beams which pass through a spherical lens that causes these beams to
intersect at the focal point of the lens. As a result, a set of plane parallel interference
fringes are produced at the intersection point of the two beams. Figure 2.5 shows the

fringe plane which is also called the instrument measurement volume or
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Figure 2.5 The fringe model and the probe volume
(Adapted from DANTEC, 1989)
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simply the probe volume. The spacing between the mterference fringes depends on the

wavelength of the laser and the angle between the two beams 6.

2.2.2 Velocity measurements

Bubbles moving across the fringe pattern will scatter light in different directions.
The scattered light, which has another frequency due to the Doppler effect, is collected by
the receiving optics and is converted into an electrical signal by a high speed
photodetector. The frequency of the electrical signal, which is proportional to the particle

velocity, is then measured with an electrical device.

In this study, one of the objectives is to measure the instantaneous bubble rise
velocity and therefore it is important to determine the sign of the velocity of the bubble.
Since the fringe pattern produced at the crossing of the two beams will be stationary. the
frequency of the scattered light carries no information of the sign of the velocity of the
bubble.

To obtain information on the sign of the velocity. a small frequency shift is
introduced in the transmitting optics to one of the crossing laser beams. Consequently. the
fringe pattern moves perpendicularly to the fringe plane such that the light intensity at any
point is modulated at the shift frequency. As a result. bubbles moving in the probe volume
will scatter light modulated such that the difference between the modulation frequency and

the shift frequency is proportional to the velocity of the bubble.

Therefore, a bubble moving in the opposite direction to the fringe movement
increases the modulation while a bubble moving in the same direction reduces it. In the
PDA system used for this study (DANTEC, Denmark), a 40 MHz shift is produced using
a Bragg cell.
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2.2.3 Size and concentration measurements

To measure bubble size, simultaneously with the velocity, the PDA utilizes the
phase of the scattered light, which contains information regarding bubble size. The
operating theory can be explained using the simple fringe model. If the interference
fringes in the probe volume are considered to be light rays, they are projected mto space

by the transparent bubble as shown in Figure 2.6.

As the bubble moves through the probe volume, the projected fringes are swept
through space. A stationary photodetector. the same photodetector used for converting
velocity frequencies into electrical signals, will observe alternately light and dark fringes
moving with different frequency due to the Doppler effect. If two detectors U, and U are
placed at a separate locations, they will observe the same frequency but with a relative
phase shift proportional to the detectors spacing, Sp, divided by the projected fringe
spacing, Sr. The separation of the projected fringes at a large distance, R. from the probe
volume is inversely proportional to the effective focal length of the bubble. fs. Fora
spherical bubble, the focal length is proportional to the bubble diameter, ds, and therefore

the measured phase shift is proportional to the bubble diameter.

The position and the spacing of the two detectors has an effect on distinguishing
between small and large bubbles as well as on size resolution. Choosing a wide detector
spacing such as U,-U, gives a phase shift, ;... which varies rapidly with bubble diameter
and permits high resolution measurements to be made. However, large particles would be
indistinguishable from small particles, because they have phase shifts larger than 360°. they

will fold-down and give incorrect results.

In order to extend the unambiguous range, which has a maximum ¢ of 360°, while
retaining a high resolution, a three detector configuration is used. The closely spaced
detector pair, U,-Us, has a slowly varying phase shift ¢,.3and is used to resolve ambiguity

in the measurement from the primary detector pairs, U,-U..



Air Bubble

Figure 2.6 Fring model of phase shift (Adapted from DANTEC. 1989)
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Also, U.-Uj;can be used for self consistency and validation checks.

To calculate the exact relation between phase shift and bubble diameter. it is
necessary to consider the light scattering process. This process is approximated by ray
optics which divides the light scattering into reflection, refraction, 2nd order refraction and
diffraction in the forward direction. Different scattering orders, with the exception of

diffraction. produce a linear phase vs. diameter curve each with a unique slope.

In order to calculate the exact relation between phase shift and bubble diameter. a
linear phase response curve should be obtained (DANTEC. 1989). In order to achieve
that. a scattering angle must be chosen where a single scattering order is dominant. For
bubbles. which are transparent and have refractive index less than that for water. the best
phase-diameter linearity and the highest signal levels are obtained at a scattering angle of

70° from the true forward, i.e. forward scatter configuration.

In order to measure bubble number concentration. Ng, the bubble arrival rate.
velocity and the instrument cross section must be known. The concentration is given by

the arrival rate normalized by the velocity times the instrument cross section.

The main difficulty is in determining the instrument cross section since it depends
not only on the laser power but also on the bubble size. Bubbles passing through the edge
of the laser beam scatter less light than those passing through the center. For a bubble to
be detected, the light level must be above a fixed detection threshold. Since large bubbles
scatter more light than small ones, they can pass further from the laser beam center and

still be detected. Thus there is a counting bias in favor of larger bubbles.

To get the correct size and concentration distribution, the bias must be completely
eliminated. This is accomplished by normalizing the distribution with a function of the

measured bubble residence time.

19
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2.2.4 Data Processng

In order to calculate the velocity and size values. the signals obtained from the
receiving optics must be processed. The most common processors used include frequency
trackers, counters, burst spectrum analyzer and covariance processors. The function of
these processors is to demodulate the PDA signal to determine the Doppler frequency and

phase.

In this study, the system used was a covariance processor which provides a wide
range of bandwidths, high data rates and is able to handle low signal-to-noise ratios. This
processor uses a covariance processing technique m which the phase and the frequency

detectors utilize powerful analog correlation techniques (Lading and Anderson. 1988).

In the frequency detector. the electrical signal from the main photodetector is split
into two signals, one of which is delayed by a known amount of time. This corresponds to
adding a phase of the delay time multiplied by the unknown frequency. The two signals
are input to a phase detector, which measures their phase difference, which is divided by
the delay time to yield the unknown frequency. In the phase detector. signals from the
two photodetectors are fed into an analog cross correlator. The output of the cross

correlator is proportional to the cosine of the phase difference between the two signals.

Raw data collected by the PDA instrument are validated. This validation is based
on the signal to noise levels and the fringe counts. Each time a bubble passes through the
probe volume and produces a validated signal. an instantaneous bubble velocity and the

corresponding size are determined.

Since the measured velocity distribution may be correlated with the magnitude and
the direction of the bubble velocity, fast moving bubbles are more likely to be detected

than slower ones. Also, bubbles passing through the outer edges of the probe volume are




less likely to be detected. Therefore, to account for the velocity bias. mean velocities are

calculated based on residence time weighting.

51



CHAPTER 3

CONTACT ZONE KINETIC MODEL

3.1 Introduction

The dissolved air flotation, DAF, process has been designed empirically, based
largely on experience. Models that describe the main variables affecting the performance
of the DAF process are needed in order to improve DAF design and operations. Asit is
discussed in Section 2.1.3, the DAF tank is divided into the contact and the clarification
zones. Modeling of the clarification zone is similar to the sedimentation process where
Stokes’ law type expressions are used to describe the rise velocity of the bubble-particle
agglomerates (Edzwald, 1997). On the other hand. modeling of the contact zone is
considered more complicated because there are many interrelated chemical and physical

variables that describe the collision and attachments between bubbles and floc particles.

Two approaches have been used to model the contact zone for DAF applications
for drinking water treatment: single collector collision efficiency based model. in which
bubbles are viewed as collectors of particles. and flocculation type model for collisions

among bubbles and particles (Edzwald. 19953).

The single collector efficiency (SCE) model is based on the single collector
collision efficiency concept which describes mass transport from the bulk water to the
bubble surface in which bubbles act as collectors (analogous to deep bed filtration where
sand particles act as collectors. This model has been used by Flint and Howarth (1971)
and Reay and Ratcliff (1973) for flotation and also has been used as a modeling approach
for the removal of particles by deep bed filtration (Yao et al., 1971). The SCE model
identifies important design and operating variables which would affect the performance of
the DAF process.
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A more complicated approach for modeling bubble-particle collisions was
considered by Tambo and co-workers (Tambo and Matsui. 1986: Fukushi et al.. 1994).
Their model, called the population balance model in turbulent flow or the PBT model.
describes the bubble-particle collisions in the contact zone as a heterogeneous flocculation
process where the bulk fluid flow is characterized by turbulent flow. They have developed
flocculation rate equations for particle transport based on collisions caused by the bulk

water velocity differences caused by the turbulent mixing.

The actual difference between the PBT and the SCE models is the bubble-particle
collision rate. This is due to the differences in the flow condition assumptions used i each
model. The SCE model considers the transport of particles in the vicinity of the bubble
surface where the relative motion of the fluid to the bubble creates streamlines of flow
around the bubble, which occurs under laminar flow conditions. Also, the SCE model
uses simpler mathematical representation for the bubble-particle collision rate. For these
reasons. the SCE model is chosen as the basis for developing the contact zone kinetic

model.

In this chapter. a kinetic model describing bubble-particle interactions inside the
contact zone is developed based on the SCE model incorporated into a continuous flow
DAF system. In order to achieve this objective, the SCE model is discussed in detail with
all the assumptions used in its derivation. Also, the hydrodynamic characterization for the

continuous flow contact zone is discussed in detail.

3.2 Single Collector Efficiency Model

The single collector efficiency (SCE) model has been described in details by
Edzwald and co-workers (Edzwald et al, 1990; Malley and Edzwald, 1991; Edzwald,
1995). The SCE model describes the mass transport of particles from the bulk water to

bubble surfaces. A basic assumption is used in this model where bubbles are formed

(9]

(93]
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rapidly and almost instantaneously in the contact zone. This assumption may be valid due
to the large pressure differences across the nozzle used to inject the saturated water into
the DAF tank.
The single bubble removal efficiency, R, can be described mathematically as:

R=aps . N7 (3.1)

where 17 is the total single bubble collector efficiency, which represents the total transport

rate and can be expressed as:

_ Bubble - particle collision rate

e Bubble - particle approach rate

and apg. the collision efficiency factor between particles and bubbles. is given by:

Bubble — particle attachment rate oA
opg = - — (3.3)
Bubble - particle collision rate

The apg factor is usually determined empirically and is strongly dependent on
coagulant type, dosage and pH (Edzwald, 1997). It ranges from zero, which indicates no
collisions are successful and there is no bubble-particle attachment, to one, which mdicates
that all collisions lead to attachment. Typical apg values found in water treatment range

from 0.3 to 0.5 (Liers et al., 1996).

In order to quantify nr , the convective-diffusion equations, which were based on
the work of Smoluchowski (1917) and Levich (1962), and the particle trajectory analysis,
which was based on the work of Flint and Howarth (1971), were used to derive individual
particle transport expressions for the single collector efficiency. The individual particle

transport mechanisms that were considered are: Brownian diffusion of particles. fluid



shear or interception of particles by a rising bubble, differential settling of particles onto a

bubble and collision due to inertia.

To use this approach, different assumptions have to be utilized. It is assumed that
the bubbles act as rigid spheres and that the particles are moving in a uniform flow field of
velocity relative to the bubble. In addition, Stokes’ laminar flow conditions are assumed
applicable for bubbles of 120 pm and smaller at 20°C. Also, the London-van der Waals.

the electric double layer and the hydrodynamic forces are all included in the opp term.

The mathematical representation for all transport mechanisms. expressed as single

collector efficiency. can be summarized in the following equations (Edzwald et al., 1990):

2/3
nD=6.18( Kg T ) L}_ (3.4)
g(pr —pp)dp dg
2
3 dp)
=2 (% 3.5
L (da (3.3)
2
- d
s =(PP : _pf] . (_P) (3.6)
Pr —PB dp
dgdp’
nngpppf B2 P (3.7)
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where np is the single collector collision efficiency for Brownian diffusion, n; is the single
collector collision efficiency for interception, ns is the single collector collision efficiency
for differential settling, npv is the single collector collision efficiency for inertia, Kg is

Boltzman’s constant, T is the absolute temperature, dp is the particle diameter. pp is the



particle density. dg is the bubble diameter, pg is the bubble density, pris the water density

and p is the water dynamic viscosity.

The total single collector efficiency, nr, is equivalent to the sum of the single
collector efficiencies due to Brownian diffusion, interception, differential settling and

inertia. Mt can be described mathematically as:

nr = Mp ¥+ M+ Ms M (3.8)

Equations 3.4 to 3.7 indicate that n is affected by particle and bubble diameter,
particle density and water temperature, which would affect water viscosity. The effect of
particle size on 1 is shown graphically in Figure 3.1 for a bubble diameter of 60 pm,
water temperature of 25°C and pp of 1.01 g/mL. The following important conclusions can

be drawn from studying the n graph carefully:

(1) nt reaches a minimum value for particles of about 1 um with increasing values for
smaller and larger particles;

(2) nr is controlled by Brownian diffusion for particle diameters below 1 um and is
controlled by interception for particles larger than 1 um;

(3) nt reaches its maximum value of 1.0 for particles 35 um or larger when dg is 60 um;

(4) transport by inertia is not significant for particles and bubbles that are less than 100
um. This indicates that the bubble-particle transport and attachment in DAF for water
treatment applications is contactless or inertialess flotation;

(5) transport by differential settling is also not significant for particles less than 50 um; and

(6) for DAF water treatment applications, where typical floc particle size is in the order of
10 um (Edzwald, 1995), the transport by interception is the most significant term in

the total single collector collision efficiency.

Therefore, nr in Equation 3.8 can be approximated by n; :
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Figure 3.1 The single collector collision efficiency nt as a function of
particle diameter for the following conditions: dg = 60 pm an
pp=1.01 g/mL at 20 °C
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The effect of bubble size on nr is illustrated in Figure 3.2, which shows that njy
increases as the bubble sizes decreases for a given particle size. The effect of particle
density and water temperature on nr, for a typical water treatment condition, is not

significant (Malley, 1988).

Equations 3.4, 3.5 and 3.6 indicate that nt is dependent on bubble size according
to dg* for all cases and is dependent on particle size according to dp™” for Brownian
diffusion and dp" for interception and differential settling. Hydrodynamic retardation, i.e.
tendency to decrease particle collisions as particle moves toward bubble, is not significant

and therefore was not included in the SCE model (Edzwald, 1995).

3.3 Hvdrodvnamic Characterization of the Contact Zone

The contact zone is considered very important for the overall performance of the
DAF process (Haarhoff and van Vurren. 1994; Edzwald, 1995). In this zone. the
saturated water and the flocculated water are mixed in order to provide collision
opportunities between bubbles and flocs. The mechanism of bubble-particle interactions is
highly dependent on the hydrodynamic conditions in the contact zone, which are governed

by flow conditions and geometry.

Many workers in this area (Kitchener and Gochin, 1981; Haarhoff and van Vurren,
1994) have agreed on several aspects regarding the preferred hydrodynamic conditions
inside the contact zone: (1) sufficient mixing should be provided to blend the incoming
flocculated water and the saturated water; (2) degree of mixing levels should be high

enough to provide sufficient collision opportunities for bubbles and flocs for attachment;
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and (3) sufficient residence time should be provided to increase collision opportunities

between bubbles and particles.

Traditionally, the hydraulic loading or the superficial liquid velocity, U, defined as
the total water flow rate, Qou, divided by the cross sectional area of the contact zone,
Acz, is used as a surrogate measure for the degree of mixing. For typical rectangular
flotation tanks, the hydraulic loading rate ranges from 200 m/h near the injection nozzle to
70 m/h at the top of the sloping baffle (Fawcett, 1997).

Another method for estimating the degree of mixing or dispersion inside the
contact zone involves measuring Peclet number, Pe, which is a dimensional group defined
as the ratio of advective to diffusive transport. For that purpose, theoretical models that
would describe non-ideal flow conditions through a vessel or a reactor have to be used.
Two frequently used models are the axial dispersion model and the tanks in series model.
For flotation columns, the axial dispersion model is often used (Finch and Dobby. 1990).

In this model, mixing occurs only along the axis of the columm.

To characterize the spreading of the fluid, a diffusion-like process is assumed and
is superimposed on plug flow (Levenspiel, 1972). When a pulse or stimulus of tracer is
introduced into the fluid influent line just upstream from the DAF contact zone column,
the concentration of the tracer, C,, at an axial distance x downstream from the injection

point at time t is:

ac,(zDazcx_U 8C,
a ox> L oax

(3.10)

where D, is the axial dispersion coefficient, which represents the spreading process (units
of Length®time™"). In this one-dimensional model, radial dispersion and non-uniform

velocity profiles are not considered.



If the concentrations of the tracer inside the reactor are measured simultaneously
with the tracer injection time, where time zero corresponds to the impulse injection. then a
residence time distribution, RTD, of the liquid is obtained. The collected concentrations
are then normalized to produce a curve enclosing an area of unity above the time axis.
This can be represented mathematically as the residence time distribution density function,
E(t) such that:

J'E(t).dt =1 (3.11)
0

The RTD curve is often characterized by the mean residence time. tr, and the
variance .o.>, (Levenspiel, 1972). They represent the location and the spread of residence
time distribution. respectively. Mathematically, they can be calculated from the discrete

pulse-input tracer test data as follow:

) .t. .
(= Gt Ay (3.12)
T C; At
and
,  =C;t’ At s
G l= Sl g f 3.13
‘ S (313)

RTD distribution can also be obtained theoretically by using a single parameter, the

dispersion number Ny, which is the inverse of Pe, defined as:

Noe L
Pe ULL

(3.14)

where L is the distance between the point of the tracer injection and the contact zone

column’s port where the measurements were taken.
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The correct form of the equation to be used for the theoretical prediction is
determined by the type of experimental conditions (Levenspiel, 1972). In this study, the
contact zone is assumed to have open-open boundary conditions in relation to the
residence time distribution. This is due to the fact that the mixing process extends over its
boundary both in the inlet and outlet section (Westertrep et al., 1984). The corresponding
theoretical RTD curve is an analytical solution for equation 3.10 forx = L

(Levenspiel, 1972):

1-6)?
E(6) = _ exp {-Pe( 46) } (3.15)
2 /g
Pe
where 0 is the dimensionless time defined as:

where 7 is the theoretical residence time inside the contact zone column and Vcz is the

contact zone volume.

For situations of large deviations from plug flow. i.e. Pe < 100. the pulse response
is broad and it passes the measurement point slowly enough that it changes shape. or it
spreads. That gives a non-symmetrical E-curve (Levenspiel, 1972). Also, for open-open
boundary conditions, the mean residence time, t, is larger than the theoretical residence

time, T, of the vessel.

The RTD’s for reactors having values of Ngbetween zero and oo , and the same
dimensionless time 6 =1, are shown in Figure 3.3. When Ny =0 or Pe = o plug flow
conditions are observed in the reactor and when Nyg = o or Pe =0 completely mixed flow
conditions prevail in the reactor. In actual DAF contact zones, the flow conditions are

neither perfect plug flow nor completely mixed.



Figure 3.3 Theoritical RTD for open-open boundary conditions



The simplest way of calculating Pe is to make use of the statistical characteristics
of the distribution, i.e. t, and 6,°>. However, the long tail often encountered in
experimental tracer studies lowers the accuracy of the calculations (Mavros, 1992).
Another accurate way of determining Pe is to fit the experimental data to theoretical
calculated profiles, using Equation 3.15. The best fit is determined by minimizing the sum
of squares of residuals, SSR:

SSR(Pe) = T (E(8 ) experimentat = E(8 ) theoretical) * (3.17)

where SSR(Pe) is the sum of squares of residuals function. The Peclet Number is found
by solving equation 3.17 by trial and error and the Pe value which corresponds to the
minimum SSR(Pe) value is accepted to characterize the system considered. However.
prior to the least square minimization, the tracer data should be normalized by applying
the trapezoidal integration rule to pair the experimental observations and model

predictions on the same numerical scale.

3.4 DAF Contact Zone Kinetic Model

The complexity of the physical and chemical processes that occur inside the DAF
contact zone has made the establishment of a suitable design model from the fundamentals
of bubble-particle interactions almost impossible. However, an approach that has given
some success is to regard the DAF process as analogous to a chemical reactor
(Gochin, 1981). Several attempts have been made by different researchers
(Sutherland, 1948; Collins and Jameson,1976; Gochin, 1981; Edzwald et al., 1990) to
describe the particle overall removal rate in batch systems using the first-order expression

with respect to the concentration of particles:

dNp
dt

=-kp . Np (3.18)
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where Np is the particle number concentration for particle size, dp, and kp is a lumped
parameter, called the overall particles removal rate constant, which mvolves physical.
chemical and surface properties of the process (Gochin, 1981). The rate constant. kp. is

always determined experimentally for the system under investigation.

An expression for kp has been derived by Collins and Jameson (1977) for a batch

flotation process with a continuous input of bubbles:

3RH
kp=_gs_ (3.19)
2Vdg

where R is the single bubble removal efficiency for particle size, dp, defined as the ratio of
particles collected by a bubble to the particles approaching the bubble, and mathematically
defined by Equation 3.1, H and V are the flotation tank height and volume respectively, Q,
is the volumetric gas flow rate and dj is the mean bubble diameter. An analogous

expression for kp was developed by Yuu et al. (1977) for batch flotation system:

kp = 3RUp @5 (3.20)
2 dp

where Ug is the terminal rise velocity of the bubble and @y is the bubble volume

concentration.

The previous kp expressions were derived for a batch flotation system. However.
dissolved air flotation processes are usually considered continuous flow systems.
Therefore, an expression for overall removal rate constant under continuous flow
conditions is required. If one considers a horizontal element, which is located nside the
contact zone of the DAF tank, that has a height dh, surface area Acemen and volume dV, as

shown in Figure 3.4, the following expression represents the mass balance for particle
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Figure 3.4 Horizontal element inside DAF contact zone
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concentration. N, with mean particle diameter, de. and total liquid flow. Qroul. across the

element:

QE—P—BV = Qrotat Np = Qrowat ( Np+ B:hp Jh) - Particle removal of size dp (3.21)

where the particle removal term is defined as the number of particles of size dp removed
by a single bubble multiplied by the number of bubbles in the element. The number of

particles of size, dp, removed by a single bubble is defined as:
Number of particles removed by one bubble =R . Upg . a5 Nep (3.22)

where ag is the projected area of a spherical bubble with a mean diameter ds and Ups is the
relative velocity of bubbles to particles of size, dp . For particles having density very close
to that of water, e.g. alum flocs which have density = 1.01 g/mL at 20°C, the particles
would follow the water stream line and therefore would move with a velocity very close to
the superficial liquid velocity. Therefore, Ups can be approximated by the mstantaneous

bubble rise velocity, Up ins, Which is defined as:

Ups = Ugna = =UL + Ug (3.23)

oh
a

where Uy is the liquid superficial velocity, which is equivalent to the contact zone

hydraulic loading rate defined as:

U, = Qo (3.24)

where Ac; is the cross sectional area of the contact zone, Ug i is the relative bubble rise

velocity approximated by Stoke’s rise velocity for a spherical bubble with diameter, de:
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—ou)dal 4.2 .
UBreleBStokczg(pf Pp) dp ~ BPfCB =c.dg"

18 18

(3.25)

where ¢ is a constant for a given water temperature.

Substituting Equations 3.1 and 3.23 and the projected area of a spherical bubble

with diameter dg into Equation 3.22 and rearranging gives:

7T de

Number of particles removed = apg N7 (UL + Ug sioke ) Np (3.26)

The number of bubbles in the element can be defined as:

(DB(Aelement dh)

\S:}

Number of bubbles =

where, vg is the volume of a single bubble with diameter dg and ®s is the bubble volume

concentration defined as:

n
(DB= Z(NB'VB)i zNB.\/B (328)

i=l

where Nj is the bubble number concentration. Substituting the volume of a single bubble

with diameter dg into Equation 3.27 gives:

6-¢B-(Aelanent dh)

Number of bubbles = 3
TT. d B

(3.29)

From Equations 3.26 and 3.29, the particle removal term in Equation 3.21 can be

written as, after simplification:
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A dh

] 3
Particle removal = 5 aps N1 (UL *+ Ugsioke ) Np @p d
B

Substituting Equation 3.30 into Equation 3.21 would describe the mass balance for

particle concentration, Np, inside the element:

ON oN
—a[" AV = Qrow Np - Qrows (Np* ah"

oh) -

3 A .6h
EQPBT]T(UL+UBSlokc)NP by —e%— (3.31)
B

Equation 3.31 can be further simplified, after multiplying through the parenthesis and
dividing each term by (Aciemen Jh) and canceling, mto:

&N oNp 3 @
P_ _ QTotal P iapg nr (U[_ ~ Us stoke ) —B Ne (332)
ot Aelemeut ch 2 dB

For the batch system case, i.e. Qrow = 0. Equation 3.32 can be rewritten as:

dN 3 b
?P—= - % apg Nt UBstoke ?:— Np 3.

(93]
W)
L)
S

Equation 3.33 is called the single collector efficiency DAF model (Malley. 1988). When
Equation 3.33 is expressed in the simple rate form, defined in Equation 3.18, the overall

rate constant. kp, is found to be similar to kp defined in Equation 3.20.

The overall particle removal rate, dNp/dt, for the applied particle size range can be
defined as:

dt de

i=1 i

dN i=n dN i=n
Mo _ T (Ze) - T rpnip, (334)
i=l
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where np is the number of classes in the particle size distribution. Equation 3.34 assumes
that kp is the first-order removal rate constant for particle size equal to the mean of the
particle size distribution, PSD. Also, it assumes that the collision efficiency factor apg is

the same for all particles in the applied particle size range.

The overall removal rate constant, ke, can be calculated by substituting

oh = (Up+Ug swke) Ot into Equation 3.32 and rearranging:

dN 3 U, +Ug)* | @
P _ 3 gpny | ULt UB) BN, (3.35)
dt 2 (2U +Ug) | dg
Substituting 1 for particle size. dp. (Equation 3.9) and Usg sicke (Equation 3.25) into
Equation 3.35 would yield:
dNp 9 | (Up+c.dgh)?]| dp’
= 2 oem ) _ dg Np (3.36)
dt 4 (2Uy +c.dg”) | df’
When Equation 3.36 is expressed in the simple rate form. the overall removal rate
constant, kp, for mean particle size. dp. can be defined as:
9 UL +c.dg”)? | dp?
ke= —ap| oLt edn ) 1 de o (3.37)
4 (ZUL +C.dB-) dB

The particle removal rate can also be expressed in terms of the particle removal per
contact zone height, dh. Considering steady state conditions, i.e. Uy is constant, and
substituting 8t by Sh/(Up +Us swke), and substituting nr (as given in Equation 3.9) and

Us swke (as given in Equation 3.25) into Equation 3.32 and rearranging would yield:




de _ 9 [(UL +‘C.de)
=. Ia 8

—_— 3 ®g Np (3.38)
(ZUL +C 'dB )

dt

Equation 3.38 can be solved analytically after defining the boundary conditions.
which are: Np = Ncz, at h = 0 and Np = N¢z . at h = Hez where Ncz, is the initial number
concentration of particles of size, dp, entering the contact zone, Ncz . is the number
concentration of particles of size dp exiting the contact zone and Hcz is the height of the
contact zone column. The resulting analytical solution for continuous-flow DAF system
is:

N i=8{ Nz, 2 2
CZe _ Z( cz ] = exp {_ iaPB (UL +C.dB Z) dp3 ®g Hey } (3.39)
Nczo  iZi\Nczo/; 4 (2UL +c.dg”) ] dg

Equation 3.39 is the contact zone kinetic model for the continuous flow DAF
system at steady state conditions. This model was derived based on many assumptions
which may affect its validity. Therefore. it is important to list these assumptions with

related references. as shown in Table 3.1.

The model identifies important design and operating variables that would affect the
flotation performance. These variables are the attachment efficiency factor cps. the mean
particle diameter dp. the mean bubble diameter dg, the bubble volume concentration ®g.
the superficial liquid velocity Uy and the contact zone height Hcz. To describe the effect
of each variable on the model, sensitivity analysis is employed. A set of reference or
standard values, based on experimental experience and literature. were chosen for each of

the model variables. These values are summarized in Table 3.2.

The effect of aps on particle removal is shown in Figure 3.5. The results suggest
that particle destabilization is required because as cps approaches zero the particle
removal is reduced. DAF performance increases rapidly with increasing aps and the

calculated removal efficiency was higher than 95 % for otpg values in the range of
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Table 3.1 Assumptions used for the contact zone kinetic model derivation

Assumption Reference

1 Based on the single collector efficiency concept Edzwald et al. (1990)
for DAF application in water treatment Malley and Edzwald (1991)

2 Bubbles are formed instantly after the injection  Raaykart and Haarhoff (1994)
of saturated water into the DAF tank

3  The empirical factor opg included LVDW and ~ Edzwald (1993)
hydrodynamic forces and it was assumed 0.5

4  ap g for particles with size dp; is equal to otpg Liers et al. (1996)
for the applied particle size range

5 T equal approximately 1y for particle size dp Edzwald (1997)
larger than 1 um and smaller than 100 um

6 &g remains constant inside the contact zone Edzwald (1997)
at steady state conditions (dg >> ®p)

7 Bubbles with dg < 1000 pm are spherical in Clift et al. (1978)
shape and rise with steady rectilinear motion

8 Upg.ais approximated by Ug sk for Edzwald et al. (1990)
bubbles with dg < 100 um

9 Bubble size remains constant with respect to Takahashi et al. (1979)
contact zone height

10 Upg is approximated by Ug iy for algae flocs
with pp almost equal to pw, i.e. Up =0

11 Contact zone was assumed to have open-open ~ Westertrep et al. (1984)
boudary conditions in relation to the RTD

12 kp was assumed to be constant for narrow range Finsh and Dobby (1990)
of particle size and for single value of
hydrophobicity

13 dp should be < 100 um because detachement Edzwald (1997)
forces were not included in the model




Table 3.2 Reference values for contact zone kinetic model variables used for
the sensitivity analysis

Model Variables Note Reference Value
CpB 0.5
dp 1 10 um
ds 50 um
Dy 2 4000 ppm
UL 3 70 m/h
Hcz 4 3000 mm

Note | dp was based on the mean diameter of the PSD of the ﬂocf:ulated algae used
in this research

Note 2 &y was calculated based on saturator efficiency factor of 0.84. Ps,, = 484
kPaand Rg =7 %

Note 3 U, was calculated based on average hydraulic loading recommended by
Haarboff and van Vurren (1994)

Note 4 H., was calculated based on mean contact zone residence time of 150 sec
(Haarhoff and van Vurren. 1994)
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Figure 3.5 Effect of apg on particle removal efficiency for dp = 10 pm.
dg = 50 um, ®p = 4000 ppm. U, = 70 m/h and contact
zone height of 3000 mm
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0.1to0 0.3. apg is strongly dependent on the coagulant type, dosage and pH. Particle-
bubble attachment is favored under optimum coagulation conditions which produce

particles of little or no charge and are relatively hydrophobic (Edzwald, 1997).

To investigate the effect of aps on DAF performance as a function of other
variables, Figures 3.6 to 3.9 were plotted for different values of dg, ¥, dp, and Hcz,
respectively. These figures show that the bubble diameters larger than 80 um, ®s lower
than 2000 ppm, dp lower than 10 pm and Hcz lower than 1000 mm would reduce particle

removal efficiency, especially at lower apg values.

The effect of dp on DAF performance is shown in Figure 3.10. The results indicate
that particle removal improves sharply as dp increases. The model predicts that greater
than 95 % of particles are removed for particle sizes larger than 10 um. As expected. the
removal efficiency increases as dp is increased because nr. which is approximated by n; for
particle size larger than 1 pm, is proportional to dp>. However, the model can not be used
to predict particle removal for particle sizes larger than 100 pm because detachment forces
for large flocs on small bubbles must be considered. Also. these particles or flocs require
a larger number of attached bubbles to reduce the bubble-particle agglomerate density to
less than water in order for flotation to occur. For these reasons. it is suggested that
flocculation tanks with lower detention times and higher mixing conditions be used with
DAF in order to produce smaller particles (Edzwald. 1957).

To investigate the effect of dp on DAF performance as a function of other
variables. Figures 3.11 to 3.14 were plotted for different values for apg, Hez, dg and g,
respectively. These figures show that with apg lower than 0.1, Hez lower than 1000 mm.
bubble diameter larger than 80 pm and ®s lower than 2000 ppm would reduce particle

removal efficiency, especially for low dp values.
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Figure 3.6 Effect of aps on DAF performance as a function of dg for
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Figure 3.7 Effect of aps on DAF performance as a function of ®s for

dz=50 um, U; =70 m/h, dp=10 pum and contact zone
height = 3000mm (Note: FB=0g)
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Figure 3.8 Effect of apg on DAF performance as a function of dp for

dg=50 um, U; =70 m/h, $p=4000 ppm and contact zone
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Figure 3.9 Effect of aps on DAF performance as a function of Hcz for

dg=50 um, U; =70 m/h, $5=4000 ppm and dp=10 um
(Note: H=Hc¢7)
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Figure 3.10 Effect of dp on particle removal efficiency for apg = 0.5,
dg = 50 um, ®g = 4000 ppm, U = 70 m/h and contact
zone height of 3000 mm
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Figure 3.11 Effect of dp on DAF performance as a function of opg for

dg = 50 um, ® = 4000 ppm. U, = 70 m/h and contact
zone height of 3000 mm (Note: aPB=apg)
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Figure 3.12 Effect of dp on DAF performance as a function of Hc for
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Figure 3.13 Effect of dp on DAF performance as a function of dg for
apg = 0.5, &g = 4000 ppm, U = 70 m/h and contact
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The contact zone kinetic model shows that the particle removal rate depends on
dg®. Therefore, a significant improvement in DAF performance is expected with
decreasing bubble diameter, which is shown in Figure 3.15. To investigate the effect of ds
on DAF performance as a function of other variables, Figures 3.16 to 3.19 were plotted
for different values for dp, ®s, contact zone height and apg, respectively. These figures
show that dp lower than 10 um, ®g lower than 2000 ppm, contact zone height lower than
1000 mm and opg lower than 0.1 would reduce particle removal efficiency, especially for

dg values larger than 50 um.

The effect of bubble volume concentration is illustrated in Figure 3.20. The model
simulation indicates that particle removal rate increases sharply with increasing ®g and
that more than 95 % removal is achieved at approximately ®g equal to 2000 ppm. Bubble
volume concentration is controlled by the saturator pressure and the recycle ratio. Since
the saturator pressure does not vary much in practice, the recycle ratio is considered the
more important design and operating parameter. For the condition used in this simulation,
a recycle ratio of 7 % is considered to be the optimum value for pilot and full scale DAF

water treatment facilities (Zabel, 1984).

As the volume of bubbles attached to the particles increases, the density of the
agglomerate would decrease and as a result the rise velocity would increase. In water
treatment practice, ®g is much greater than the particle volume concentration ®p, at a
ratio of more than several 100 to 1 (Edzwald, 1997). As a result, the probability of
bubble-particle collision and attachment is higher in the contact zone. This provides
higher DAF performance.

To investigate the effect of ®5 on DAF performance as a function of other
variables, Figures 3.21 to 3.24 were plotted for different values for dp, atps, contact zone
height and dg, respectively. These figures show that dp lower than 10 um, apg lower than

0.1, contact zone height lower than 1000 mm and bubble diameter larger than 80 pm
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Figure 3.15 Effect of dg on particle removal efficiency for apg = 0.5,
dp = 10 um, ®g = 4000 ppm, U, = 70 m/h and contact
zone height of 3000 mm
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Figure 3.17 Effect of dg on DAF performance as a function of ®g for
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zone height of 3000 mm (Note: FB=]g)
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zone height of 3000 mm
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Figure 3.22 Effect of ®5 on DAF performance as a function of apg for
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reduce particle removal efficiency significantly. especially for ®g lower than 4000 ppm.
These figures demonstrate the strong relationship between DAF performance and ®g. A
larger concentration of bubbles with diameter equal to 50 pm would achieve very high

particle removal even for low dp and ctps.

Superficial liquid velocity UL or the hydraulic loading in the contact zone is
considered to be an important design and operating parameter. Increasing UL would
increase Pe or decrease dispersion number, Ny, and as a result the RTD would
approximate a plug flow condition, as shown in Figure 3.3. Particle removal rate
increases as the flow conditions approach plug flow, as explained later in this section.
However, increasing U, would decrease the contact time required for bubble-particle
collision and attachment and, therefore, particle removal rate would decrease. This is
shown in Figure 3.25 where DAF performance decreases slightly as Uy is increased. In all

cases of U, simulated, more than 95 % of particles were removed.

The effect of contact zone height on DAF performance is very similar to the effect
of contact zone residence time. The deeper the contact zone, the longer time the bubbles
and particles will have for contact, at a given U, value. This is shown in Figure 3.26
where particle removal rate has increased rapidly as the contact zone height is increased.
More than 95 % removal was achieved at contact zone depth of 2000 mm. which
corresponds to about 100 seconds of contact time for UL of 70 m/h. This falls in the range

of 60 to 240 seconds of contact time recommended by Haarhoff and van Vurren (1994).

To investigate the effect of contact zone height on DAF performance as a function
of other variables, Figures 3.27 to 3.30 were plotted for different values for aps, ®s. ds
and dp, respectively. These figures show that apg lower than 0.1, ®g lower than 2000
ppm, dp larger than 80 pum and dp lower than 10 pum would reduce particle removal

efficiency, especially for contact zone height lower than 1000 mm.
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Figure 3.25 Effect of U, on particle removal efficiency for apg = 0.5.
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Using Equation 3.39, the particle removal efficiency for the DAF contact zone.

Rc, .. for particle size. d,., can be calculated using the following equation:

Ne7es 9 Uy +c.dg?) | dp’
Rezi= 1- ~2% — oexp §- 2 apn |t t0d8) | oo b, ) (3.40)
Nczoi 4 (2UL +c.dg”) | dp

and for the applied particle size range, the overall removal efficiency for the contact zone.

Rcz, can be expressed as:

i=n i=n N e
Rez= 3 Rez;= 1- Z[ = j (3.41)

i=1 i=1 NCZo

For a continuous flow DAF system. the actual R¢z is determined by three factors:
the overall particle removal rate constant. the mean residence time of particles mside the
contact zone and mixing conditions inside the contact zone. Therefore. it is important to
incorporate the hydrodynamics with the overall removal rate constant. kp. inside the
contact zone in order to estimate the contact zone removal efficiency. and ultimately the

overall DAF removal efficiency. for different operational conditions.

Assuming steady-state conditions inside the DAF contact zone. the hydrodynamics
can be approximated using the concepts of residence time distribution (Himmelblau and
Bischoff, 1968). The bubble-particle suspension is regarded as consisting of a large
number of identical fluid elements in which the interaction and the removal of the particles
by the bubbles is taking place. The extent of particles removal in any particular element is
proportional to the length of time it stays in the DAF contact zone. or its residence time.
The residence time distribution, RTD, function E(t), which was discussed in Section 3.3.
can be used to describe the overall fluid movement through the contact zone. The RTD

function for open-open boundary conditions was defined by Equation 3.15.
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Using the same fluid element described in Figure 3.4. the number concentration of
particles, Ncz. leaving the contact zone. under steady-state conditions and with total flow

rate, Qrowl, Can be written as:

Ncz=2 Neemen { Np remaining in element of age t—t+dt and leaving contact zone} x

E(t) {fraction of exit stream which consists of elements of age t—t+dt}. or

Nez= [ Nejemen -E(t).dt (3.42)
0]

where Neiemen is obtained from the solution of Equation 3.18 which is:
Neiement = Ncz o €Xp (-Kp tm) (3.43)

where N¢z , is the initial particle number concentration of size, dp, entering the contact

zone.
There are two extremes of mixing conditions that can occur in a chemical reactor:
completely mixed and plug flow. In completely mixed reactors there is a distribution of

residence time, beginning with time zero, and the concentration is the same through the

reactor. At this operational condition, E(t) can be calculated from (Gochin. 1981):

(3.44)

and therefore Equation 3.42 can be written as:



exp(= )
Nez = [Nezo exp (kpty)— = dt (3.45)

0 m
and the solution of Equation 3.42 is given by:

Neze _ 1

(3.46)
NCZO l+kp tm

and the overall particles removal efficiency is given by:

i=n( N
,=1- Z[ CZe} _ _kpty (3.47)
i

i=l NCZo 1+thm

The other extreme of mixing is plug flow where the residence time of all elements
of the bubble-particles suspension is the same inside the contact zone. Consequently. a
concentration gradient of bubble-particle agglomerates exists along the axis of DAF

contact zone. Therefore. Equation 3.42 becomes:

Nez= Natement | E(t).dt = Netement X 1 = Netemen (3.48)
0

or

Ncze = Nczo. exp (<kp.tm) (3.49)

Hence the overall removal efficiency for plug flow is given by:

1=n N e
Rez=1- Z[ &z } = 1- exp (-kp.tn) (3.50)

i=1 CZo

i
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It is evident from Equations 3.47 and 3.50 that theoretically a plug flow contact
zone is more efficient than a perfectly mixed system provided that first-order kinetics
applies and kp and t, are the same. However, in actual DAF contact zones the fluid flow
is intermediate between perfectly mixed flow and plug flow. In this case, the mixing
parameter Pe is used to quantify the mixing effect on particle removal efficiency. For first-
order reactions and for vessels with any kind of entrance and exit conditions. the overall

removal efficiency for DAF contact zones, Rcz, can be defined as (Levenspiel. 1972):

Pe
sa e )
Ru—l-z N )=1- aPe , aPe (3:31)
i=I\ €20y (1+a)? exp(T) -(I-a)” exp-(~5—)
where
2= \/1+ﬁ‘3iﬂ (3.52)
Pe

Equation 3.51 can be used to calculate the overall particle removal rate constant.
kp, by measuring Rcz under different operational conditions. Later. the experimental kp
values obtained from Equation 3.51, will be compared with the theoretical values obtaimed

from Equation 3.37.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Design of Pilot-Scale DAF System

The continuous-flow pilot-scale DAF system used in this research, as shown i
Figure 4.1, included three units: (1) the DAF unit which included: the mixing column, the
contact or reaction zone column, the clarification or separation zone tank and the air

dosing system; (2) the flocculation unit; and (3) the rapid mixing unit.

The design of the continuous-flow pilot-scale DAF system was based on four
major considerations: (1) an integrated treatment concept (Edzwald, 1995) where the
design of the pre-treatment processes, i.e. coagulation and flocculation processes. was
integrated with the flotation process; (2) the contact and the separation zones were
physically delineated by designing the DAF tank as a coaxial column, where the mner
columm was considered part of the contact zone; (3) the mixing of the flocculated water
and the supersaturated water was accomplished in a separate columm, called the mixing
column, where large bubbles were separated from the micro-bubbles: and (4) the influent
section to the contact zone column was designed as a circular cone to minimize

turbulence.

In conventional DAF units, delineation of the boundary between the contact and
the separation zones is often difficult and arbitrary. For the purpose of this study, the
contact and the separation zones were physically delineated by designing the DAF tank as
a coaxial flotation column. The inner column was the contact zone column and the
outside column was the separation zone tank. The dimensions of the contact zone column
was based on length to diameter, L/D, ratio larger than 10. At this ratio, the Peclet
number would be in excess of 25 and the flow would approximate a plug flow (Liers et

al.,1996). The column’s diameter was chosen to be 100 mm to minimize wall effects.
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In order to minimize the degree of turbulence inside the inlet section to the contact
zone column. the inlet section was designed as a circular cone. The height and the side
slopes of the cone were determined based on the assumption that the influent water would

follow a natural jet growth.

In order to avoid the presence of large bubbles of diameter greater than 150 um in
the contact zone, the saturated water was injected into a separate column, called the
mixing column, where the influent or the flocculated water, coming from the flocculator,
was directed downward. The mixing column diameter was determined based on the
assumption that bubbles with diameters larger than 150 um would rise in the mixing
column even at the highest flow rates. Therefore, only micro-bubbles (bubbles with size
less than 150 um) would flow to the contact zone column. The section of the mixing
column. where saturated water was mixed with the flocculated water, was considered to

be part of the contact zone.

The contact zone hydraulic loading was based on the total water flow rate
Q Towr, Which included influent water flow rate, Q wawr, plus the saturated water flow rate,
Q sa., divided by the maximum cross-sectional area of the contact zone. In this study.
hydraulic loading rates ranged from 30 to 90 m/h. The Q waer Was simply determined by
measuring the DAF column overflow rate, under steady-state conditions. The overflow
rate was controlled by means of a ball valve located upstream of the mixing column and

just after the flocculation tank.

In order to perform the bubble size and rise velocity measurements in the contact
zone column, using the PDA instrument, three considerations were taken into the design
of the column: (1) the clarification tank could be easily replaced with a launder which
would fit on the top of the contact zone column to collect and discharge overflow water;
(2) the column was made of clear acrylic; and (3) the column was surrounded by a clear

acrylic rectangular tank and the gap between them was filled with tap water.
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The design of the separation zone tank was based on two important parameters:

(1) the cross-flow velocity from the contact zone into the separation zone. Haarhoff and
van Vurren (1994) suggested that the cross-flow velocity should be less than or equal to
the maximum hydraulic loading of the contact zone; and (2) the hydraulic loading or the
limiting overflow rate of the separation zone, Uos. The separation zone hydraulic loading
rate was based on the total flow rate, Qo The Uos velocity should not exceed the rising
velocity of the bubble-floc agglomerates. The maximum value suggested by Haarhoff and
van Vurren (1994) was 11 m/h.

Table 4.1 summarizes the dimensions of the mixing and contact zone columns, and

the separation tank dimensions.

The DAF air dosing system was used to produce supersaturated water which was
injected into the contact zone to produce fine bubbles. It consisted of two 18 L
pressurized tanks, called saturator tanks, with a pressure gauge, compressed air source
with a pressure regulator, flow meter, metering valve and a nozzle assembly. The design
of the nozzle assembly followed exactly the same details of the bench-scale DAF unit
nozzle assembly (Aztec Environmental Control Ltd., UK). Figure 4.2 shows a cross-
section through the nozzle assembly.

To design the diameter of the saturated water inlet, or the nozzle inlet, to the
mixing column, the hydrodynamic requirements for mixing or blending the saturated water
and the main water were taken into consideration. Mixing is considered to be achieved
when the momentum of the saturated water flow Ms,, divided by the momentum of the
main water flow Mwae is = 0.14 (Fawcett, 1997). The momentum ratio can be defined

as:

2
Mga = (1-&) ( Qsat ) A water (4.1)
MWater QWater ASat
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Table 4.1 Summary of mixing and contact zone columns, and the separation
tank dimensions

Design Parameter Units Dimensions

Contact Zone Column

Hcz mm 1200
Max.d¢, mm 100
Max. Acz m* 0.00785
Vez m’ 0.00942
Height of cone mm 300
Mixing column

Hyme mm 500
nd mm 40
Vme mm 0.0006

Separation Zone Tank

Hsz mm 700
dsz mim 400
Vsz } 0.0879

m
Asz m 0.1256




O-Ring Orifice
Plate
dOrifice
Saturated
Water
Flow
[—— = ]
Mixing

Plate Spacer

Figure 4.2 Cross-section through the nozzle plate assembly
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where & is the volume fraction of air bubbles in the saturated water, Q s, is the saturated
water flow. Q wawr, is the main water flow rate, Awa.r is the cross sectional area of the
main water inlet and As, is the cross sectional area of the saturated water inlet. Equation

4.1 was used to calculate the required diameter of the nozzle inlet.

As was discussed in Chapter 2, bubble volume concentration can be controlled by
the saturator efficiency, saturator pressure and the saturated water flow rate or the recycle
ratio. The saturator efficiency of the unpacked saturator used for this study was
determined by following the batch method used by Henry and Gehr (1981). The
experimental procedure and the results are summarized in Appendix A.1. The saturator
pressure was controlled by the pressure regulator. The maximum operational pressure for
the saturator tank was 620 kPa. The recycle ratio was controlled by a metering valve

while the calibrated flow meter was used to measure the Q ;.

The flocculator was designed to provide about 5 minutes of residence time at a
flow rate of 0.7 m*/h. The tank was designed with an overflow weir so that the water
head in the flocculator, and consequently in the DAF column was always constant. The
flocculator effluent flow rate, Q wae, Was controlled by a ball valve located downstream of
the flocculator effluent line. The overflow was collected in a launder and was discharged
to the waste line. The flocculator was elevated to create a pressure head for the water to

flow by gravity to the DAF column.

The flocculation mixing unit consisted of a vertical shaft connected to a variable
speed motor. Mixing was accomplished by using a flat turbine with six-flat-blade. The
following design criteria for the mixing unit were taken into consideration:

(1) maximum impeller tip speed did not exceed 1.52 m/s;
(2) impeller diameter to equivalent tank diameter ratio was 0.35;
(3) impeller power number was 5.0; and

(4) variable speed motor provided a G range of 30 to 150 s
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The velocity gradient of the flocculator mixer was determined following Malley’s (1988)
procedures. Table 4.2 summarized the flocculator unit dimensions and design

specifications.

The rapid mixing unit used in this study was an in-line static mixer. The objective
of the rapid mixing unit was to disperse the coagulant in raw water as rapidly as possible
so that the hydrolysis products that developed in 0.01 to 1 second would cause
destabilization of the colloid via the charge neutralization mechanism. For that purpose,
Johnson and Amirtharajah (1983) recommended high intensities of mixing, G values of

3000 to 4000 s’ for very short times, less than 1 second.

42 Tracer Study Experimental Set-up

The tracer study was conducted using the pilot-scale DAF system that was
described in detail in Section 4.1. Figure 4.3 shows a schematic diagram of the tracer

study set-up.

The RTD may be described experimentally by either pulse-input tests or
step-input test. The results from these tests are usually interrelated and provide similar
information on the residence time distribution of fluid elements inside a reactor
(Levenspiel, 1972). In this research, the pulse-input test was used, where the liquid

residence time was determined by the impulse and response technique.

Initially, deionized water was pumped from a storage tank into an elevated
stainless steel tank. This tank provided enough pressure head for the water to flow by
gravity to the mixing column at the desired flow rates. The flow rate entering the column
was controlled by means of a ball valve located at the elevated tank’s effluent line.

Saturated water was injected into the mixing column, by means of a nozzle, below the



Table 4.2 Summary of flocculator unit dimensions
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Design Parameter Units Dimensions

Tank side depth mm 470
Tank width mm 350
Tank length mm 350
Tank volume m’ 0.0582
Baffles number 4
Baffles width mm 35
Impeller diameter mm 120
Impeller height above tank's bottom mm 120
Flat blades number 6
Blade width mm 25
Blade length mm 30
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Figure 4.3 Schematic diagram of the tracer study set-up
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deionzed water feeding point. The saturated water flow rate was regulated by means of a
needle valve. Total water flow ,Qrowi, Which includes deionized water flow rate ,Qwater.
and saturated water flow rate, Qs,,, entered the contact column from the bottom through a
circular cone section. Constant deionized water and saturated water flow conditions were

considered to be achieved after about eight turnovers of contact zone volume.

A pulse, consisting of 20 mL of 25 % aqueous NaCl was injected just below the
saturated water injection point, as shown i Figure 4.3. The system response, as a
function of time, was monitored by recording the change of the conductivity of water at
three different heights inside the contact zone column. This was achieved by means of
three conductivity probes, which consisted of a pair of electrodes, which were fitted into
three sealed ports along the side wall of the columm. Each probe was connected to a
conductivity meter (Y SI model 34). These conductivity meters were connected to a data
logger (Chart Pac™ data recording module CP-X. Lakewood Systems. Houston. Texas)

where conductance values were recorded and stored.

Experimentally obtained conductivity-time profiles were translated mto
concentration-time (of tracer) profiles. That was achieved using a special computer
software (Lakewood data logger processing software version 4.38. Lakewood Systems.
Houston. Texas). In order to do the translation. each probe had to be calibrated by
measuring the voltage at different concentrations of NaCl solution and the results were fed
into the software. To correct for background noise. the conductance of deionized water

was subtracted from the conductance measured after the injection of the tracer.

Before starting the experiments, the effect of air bubbles on conductivity readings
was evaluated. This was accomplished by comparing the conductivity readings at different
NaCl concentrations with and without the presence of air bubbles. The effect of air

bubbles was insignificant as is shown in Figure 4.4.
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Figure 4.4 Effect of air bubbles on conductivity measurements
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The RTD of the contact zone, at the top, middle and the bottom of the contact
column, was evaluated at four different hydraulic loading rates: 30, 50, 70 and 90 m/h.
Also,at each hydraulic loading, saturated water flow rate, Qsa varied from 5 % to 10 % of
the influent water flow rate, Qwauer, i.€. recycle ratios were 5 % to 10 %. All these
experiments were performed under constant Ps,, of 484 kPa. All experiments were
performed at least five times. Table 4.3 summarizes the arrangement of the tracer study

experiments.

4.3 Bubble Size. Concentration and Velocity Measurements Using PDA

4.3.1 PDA configuration and setting adjustment

The system used in this study was the 2-D DANTEC particle dynamic analyzer
(DANTEC, Denmark). It consisted of the following components: 55x modular LDA
transmitting optics, 55x10 receiving optics, 55x08 photomultipliers and 58N 10 processor.
Figure 4.5 shows the set-up for the PDA used in this study.

In order to perform accurate measurements of bubble sizes and velocity. the PDA
settings must be properly adjusted for the flow being studied. PDA mstrument
configuration and adjustment included transmitting optics, receiving optics and electronics
adjustment. In order to optimize these settings, it was necessary to go through an fterative
procedure where the instrument measurement ranges were set very wide to get an
indication of the characteristic velocity and size values present. Then the instrument was
finely adjusted to match the measurement range to the flow being studied. The PDA

configuration and settings adjustment used in this research are outlined in Table 4.4.

The laser wavelength for the velocity component in the direction of the rising

bubbles, i.e. the x-direction, was 514.5 nm Argon-Ion laser. The transmitting optics



Table 4.3 Experimental arrangements for the tracer study

Hydraulic Recycle HRT (min)
Loading | Qe | Ratio | Qsa | Qwae | Top' |Middle? | Bottom®
Run #| (mh) [(L/min)] (%) KmI/min|(L/min)| Port Port Port
1 30 3.9 0 0 3.9 2.9 1.9 1.0
2 30 3.9 5 187 3.7 2.9 1.9 1.0
3 30 3.9 10 357 3.6 2.9 1.9 1.0
4 50 6.5 0 0 6.5 1.7 1.1 0.6
5 50 6.5 5 312 6.2 1.7 1.1 0.6
6 50 6.5 10 595 5.9 1.7 i1 0.6
7 70 9.2 0 0 9.2 1.2 0.8 0.4
8 70 9.2 5 436 8.7 1.2 0.8 0.4
9 70 9.2 10 833 8.3 1.2 0.8 0.4
10 90 11.8 0 0 11.8 1.0 0.6 0.3
11 90 11.8 5 561 11.2 1.0 0.6 0.3
12 90 11.8 10 1070 | 10.7 1.0 0.6 0.3

1 HRT calculations are based on the contact zone volume from the point of trace

injection to the top port

2 HRT calculations are based on the contact zone volume from the point of tracer

injection to the middle port

3 HRT calculations are based on the contact zone volume from the point of tracer

injection to the bottom port
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Table 4.4 PDA configuration

PDA Component Units Setting
Transmitting Optics Setup:
Front lens focal length mm 310
Laser beam spacing mm 52
Fringe spacing um 3.1
Number of fringes 40
Measurement volume mm 0.1219x0.1219 x 1.9421
Frequency shift sign negative
Polarization degree 0
Polarization orientation parallel to fringes
Laser wavelength nm A=5145
Laser power mW 300
Gaussian beam diameter mm 0.82
Beam collimation 1.2
Beam expansion 1.85
Receiving Optics Setup:
Front lens focal length mm 310
Polarization degree 0
Scattering angle (3) degree 70 (forward scatter deflection)
Electronic Setup:
Signal bandwidth MHz 0.12
S/N ratio dB -3
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included a short focal length lens (310 mm) to maximize the light intensity in the
measuring volume. With a beam spacing of 52 mm for the 310 mm lens, this produced an
instrument or probe measurement volume of 0.12 mm x 0.12 mm x 1.94 mm. The
direction of the fringe motion affected the sign of the phase shift. Therefore, the sign of
the phase shift was determined by the direction of the fringe motion. The direction of the
fringe motion was opposite to the direction of the positive velocity, which was the positive
x-axis in this particular setup. Therefore, the sign of the fringe motion and phase shift was
negative. Polarization in the receiving optics was set relative to the scattering plane. or
the probe measurement volume. For air bubbles moving in the positive x-axis, the
transmitted beams would lie in a horizontal plane and the fringes would lie in a horizontal
plane which was also the scattering plane. Since air bubbles have near forward scatter. the

polarization was set parallel to the scattering plane.

Regarding the receiving optics configurations, the receiving lens was chosen with
short focal length. i.e. 310 mm. to increase bubble size resolution and to improve the
signal-to-noise ratio of the Doppler signals. The polarization was set to match that of the
transmitting optics. As shown in Figure 4.5. the PDA was operated in the forward scatter
mode with a deflection angle of 70° from the true forward scatter because this angle was

considered to be the optimum scattering angle for air bubbles (DANTEC. 1988).

The PDA electronics were adjusted to match the size and velocity ranges that were
investigated in this study. The band pass filters were set at a signal bandwidth of 0.12
Mhz. This bandwidth was chosen to optimize the data rate, to minimize noise and to
ensure that all velocities encountered were contained within the selected bandwidth. The
system as configured required four photomultipliers, PMT. Each PMT had an individual
high voltage supply, with each being adjusted to account for normal variations in
sensitivity between PMT’s. Adjustment were made by comparing signals on a two

channel oscilloscope.
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The previous PDA configuration and settings were based on running many
experiments using the pilot-scale DAF column. Comparison between measured liquid
superficial velocities, at different hydraulic loading rates, to those calculated based on the
measured flow rates verified that the PDA was configured correctly. Also. it was
important to verify that the PDA was configured correctly for the mean bubble size
measurements. In order to do that, video images of air bubbles were taken and the mean
bubble diameter was measured and compared to that measured by the PDA. The results
obtained by the videophotography method were used to refine the PDA settings. The

videophotography method used for measuring bubble size is discussed next.

4.3.1.1 Bubble size measurements using the video photography method

The measurements taken by this method were performed under the same
operational conditions. i.e. hydraulic loading, saturator pressure and recycle ratio. as those
measured by the PDA. Bubble size measurements were taken at column height of 900
mm, measured from the square base of the column, using a CCD camera (768( H) x 494
(V) pixels). The camera was mounted with a micro lens (Zoom 6000. D.O. Industries,
New York) with 63.5x magnification with a 20-inch monitor. The CCD video camera was

capable of capturing 30 frames per second.

In order to accurately position the video photographic equipment. a support was
fabricated which consisted of an aluminum rack and pinion assembly used to focus the
micro lens. The assembly was mounted on a hinge provided with screw adjustment for
leveling the CCD camera and the micro lens. The entire assembly was bolted to a scissors
jack which allowed raising or lowering of the assembly. For stability, the jack was bolted
to a heavy base plate. Adequate light was provided using a fiber optic source which was
positioned at an oblique angle such that air bubbles would appear as black solid spheres in

the monitor. The micro lens was focused on a line scribed on the inside of the column.
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The captured video images of air bubbles were recorded using a high quality VCR.
The VCR was connected to a video capture board, via a PC computer. where video
images were captured using Media Studio VE software (version 2, Ulead Systems).
Using the same software, individual frames containing air bubbles images were selected

and saved in separate files for bubble size analysis.

Bubble size analysis was performed first by selecting the individual air bubbles
which were sharply focused and digitizing them using a digitizing images software. The
software was used to measure the (x,y) coordinates at different points around the
circumference of the individual bubble so that the length of the straight line connecting any
two points could be calculated. However, it was important to determine the scale factor
by which all measurement should be multiplied in order to obtain the actual readings. The
scale factor was determined by measuring the length of a stage micrometer slide with 10
um divisions. The stage micrometer slide was attached to the inside of the contact zone
column at the same location were air bubble images were taken. Also. the same
magnification was used for both the slide micrometer and air bubbles images. To measure
the bubble diameter, the length across the spherical bubble was measured in several
directions, such that these lines intersected near the center of the bubble. These
measurements were multiplied by the scale factor and the average was taken as the mean

bubble diameter.

4.3.2 PDA experimental set-up

The experimental set-up consisted of the same pilot-scale DAF contact zone
column that was used for the tracer test study. The 100 mm acrylic column was
surrounded by a 150mm x 150mm acrylic tank where the gap between the column and the
square tank was filled with tap water. This installation was important so that accurate
bubble size and velocity measurements with the PDA could be achieved (the same

installation was used for bubble size measurements using the videophotography method).
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As was explained earlier, the PDA was operated in the forward scatter mode with
a scattering angle of 70° from the true forward scatter direction. This is shown in Figure
4.6 with relation to the contact zone column. This figure also shows the measurement
coordinate system used in this study. The laser beams are in the X-Z plane with the
bisector. or the probe volume, along the Z-axis. The fringe plane, which is also the
scattering plane, is parallel to the Y-Z plane. The flow velocity measured is the
component perpendicular to the fringe plane, i.e. in the direction of the X-axis.

The receiving lens is rotated so that its axis forms an angle of 70° with the forward
scatter line. In this set-up, the transmitting optic lens is parallel to side 1-3 of the square
tank (called the transmitting window) as shown in the plan view of Figure 4.6. The
receiving optic lens makes 20° with side 1-2 of the square tank (called the receiving

window).

Bubble size and velocity and water velocity were measured at different points
inside the contact zone column as well as at different heights. To locate the exact probe
volume coordinates, two marked grid systems were used, as shown in Figure 4.7. The
Y-Z grid system consisted of a 100 mm circular plate, placed at the top of the colurmmn,
with pre-drilled holes at different (y,z) coordinates. A thin nylon string was attached to
the plate at the desired (y,z) coordinate and a small plumb was used to keep the line m a

vertical position.

The X-Z grid was simply a transparent grid paper with 10 mm divisions attached
to the outside square tank of the DAF column facing the transmitting optic lens. The
center of the grid was marked with a line representing the center of the contact zone
column. The position of the desired probe volume coordinate was determined by moving
the DAF column manually until the two laser beams intersected with the nylon string at
the desired (y,z) coordinates and the middle point of the two laser beams, on the

transparent grid paper, coincides with the desired (x,z) coordinates.
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Since the PDA set-up was fixed, the x coordinate remained constant. i.e. the height
at which the measurements were taken was fixed, and only the (y,z) coordinates were be
changed. In order to take measurements at a lower height inside the column, the whole
column had to be raised by placing it on the top of a wooden box with height equal to the

desired height at which the measurements were taken.

In this experiment, two heights were investigated, 900 and 400 mm from the base
of the DAF column, where the (X,,Yo,Zo) Origin was considered to be the point at the
center of the column base, as shown in Figure 4.7. The height of the laboratory ceiling

restricted taking measurements at lower heights.

After determining the desired position of the probe volume, i.e. the (x,y,z)
coordinates, the required PDA settings were fed into the PDA computer. The next step
would be taking the superficial water velocity, bubble size, concentration and

instantaneous rise velocity which is discussed in details in the following sections.

4.3.2.1 Measurement of superficial liquid velocity

Superficial liquid velocity in the X-direction, U, was measured at different contact
zone hydraulic loading rates. Desired hydraulic loading rates were determined by
measuring the water flow rate, Qrowi, exiting the contact zone column. using the stop
watch and the bucket method, then dividing the flow by the maximum cross sectional area
of the contact zone. The influent water was seeded with TiO,, at very low concentrations,

due to its good light scattering properties.

In these experiments, the saturated flow rate, Qs.;, Was zero, i.e. Rg=0. Therefore,
the total flow rate, Qr.u;, entering the contact zone was equal to the seeded deionized
water flow rate, Qua.r, fed from the elevated storage tank. This tank provided enough

pressure head for the water to flow by gravity to the mixing column first and then to the
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contact zone column. The flow rate entering the column was controlled by means of a ball

valve located at the elevated tank’s effluent line.

Superficial liquid velocities were measured at two heights: 900 and 400 mm. from
the base of the contact zone column. That was accomplished by manually positioning the
column, as was explained in the previous section. Measurements were taken after
reaching steady state condition which was determined at approximately eight times the
theoretical residence time of the contact zone. Measurements were replicated five times
and the average was taken as the mean value for U.. Table 4.5 summarizes the

experimental arrangements for U, measurements.

For this part of the study, U, measurements in the contact zone did not require the
presence of air bubbles and therefore Qs. was equal to zero. That means there was no
water flow through the nozzle in the mixing zone. Therefore, it was important to check
whether this condition would affect U, measurements inside the contact zone. That was
accomplished by measuring the U, with the PDA under two different operational

conditions.

The first condition involved pumping deionized water. using a peristaltic pump.
into the mixing column and through the nozzle at a rate equal to 5% of the seeded
deionized water flow rate, Quar. The contact zone hydraulic loading was 50 m/h and the

corresponding Qo Was 6.5 L/min.

The second operational condition was performed without pumping deionized
water through the nozzle, where Qroul = Quaier = 6.5 L/min. U were measured at the
same probe volume coordinates for both operational conditions. Results were compared

using the t-test at 1% level of statistical significance.
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Table 4.5 Experimental arrangements for U, measurements

with the PDA
Contact zone Probe volume
Experiment hydraulic loading  coordinates
# (m/h) (x,y,z) in mm
1 30 (900,0,25)
2 30 (400,0,25)
3 50 (900,0.25)
4 50 (400,0,25)
5 70 (900.0,25)
6 70 (400,0,25)
7 70 (900,0,-45)
8 70 (900,0,-25)
9 70 (900,0,0)
10 70 (900.0,45)
11 90 (900,0,25)
12 90 (400,0,25)
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4.3.2.2 Measurement of bubble size, concentration and instantaneous rise velocity

Bubble size, concentration and instantaneous rise velocity, Ug inq, in the
x-direction were measured at different operational conditions: (1) different saturator
pressures, Ps,, at constant contact zone hydraulic loading and constant recycle ratio, Rg;
(2) different contact zone hydraulic loading rates at constant Ps. and Rg; (3) different
recycle ratios at constant contact zone hydraulic loading rate and Ps..; and (4) different
nozzle orifice diameters at constant contact zone hydraulic loading rate, Rg and P... Also,
the effect of contact zone column height and wall effects on bubble size, concentration and

rise velocity were measured.

Bubble size, concentration and Ug 1.« Were measured at three different value of Py
345, 484 and 587 kPa. These experiments were performed under constant contact zone
hydraulic loading of 70 m/h and Rg = 5 %, that corresponded t0 Qrow = 9.2 L/min (Qwater
= 8.7 L/min and Qs = 0.5 L/min). These measurements were taken at probe volume
coordinates (900,0,0). Measurements were taken after reaching steady state condition
which was determined at approximately eight times the theoretical residence time of the
contact zone. Also, to ensure that the saturator had reached a steady state condition, the
measurements were started after reaching a steady data rate and validation percentage on
the PDA software. Measurements were replicated four times and the average was taken

as the mean value for bubble diameter, concentration and Ug ina.

In all experiments, two 18 liter saturator tanks were used so that a continuous
supply of saturated water flow could be provided in case achieving steady state conditions

required longer time.

Also, bubble size, concentration and Ug ins Were measured at different contact zone
hydraulic loading rates and recycle ratios, as summarized in Table 4.6. All experiments

were performed under constant saturator pressure of 484 kPa. After locating the probe



Table 4.6 Experimental arrangements for studying the effect
of recycle ratio and hydraulic loading on bubble size,
concentration and rise velocity at probe volume

coordinates (900,0,25)
Contact zone Nozzle orifice
Experiment hydraulic loading Ry diameter donfice
# (m/h) (%) (mm)
Effect of Ry experimental arrangement
1 30 7 0.55
30 10 0.55
2 50 5 0.55
50 7 0.55
3 70 3 0.55
70 5 0.55
4 90 3 1.03
90 S 1.03
90 7 1.03

Effect of hydraulic loading experimental arrangement

1

30
50
50
70
70
90
70
90

~

L R VS S BV V. S |

0.55
0.55
0.55
0.55
0.55
0.55
1.03
1.03
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volume coordinates, which was (900, 0. 25), deionized water flow rate. Qwuer, and the
saturated water flow rate, Qs., were adjusted so that the required contact zone hydraulic

loading rate and Ry were achieved.

Saturated water was injected into the mixing column through the nozzle, which
had an orifice with the required diameter, d origcc. Qsa Was controlled by means of a
needle valve and was measured using a calibrated flow meter. Measurements were taken
after reaching steady state condition which was determined at approximately eight times
the theoretical residence time of the contact zone. Measurements were replicated four

times and the average was taken as the mean value for bubble diameter, concentration and

UB inst-

The effect of nozzle orifice diameter, d oriscc, On bubble size and concentration was
investigated. Two different values of d onsicc Were used in this study: 0.55 and 1.03 mm.
Before each experiment, the orifice plate with the desired d onge. Was placed inside the
nozzle, as shown in Figure 4.1. The orifice with 0.55 mm diameter had a maximum flow
rate of 480 mL/min at Ps, of 484 kPa while the orifice with the 1.03 mm diameter had a
maximum flow rate of 1010 mL/min at the same Ps.,.. Table 4.7 summarizes the
experimental arrangements for studying the effect of d onsc- on bubble size and

concentration.

To study the effect of contact zone height on bubble size, concentration and
Us ine, PDA measurements were taken at two different heights: 900 and 400 mm.
measured from the base of the DAF column to the probe volume. Measurements taken at
400 mm were achieved by placing the DAF column on top of a 500 mm support. At the
same time, the elevated water tank was raised by 500 mm to maintain the same head

pressure.

Table 4.8 summarizes the experimental arrangements for studying the effect of

contact zone height on bubble size, concentration and Ugine. All measurements were
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Table 4.7 Experimental arrangements for studying the effect of
nozzle orifice diameter on bubble size, concentration
and instantaneous rise velocity

Contact zone Nozzle orifice
Experiment hydraulic loading Rgr diameter dorifice
# (m/h) (%) (mm)
1 50 7 0.55
50 7 1.03
2 70 5 0.55
70 5 1.03
3 70 5 0.55
70 5 1.03
4 90 3 0.55

90 1.03

(73]




Table 4.8 Experimental arrangements for studying the effect of
contact zone column height on bubble size, concentration

and instantaneous rise velocity

Contact zone Probe volume Nozzle orifice
Experiment hydraulic loading Ry coordinates  diameter dopfce
# (m/h) (%) (xy,z) in mm (mm)
1 30 (900,0,25) 0.55
30 (400,0,25) 0.55
2 30 10 (900,0,25) 0.55
30 10 (400,0,25) 0.55
3 50 5 (900,0,25) 0.55
50 5 (400,0,25) 0.55
4 50 7 (900,0,25) 0.55
50 7 (400,0,25) 0.55
5 50 10 (900,0,25) 1.03
50 10 (400,0,25) 1.03
6 70 3 (900,0,25) 0.55
70 3 (400,0.25) 0.55
7 70 5 (900,0,25) 0.55
70 5 (400,0,25) 0.55
8 70 7 (900,0,25) 1.03
70 7 (400,0,25) 1.03
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performed at Ps, of 484 kPa. Measurements were taken after reaching steady state
condition which was determined at approximately eight times the theoretical residence
time of the contact zone. Measurements were replicated four times and the average was

taken as the mean value for bubble diameter, concentration and Upg ina.

4.4 DAF Kinetic Experiments

The objectives of these experiments were to determine the effect of different
operational conditions on DAF performance, in terms of particle removal. to measure the
overall DAF removal efficiency. Rpar, and to estimate the contact zone removal efficiency.

Rez.

These experiments were conducted at optimum coagulant dosage using synthetic
water spiked with algae. They were performed using the same pilot-scale DAF system
that was used in both the tracer studies and the particle dynamic analyzer measurements.
However. the set-up was modified by attaching the separation or the clarification tank to
the contact zone column. Figure 4.1 is the schematic diagram of the complete pilot-scale

DAF system that was used in this part of the study.

In the following sections, detailed experimental procedures for the preparation of
the synthetic water and the algae culture, the bench-scale DAF experiments. which were
used to determine the optimum coagulant dosage, and the pilot-scale DAF experiments.

which were used to measure Rpar and to estimate Rz, are presented.

4.4.1 Synthetic water and algae culture preparation

The synthetic water used in this study consisted of Chlorella vulgaris suspended in

chemically conditioned deionized water. The synthetic water used in these experiments
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had an inorganic composition similar to that found in a typical Alberta prairie lake. Table

4.9 summarizes synthetic water composition without algae suspension.

Chlorella vulgaris is a small unicellular, non-motile green algae which may grow
singly or in clusters is commonly found in Alberta prairie lakes and causes taste and odor.
It was chosen as the model algae because it was easily cultured in the laboratory.
Chlorella v. cells are approximately spherical in shape, an advantage for measuring cell
size and numbers using the particle counter, with a diameter range of about 2 to 10 pm
with a mean diameter of 5.28 pum and mean density very close to water of 1.07 g/mL
(Edzwald and Malley, 1990).

Axenic Chlorella vulgaris cultures were purchased from the University of Toronto
Culture Collection, UTCC. The algae for this research was cultured and grown in the
laboratory in 500 mL Erlenmeyer flasks containing 400 mL of the synthetic algae growth
media based on the work performed by Edzwald and Malley (1990). Details of the
synthetic algae growth media are shown i Table 4.10.

A batch growth culture method was used to grow Chlorella vuigaris to high cell
number concentrations. Fresh stock cultures were prepared by aseptic transfer of an
aliquot of algae culture to a culture vessel containing 400 mL of algae growth media.

The cultures were shaken continuously using a shaker and the temperature was maintained
at 22 °C (£ 2 °C). The cultures were illuminated with at least 77.5 pEinestien/m’ (600

foot candles) of fluorescent light at all times.

Algae growth phase was monitored using a Hiac/Royco particle counter (Model
8000, Pacific Scientific). This instrument was based on the light obscuration or light
extinction technique for particle counting. The particle counter had a light obscuration
sensor (Model HRLD-150) which had a size range of 1 to 150 pm with a maximum

particle concentration of 16,000 particles greater than 1.0 um/mL. The flow rate of the



Table 4.9 Synthetic water chemical composition

Inorganic Component Chemical compound Concentration
Alkalinity and buffer NaHCO; 10° M
Calcium hardness CaCl, 1.2x10° M
(120 mg/L as CaCOs)
Ionic strength NaCl 45x10°M

(TDS = 180 mg/L)




Table 4.10 Synthetic algae growth media

Chemical Stock ml. Stock/
Compound Concentration L media
CaCl.. 2H:O 1.25 g/500 mL 10
K.HPO, 3.75 g/500mL 10
KH,PO, 8.75 g/500mL 10
NaNOs 12.5 g/S00mL 10
NaCl 1.25 g/500mL 10
Na,EDTA and 10 g/L 1
KOH 6.2 g/L
H;BO; 5.75 g/500 mL 0.7
FeSO,.7H,0 and 498 g/L 1
H,SO, | mL/L
Trace Metal Mix 1
ZnS0O,. 7 H:0 0.222 g/L
CoCl. . 6 H,O 0.0494 g/L
MnCl, . 4H;0 1.81 g/L
Na;MoO.; .2 H.O 0.390 g/'L

H;BO; 2.86 g/L




sample through the sensor was 25 mL/min. The log growth phase was used for this
particular study following the work done by Edzwald and Malley (1990).

Chlorella v. was grown for a sufficient period of time, 7 to 10 days, to obtain cell
number concentration of approximately 107 celymL for log growth phase conditions. The
algae in the stock cultures were at sufficiently high cell number concentrations to permit
spiking it into the synthetic water to yield an experimental cell concentration of 10°
cellymL. It should be noted that an algae count of 10° cells/mL in a lake is high (normally
less than 10° cellsyml). However, this number was chosen so there would be sufficient
number of particles remaining following DAF treatment for accurate counts in which

removal of 90% were obtained.

4.4.2 Bench-scale DAF experimental set-up

The objective of this experiment was to determine the optimum coagulant dose for
the synthetic water in terms of reduction of turbidity and particle count. The coagulant
selected for this study was STERNPAC PACI (Polyaluminum hydroxchlorosulphate).

The stock solution had an aluminum concentration of 7.7 x 10 * mg/L and a specific
gravity of 1.2. The bench-scale DAF unit (Aztec Environmental Control Ltd.. UK) was

used for these experiments.

The components of the bench-scale DAF unit included a compressed air cylinder,
pressurization tank (saturator) and four coagulation-flocculation-flotation jars. which were
constructed of high strength acrylic with a maximum capacity of 1400 mL. The DAF unit
was equipped with a series of solenoid valves and recycle timers which allowed control of
the air-saturated liquid flow from the saturator to the jars. This flow was termed recycle
by convention although there was technically no recycle in this system. The volume of
recycle as a function of timer setting and saturator pressure was measured for this system

at saturator pressures of 484 kPa, as shown in Figure 4.8. Each jar of the DAF unit was



equipped with a retractable paddle mixer. The mixers were connected to a single speed
control that could be operated at 20, 30, 40, 50, 60, 80. 100, 200. 300, or 400 rpm.
Velocity gradients were determined for the paddle mixers as a function of rpm at 20° C. as
shown in Figure 4.9. The DAF unit included a pressurization tank which served as an
unpacked saturator. The saturator was connected to an organic-free compressed air

cylinder as the air source.

Bench-scale DAF experiments were conducted by placing 4 L of deionized water
in the saturator and the air pressure was raised to 484 kPa. The saturator was then shaken
for about 30 seconds. The pressure would fall as the air was absorbed by the water and
then raised again to the regulated pressure. The saturator was shaken two to three times
in this way while keeping the air supply on. It was allowed to stand for a minimum of 10
minutes, shaking intermittently. Each of the flotation jars was connected to the DAF unit
via the saturated water inlets at the back of each jar. To purge the feed lines. Timer 1 was
set to between 5 and 10 seconds and valves 1 to 4 were energized. The synchronized
recycle control was selected so that all solenoid valves were controlled by Timer 1.

The recycle button was activated so that all the feed lines were purged with the saturated
water. The residual liquid in each jar was removed by removing the lower port stopper.

At this point, the jars were ready to be filled with synthetic water.

To determine the optimum PACI dose. the following experimental procedures

were followed:

(1) the volume of algae stock was determined based on spiking | L of synthetic water to
produce algae cell count of approximately 10° cellsymL. The algae cell count was
determined using the particle counter during the log growth phase of the algae;

(2) the PACI stock solution, with stock concentration = 7.7 x 10 * mg/L as Al was diluted
using deionized water. The working solution concentration was determined based on

dosing 1 L of synthetic water to produce PACI concentration m the ranges of 0.5 to

10 mg/L;
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(3) an appropriate volume of algae stock culture was added to each jar to produce algae
cell counts of approximately 10° cells/mL:

(4) using the control DAF jar, the characteristics of the synthetic water spiked with algae
was determined by measuring turbidity, particle size distribution and particle
concentration;

(5) an appropriate volume of the PACI working solution was added to each jar to produce
the desired coagulant dose and the paddle mixers were lowered;

(6) rapid mixing was performed at 400 rpm, G value of 350 s’ for 2 minutes:

(7) slow mixing was performed at 100 rpm. G value of 70 5! for 6 minutes:

(8) following slow mixing, the paddles were removed and the flotation solenoids were
activated. A flotation recycle ratio of 10 % ( i.e. 100 mL of saturated water released
into 1000 mL of sample water) was used in all experiments. The jars were allowed to
stand for 10 minutes before samples were taken: and

(9) samples were taken from the bottom tap at the base of each jar. Prior to sampling, the
sample tubing was purged with approximately 100 mL of sample to insure the line was
clear. The following parameters were measured for each sample: pH. turbidity and

particle count.

The optimum PACI dose was determined based on the following criteria: treated
water turbidity of 0.1 NTU or lower and lowest particle count in treated water (or highest
particles log reduction). Whenever the optimum dose could not be determined in the

selected range, a new coagulant dose range was selected and the experiment was repeated.

4.4.3 Pilot-scale DAF experimental set-up

The experimental set-up used in these experiments is shown in Figure 4.1. It
consisted of a 120 L mixing tank that was used to mix both the synthetic water and the
algae stock solution. Mixing was achieved by using a general purpose high speed mixer.
The synthetic water was pumped from a 200 L reservoir into the mixing tank by means of
a calibrated variable-flow pump. At the same time, algae stock was pumped from a stirred
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flask to the mixing tank by means of a small variable-flow peristaltic pump. The water
volume inside the mixing tank was kept constant by adjusting the flow rate of the synthetic
water so that it would equal the flow rate of the water pumped to the flocculator. Also.
the flow rate of the algae stock solution was adjusted so that the desired number

concentration of the algae cells in the mixing tank was achieved.

The synthetic water containing algae was pumped, using a variable-flow pump,
first to the in-line static mixer and then to the flocculator. The flow rate was determined
by using a calibrated variable area flow meter. The coagulant was pumped from a small
reservoir into the in-line mixer, through a one-way valve, by using a small peristaltic
pump. The in-line mixer provided rapid mixing of the coagulant with the feed water,

which was required for particle charge neutralization.

After that, the coagulated water entered the flocculator which had a detention time
of about 5 minutes at a flow rate of 11.8 L/min. The tank provided slow mixing by using
a six-flat-blade turbine connected to a vertical shaft, which was connected to a variable
speed motor. The flocculator was elevated to create enough pressure head for the water
to flow by gravity to the DAF mixing column at the desired flow rates. The flow rate
entering the column was controlled by means of a ball valve located at the flocculator
effluent line. The flocculator was designed with an overflow weir so that the water head
in the tank was always constant. The overflow water was collected in a launder and

discharged to the waste line.

Saturated water was injected into the DAF mixing column, by means of a nozzle,
below the flocculated water feeding point. The saturated water flow rate was regulated by
means of a needle valve. Total water flow rate, Qrow, which included the flocculated
water flow rate, Qpocc, and the saturated water flow rate, Qs.,, entered the contact column
from the bottom through a circular cone section. The rising bubble-floc agglomerates
were collected on the top of the separation zone tank. The clarified water exited through
the bottom of the clarification tank through a plastic tube connected to a level adjustment



pipe. This pipe was used to control the water level inside the clarification tank so that

water level could be raised in order to remove the foam layer through the launder.

The DAF removal efficiency, Rpari, for each particle size, dpi, was determined as a
function of different hydraulic loading rates, recycle ratios and nozzle’s orifice diameters.

All these experiments were conducted with the following procedure:

(1) the synthetic water was prepared by dissolving the appropriate amounts of the
chemicals, as listed in Table 4.9, in deionized water in the 200 L reservoir tank. The
contents were thoroughly mixed using a general purpose mixer.

(2) the algae stock solution was prepared by transferring several 400 mL algae cultures.
grown for about 10 days, into a 6 L flask. The contents were thoroughly mixed using
a magnetic stirrer and the number concentration of the algae cells was measured using
the particle counter;

(3) at the beginning of each experiment. the Qriocc Was set by pumping tap water. from a
separate tank, to the flocculator at a flow rate of 11.8 L/min. The calibration curve
shown in Figure 4.10 was used to read the flow meter settings. The Qgiocc Was
regulated by means of a ball valve located at the flocculation tank effluent line. It was
adjusted by measuring the flow rate exiting the DAF effluent line using the bucket and
the stop watch method and adjusting the ball valve accordingly:

(4) once the desired Q.. Was set, the on-off valve located after the flocculator was
turned off and the influent water pump was shut off. The flocculator and the DAF
columns were drained completely;

(5) next, the synthetic water was pumped from the 200 L reservoir into the 120 L mixing
tank with a flow rate approximately equal to Qfioc. S0 that constant water volume in
the mixing tank was achieved. The contents of the synthetic water reservoir were
constantly replenished during the course of the experiment;

(6) once the flocculator and the DAF colummns were filled with the synthetic water, the

algae stock solution pump was started. The flow rate was adjusted so that the desired



number concentration of the algae cells in the mixing tank, which was approximately
10° cell/mL, was achieved. The calibration curve shown in Figure 4.11 was used to
determine the pump control settings. The synthetic water and the algae stock solution
were thoroughly mixed inside the mixing tank. Samples were collected frequently to
measure the number concentration of the algae cells;

(7) the coagulant pump was immediately started after adding the algae stock and the
coagulant flow rate was adjusted so that the concentration of the PACI solution
entering the in-line mixer was equal to the optimum coagulant dose, which was
determined using the bench-scale DAF unit. The calibration curve shown in Figure
4.12 was used to measure the pump control settings:

(8) at the same time, the flocculation mixer was started and the mixer speed was adjusted
so that the required revolution per minute of the motor, which would correspond to a
G value of 70 s, was achieved. The calibration curve shown in Figure 4.13 was used
to determine the required motor speed;

(9) the saturated water flow rate, Qs,. was started by turning on the on-off valve and the
required flow rate, which would correspond to the required recycle ratio, was adjusted
by means of a needle valve. Qs., was measured using a calibrated flow meter located
just before the nozzle. The required nozzle orifice diameter, dongc., was achieved by
replacing the orifice plate inside the nozzle assembly with the one with the required
dorisec, just before starting these experiments. Also, the saturator tanks, which were
filled with deionized water, were pressurized at 484 kPa well a head of the start of the
experiment to allow enough time for saturation. They were also shaken.
intermittently, for about 10 minutes;

(10) after 15 minutes of adding the algae stock and the coagulant, a water sample was
carefully collected from the top of the flocculator, just before the tank effluent line.
The sample’s total particle count and particle size distribution, PSD, were immediately
measured using the particle counter. The corresponding measurements would
determine the initial particle number concentration entering the contact zone
Ncz o for particle size, dpi. In these experiments, the applied particle size range was 1

to 150 um. Preliminary particle size and concentration measurements at different
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times, indicated that measurements remained almost constant after 15 minutes of
adding the algae stock and the coagulant; and
(11) after about three times the total residence time of the pilot-scale DAF system, a water
sample was collected from the DAF effluent line for particle count and PSD analysis.
The corresponding particle count measurements would determine the particle number

concentration for the DAF effluent, Npar ., for particle size, dp;.
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CHAPTER 5

EXPERIMENTAL RESULTS

5.1 Hvdrodvnamic Characterization of DAF Contact Zone

The tracer experiments were conducted by first varying contact zone hydraulic
loading U, from 30 to 90 m/h at saturated water flow rate Qs, = 0, i.e. recycle ratio
Rz =0 % . This corresponded to contact zone hydraulic residence time, HRT, from 0.4
to about 3 minutes. Later, Qs was varied, at each Uy , from 5 % to 10 % of the influent
water flow rate, Qwawr, at saturator pressure of 484 kPa. That corresponded to theoretical
bubble volume concentration, ®g, from 2947 to 5625 ppm, i.e. cubic meter of air bubble
volume per 10° cubic meter of treated water, and bubble number concentration ,Ng, from

9 x 10* to 2 x 10° bubbles/mL at 20°C.

After the collected conductivity-time profiles were translated into concentration-
time profiles, equation 3.15 was used as the model to characterize the axial dispersion in
the contact zone in terms of Peclet number. The least square minimization technique was
used in this study to estimate the Pe. Figure 5.1 represents a typical plot of SSR as a
function of Pe for hydraulic loading rate of 70 m/h and Qs,. = O for top, middle and bottom
ports, respectively. In all the tracer experiments in this study, a minimum SSR was always
obtained indicating that there was no problem associated with model divergence. The
contact zone mean residence time, tn, and the variance of the residence time distribution,
o, at different heights across the contact zone, were calculated based on equations 3.12

and 3.13.

The tracer study results, which represent the average of four trials per run, are
summarized in Table 5.1. Also, the results for all experimental trials are summarized in
Tables B1.1 to B1.4 in Appendix B.1.
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As shown in Figure 5.2, contact zone t,, decreased as UL was increased. For the
same Uy, t, decreased from the top port to the bottom port and in all cases, t, was always
larger than HRT. Since t., represents the average residence time of fluid elements mside
the contact zone, non-ideal or non-plug flow conditions prevailed (Levenspiel, 1972). The
experimental results indicated that as U increased, t, approached HRT. In these

experiments, contact zone t,, ranged from 1.3 to 3.7 minutes.

Also, as the contact zone hydraulic loading rate increased, the mean residence time
inside the contact zone decreased. This would lower the collision opportunities between
bubbles and particles. However, Tambo (1990) suggested that only 15 to 20 seconds of
mixing or contact time is needed for maximum bubble-particle attachment. In this study
the contact time was always higher than the suggested value, even at the highest U,.. Asa
result, higher hydraulic loading rates inside the contact zone would provide flow
conditions closer to plug flow and at the same time would provide enough contact time

between bubbles and particles.

The variance, 62, of the residence time distribution decreased significantly as U,
increased, as shown in Figure 5.3. Since o, represents the spread out of the distributions
with time, the smaller the o2, the narrower the distribution and its shape becomes more
symmetrical and closer to plug flow conditions. Therefore, the flow conditions inside the
contact zone approached plug flow conditions as Uy increased. Also, o", decreased from
the bottom port to the top port of the contact zone, at same Uy, indicating that the flow
approached plug flow conditions as contact zone t,, increased and the contact zone cross-

sectional area increased.

Mixing inside the contact zone was measured in terms of Pe. As Uy increased, Pe
also increased. This is shown in Figures 5.4 to 5.6 for contact zone top, middle and
bottom ports, respectively. From equation 3.14, one can see that Pe is inversely

proportional to the dispersion number, Ng.
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loading rate at different heights across the contact zone and at Rg = 0 %



o

Contact zone top port

—
o

- B Contact zone middle port

1.2 1 —
‘2 \ 8 Contact zone bottom port
£ 1.0
6
©0.8
Q
g
£ 0.6
G
>

o
~

o
N
"

o
o
,

70 90

0
3 50 U, (m/h)

Figure 5.3 Residence distribution time variance , o°, as a function of
hydraulic loading rate at different heights across the contact zone
and at Rg =0 %

146




147

45.0

400 {- SRR =0%

333333

0 U, (m)

70

30

loading at different recycle ratios (Note: RR=Rg)

Figure 5.4 Peclet number for contact zone top port as a function of hydraulic



148

0%
5%

SRR
BRR

10%

1

30

25

20 {— BIRR

70

50

30

UL (m/h)

Figure 5.5 Peclet number for contact zone middle port as a function of hydraulic
loading at different recycle ratios (Note: RR=Rg)



149

10 +— BRR=10%

14
12 -

70 90
U[_ (m/h)

50

30

Figure 5.6 Peclet number for contact zone bottom port as a function of hydraulic

loading at different recycle ratios (Note: RR=Rg)



150

Since the effect of the dispersion coefficient is insignificant for U, lower than 100 m/h
(Shah et al.. 1982), the Pe should be directly proportional to U, which is the case in this
study. This means that as Uy increases, the degree of mixing mside the contact zone

decreases.

In addition, Pe decreased as the saturated water flow rate, Qs,,, increased, which is
equivalent to increasing the recycle ratio, Rg. Increasing Rg from 5 % to 10 % caused an
increase in the number concentration of bubbles N from about 9 x 10* to 2 x 10
bubbles/mL and also increased the rise velocity of bubbles. As a resuit, the degree of

mixing inside the contact zone had slightly increased.

Figures 5.7 to 5.9 depict typical plots of E-8 curves for top, middle and bottom
ports as a function of U;. As shown, the curves look like the Gaussian curve with
somewhat asymmetrical shape due to the existence of a long tail after the occurrence of
concentration peak. As Uy increased, the shape of the curve became more symmetrical
and narrower, and the peak values of Eq increased. Also, experimental RTD curves were
more symmetrical at the top of the contact colummn than at the middle or the bottom
sections, indicating lower degree of mixing. The shape of the experimental RTD curves
for the bottom of the contact column, for all tracer tests, were highly asymmetrical with a

long tail indicating that there was higher degree of mixing.

To demonstrate the good conformity between the experimental measurements and
model predictions, experimental and theoretical RTD curves for Uy = 50 m/h and Qsx = 0
were plotted for the top, middle and the bottom of the contact column, as shown in Figure
5.10. The solid curves represent the model predictions based on the best estimate of Pe
while the scattered points represent the experimental results. It can be seen that the
experimental results matched closely to the model predictions for the top and the middle
of the contact column while there were some discrepancies for the bottom section. The

conformity between the experimental measurements and model predictions suggest that
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Figure 5.7 Experimental RTD curves for contact zone top port for different
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the axial dispersion model can well characterize the hydrodynamics inside the contact

zone.

5.2 Bubble Size, Concentration and Velocity Measurements in DAF Contact Zone

5.2.1 PDA configuration

Accurate measurements of water velocity and bubble size, concentration and
instantaneous rise velocity required precise configuration of the PDA settings. These
settings were optimized by maximizing the data bubble arrival rate and the validation
percentage of the collected samples and by minimizing the instrument range. level and

consistency errors (as discussed in Section 4.3.1).

After optimizing the PDA settings. superficial liquid velocities .U, , measured using
TiO.. were compared with calculated contact zone hydraulic loading rate based on the
measured flow rate, Qrowi. Also, bubble sizes measured with the PDA were compared
with those obtained using the videophotography method. The purpose of the previous
comparison was to establish confidence in using the PDA instrument and also for further

optimization of the PDA settings.

Table 5.2 summarizes the results of U, measured by the PDA instrument and U
calculated based on the measured Qi . The PDA measurements were performed by
seeding the influent water with TiO-, at low concentrations, and measuring the
instantaneous velocity at the probe volume coordinate (900,0.25). Actual flow rates were
measured using the stop watch and the bucket method. The calculated U, was based on

the measured Qi divided by the maximum cross section of the contact zone column.

The results indicate good agreement between U measured with PDA and those

calculated based on the measured Q. The results also indicate that as the Qs
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Table 5.2  Comparison between U, measured by the PDA, using TiO., at probe
volume coordinates (900,0,25) and U, calculated based on the
measuement of the flow rate, Qrow

Theoretical hydraulic loading (m/h) 30 50 70 90

Measured Qo (L/min) 3.82 6.58 9.30 11.81
U, .based on measured Qo (m/s) 8.11E-03 1.40E-02 1.97E-02 2.51E-02
U, .based on PDA (m/s) 1.05E-02 1.65E-02 2.18E-02 2.55E-02

% difference 23 15 9 2
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increased. i.e. as contact zone hydraulic loading increased. the percentage difference

between measured and calculated U decreased.

Bubble sizes measured with the PDA were compared with those measured with the
videophotography method. Both measurements were performed under identical
operational conditions: hydraulic loading rates of 30 and 70 m/h at Rg of 10 % and 3 %.
respectively, Ps,. of 484 kPa and nozzle orifice diameter of 0.55 mm. For PDA
measurements, the probe volume coordinates were (900,0,25) while video images were
taken at the same contact zone height but were focused on a line scribed on the inside of

the column.

The results of bubble size using the videophotography method for hydraulic
loading of 30 m/h and Ry =10 % and hydraulic loading of 70 m/h and Rg =3 % are shown
in Tables 5.3 and 5.4. respectively. Three different bubble mean diameters were calculated
based on the video images: the arithmetic mean. the mean surface and the mean volume
diameter. Also, bubble size distributions for both hydraulic loading rates are shown in
Figures 5.11 and 5.12. These results show that the mean volume diameter was larger than
the arithmetic mean diameter and also show that the mean bubble diameter decreased as

the hydraulic loading rate increased.

Results of bubble size measurements obtained by the PDA were compared with
those obtained by the video images. Table 5.5 summarizes the mean volume diameters
measured by PDA and videophotography methods for hydraulic loading rate 30 m/h and
Rg =10 % and hydraulic loading of 70 m/h and Rg =3 %. The results indicate good
agreement between the two methods and the difference was found insignificant at 1% level

of statistical significance.

The previous results suggested that the PDA measurements can be used with high
confidence. Consistency of PDA bubble size and instantaneous rise velocity

measurements were confirmed by repeating measurements at different times and
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Table 5.3 Bubble size distribution using videophotography technique for hydraulic
loading rate of 30 m/h, Rg=10%, Ps,=484 kPa, doyifiee = 0.55 mm
and probe volume coordinate (900,0,25)

Frequency
Class (um) dgi  dg dpi’ fi fidg fidg’ f; dg’

1 10.0-20.0 15 225 3375 0 0 0 0
2 20.0-30.0 25 625 15625 0 0 0 0
3 30.0-40.0 35 1225 42875 13 455 15925 557375
4 40.0-50.0 45 2025 91125 20 900 40500 1822500
5 50.0-60.0 55 3025 166375 64 3520 193600 10648000
6 60.0-70.0 65 4225 274625 107 6955 452075 29384875
7 70.0-80.0 75 5625 421875 135 10125 759375 56953125
8 80.0-90.0 85 7225 614125 92 7820 664700 56499500
9 90.0-100.0 95 9025 857375 39 3705 351975 33437625
10 100.0-110.0 105 11025 1157625 11 1155 121275 12733875
11 110.0-120.0 115 13225 1520875 4 460 52900 6083500
12 120.0-130.0 125 15625 1953125 1 125 15625 1953125
13 130.0-140.0 135 18225 2460375 1 135 18225 2460375
14 140.0-150.0 145 21025 3048625 0 0 0 0

> 1120 1E+05 12628000 487 35355 3E+06 2.13E+08

—

Arithmetic mean
diameter (um) 72.6

Mean area
diameter (um) 74.3

Mean volume
diameter (um) 75.9 G4(um) 15.4
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Table 5.4  Bubble size distribution using videophotography technique for hydraulic
loading rate of 70 m/h, Rg=""0. Ps,~484 kPa, dorifice = 0.55 mm
and probe volume coordinate (900,0,25)
Frequency
Class  (um) dgi  dg’ dgi’ f, fidg;, fids®  fids’
1 10.0-20.0 15 225 3375 0 0 0 0
2 20.0-30.0 25 625 15625 2 50 1250 31250
3 30.0-40.0 35 1225 42875 24 840 29400 1029000
4 40.0-50.0 45 2025 91125 63 2835 127575 5740875
5 50.0-60.0 55 3025 166375 105 5775 317625 17469375
6 60.0-70.0 65 4225 274625 156 10140 659100 42841500
7 70.0-80.0 75 5625 421875 90 6750 506250 37968750
8 80.0-90.0 85 7225 614125 28 2380 202300 17195500
9 90.0-100.0 95 9025 857375 11 1045 99275 9431125
10 100.0-110.0 105 11025 1157625 10 1050 110250 11576250
11 110.0-120.0 115 13225 1520875 8 920 105800 12167000
12 120.0-130.0 125 15625 1953125 2 250 31250 3906250
I3 130.0-140.0 135 18225 2460375 1 135 18225 2460375
14 140.0-150.0 145 21025 3048625 0 0 0 0
z 1120 1E+05 12628000 500 32170 2E+06 1.62E+08
Arithmetic mean
diameter (um) 64.3
Mean area
diameter (um) 66.5
Mean volume
diameter (um) 68.7 o4 (pm) 20.7
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Figure 5.11  Bubble size distribution for hydraulic loading rate 30 m'h. Rg=10%
Ps,, =484 kPa. nozzle orifice diameter=0.55 mm and probe volume
coordmates (900.0.25)

160 —_
140
120
2100 =
S —
&-80 — +—
o
T
& 60 I .
40 —1
20 "— I ‘i—
0 = 11 1 T e
S S S < S S < S S S i S S S
S (=] =] S [=] S =] = = o =] = < =]
QN A < Dl v & @ S S = ~ A T <
S & & & & & & o I I I Z : I
S = = S =) = S S S S o < < S
= Q A < - vt = 0 < ) = S = o
e 2 = a o =
dg (um)

Figure 5.12 Bubble size distribution for hydraulic loading rate 70 m/h. Rg=3%
Ps,. =484 kPa, nozzle orifice diameter=0.55 mm and probe volume
coordmates (900,0,25)




161

Table 5.5 Comparison between bubble size measured with PDA and
videophotography method

Hydraulic loading rate = 30 m/h Hydraulic loading rate = 70 m/h

Rg=10% Rr=3%
Videophotography PDA Videophotography PDA
Mean volume
diameter, dg (tm) 75.9 73.7 68.7 66.0
op (um) 15.4 14.4 20.7 22.7

Number of
measured bubbles 487 5787 500 1855




Table 5.6  Consistency of bubble size and velocity measurements using the PDA
for hydraulic loading rate = 50 m/h, Rg = 5%, Psy = 484 kPa, dongee =
0.55 mm and probe volume coordinates (900,0,25)

Day 1 Tnal 1 Trial 2 Tnal 3 Trial 4 Avg
Validated Samples 4018 3946 4022 4033 4005
Validation % 80 79 80 81 80
Data Rate = (bubble/sec) 97 112 104 110 106
Ug s (M/s) 1.71E-02 1.85E-02 1.71E-02 1.72E-02 1.75E-02
oyg (m/s) 2.15E-03 2.62E-03 2.73E-03 2.59E-03 2.52E-03
dg (um) 70.0 70.2 70.5 70.6 70.3
og(um) 16.1 15.3 15.0 14.7 15.3
Day 2 Trial 1 Trial 2 Trial 3 Trial 4 Avg
Validated Samples 3928 3887 3945 3917 3919
Validation % 79 78 79 78 78
Data Rate (bubble/sec) 89 97 99 102 97
Ug g (M/s) 1.75E-02 1.68E-02 1.72E-02 1.72E-02 1.72E-02
oyg (/s) 3.16E-03 2.18E-03 2.41E-03 2.34E-03 2.52E-03
dg (um) 69.4 70.7 69.6 69.9 69.9
Ggg(nm) 16.9 17.2 15.8 16.1 16.5

* validation percentage is the number of measurements validated by the PDA
software divided by the number of measurements transferred to the computer
RAM

** data rate is the bubble arrival rate as counted by the PDA processor before
software validation
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comparing the results. Table 5.6 summarizes the results of PDA measurements collected
at two different times for hydraulic loading rate = 50 m/h, Rg = 5%, Psa. = 484 kPa. nozzle
orifice diameter = 0.55 mm and probe volume coordinates (900,0,25). These
measurements were taken after reaching steady state condition, i.e. steady validated
samples and bubble arrival rate. The results showed that the difference between PDA
measurements, for both bubble size and velocity, at different times was insignificant at the

1% level of statistical significance.

5.2.2 Superficial liquid velocity measurements

The U, in the x-direction was measured with the PDA by seeding the influent
water with TiO,. These experiments did not require the presence of air bubbles in the
contact zone and therefore, Qs,, was zero, i.e. Rz = 0. In order to determine whether this
condition would have any effect on U, measurements, PDA measurements were
performed with and without recycling deionized water through the nozzle and the resuits

were compared by performing a t-test.

Table 5.7 summarizes the results of the effect of recycled water flow on Uy
measurements for hydraulic loading rate = 70 m/h and probe volume coordinates
(900,0.25). The results showed that the difference between UL measured with recycled
water and those measured without recycled water was insignificant at the 1% level of
statistical significance. Therefore, it was decided to perform all U, measurements without

recycling water through the DAF nozzle.

Superficial liquid velocities were measured to characterize the water flow inside
the contact zone column at different hydraulic loading rates and also to calculate the
relative bubble rise velocity at different operational conditions. U, was measured at two
different contact zone heights and at different probe volume coordinates. Table 5.8

summarizes the results of U_ measurements.
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Table 5.7  Effect of recycled water flow on U; measurements using PDA for
hydraulic loading rate of 70 m/h and probe volume coordinates
(900,0,25)

Without recycled water
Q Influent water — 91 Umm

Q recycled water =0
Q Total — 9.1 L/min

| Trall | Tral2 | Tral3 | Tral4 | Avg |
2.12E-02| 2.22E-02 | 2.09E-02| 2.11E-02| 2.13E-02
2.85E-03 | 2.34E-03 | 2.59E-03 | 2.89E-03 | 2.67E-03

UL (m/s)
ouL (m/s)

With recycled water
Influent water — 8.7 Umin
Q recycled water = 435 mI/min
Q Total — 9.1 L/min
| | Trall | Tral2 | Trial3 | Tral4 | Avg |

Uy (m/s) 2.18E-02| 2.12E-02 | 2.22E-02 | 2.20E-02| 2.18E-02
GuL (m/s) 2.52E-03 | 3.25E-03 | 2.79E-03 | 2.60E-03 | 2.79E-03




Table 5.8 Superficial liquid velocity, U, measured with PDA at different contact
zone column heights, probe volume coordinates and hydraulic loading rates

Measured * Calculated ** Probe volume Measured

Exp. Qpowm hydraulic loading coordinates  mean Up Urms
# (I/min) rate (m/h) (x,y,Z) in mm (m/s) (m/s)
1 3.960 30.2 (900,0,25) 1.05E-02 2.95E-03
2 3.940 30.1 (400,0,25) 1.07E-02 4.10E-03
3 6.590 50.3 (900,0,25) 1.65E-02 2.33E-03
4 6.580 50.2 (400,0,25) 1.62E-02 4.43E-03
5 9.160 69.9 (900,0,25) 2.18E-02 2.83E-03
6 9.210 70.3 (400,0.25) 2.13E-02 7.15E-03
7 9.180 70.1 (900,0,-45) 1.67E-02 3.45E-03
8 9.180 70.1 (900,0,-25) 2.13E-02 2.52E-03
9 9.160 69.9 (900,0,0) 2.22E-02 2.52E-03
10 9.180 70.1 (900,0,45) 1.70E-02 3.32E-03
11 11.800 90.1 (900,0,25) 2.55E-02 3.31E-03
12 11.810 90.2 (400,0,25) 2.43E-02 7.51E-03

* Based on measuring the flow rate of water exiting the contact zone column using th
stop watch and the bucket method

** Based on measured Qo divided by the maximum cross sectional area of the

contact zone column
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Results indicated that the measured mean Uy values were always larger than the
calculated hydraulic loading rates. This may be due to the fact that the calculated
hydraulic loading rates were based on the maximum cross sectional area of the contact
zone, while the actual cross section varied from 40 to 100 mm. Also, the results show
that there are insignificant differences between mean U, measured at 900 and 400 mm.
However, the results of the standard deviation of the measured U, oyr, which is also
termed the root mean square velocity ,Urums, indicate that as the contact zone column

height increased deviations of the measured U, from the mean decreased.

5.2.3 Bubble size. concentration and velocity measurements

Bubble size, concentration and instantaneous rise velocity Ug in« Were measured at
different operational conditions: (1) different saturator pressures Ps,; at constant contact
zone hydraulic loading rate and constant recycle ratio Rg; (2) different contact zone
hydraulic loading rates at constant Ps, and Rg; (3) different recycle ratios at constant
contact zone hydraulic loading rate and Ps,,; and (4) different nozzle orifice diameters at
constant contact zone hydraulic loading rate, Rg and Ps.,. Also, the effect of contact zone
column height and wall effects on bubble size, concentration and rise velocity were
measured. All PDA experimental data and results are summarized in Tables B2.1 to

B2.28 in Appendix B.2.

The results of experiments that were designed to assess and measure the effect of

each operational condition are presented in the following sections.

5.2.3.1 Effect of saturator pressure

One of the important operational parameters that affect bubble size and
concentration inside the contact zone. and ultimately the overall performance of the DAF
process, is the saturator pressure. In these experiments, the saturator pressure, Ps,, was

expressed as gauge pressure. The objective of these experiments was to evaluate the
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effect of Ps,, on bubble size and concentration and also to determine the optimum Ps,, that

would be used in all other experiments.

Three different values of Ps,, were evaluated at a constant hydraulic loading rate of
70 m/h and R of 5 %. All measurements were taken at probe volume coordinates of
(900.0,0) and the nozzle orifice diameter was 0.55 mm. Table 5.9 summarizes the results
which show that bubble mean volume diameter dg did not change significantly as Ps.
increased. However, the standard deviation of bubble diameter o5 decreased as the P,
increased. Also, the bubble size distribution BSD, as shown in Figure 5.13, became

narrower and with higher percentage of air bubbles.

The results in Table 5.9 also show that, as Ps,, increased both measured bubble
volume and number concentrations increased. As Ps, increased, the equilibrium mass
concentration in the saturated stream Cs, increased and. as a result. the concentration of
the air released in the contact zone Cg increased. Since the bubble volume concentration
&g is proportional to Cg, as shown in equation 2.8, &5 increased. Based on Equation 2.9,
bubble number concentration, Ng, is proportional to ®5 and since dg did not change

significantly as Ps,, increased, N3 also increased.

When the theoretical and measured Ny and ®g values at different values of Ps,
were compared, there were differences. Theoretical Ng and ®g were calculated based on
Equations 2.6, 2.7 and 2.8 and using the following data: (1) bubble mean volume diameter
measured with the PDA; (2) Ps, under investigation; (3) Rr of 5 % for contact zone
hydraulic loading rate of 70 m/h; (4) saturator efficiency factor of 0.84; and (5) water
temperature of 20°C. On the other hand, measured Ng values were obtained directly from
the PDA software and the measured or experimental @y were calculated by multiplying

the measured bubbie number concentration by the bubble mean volume.



Table 5.9

Effect of saturator pressure Ps, on bubble size and concentration for
hydraulic loading rate= 70 m/h, Rg=5%, d orificc = 0.55 mm and probe
volume coordinates (900,0,0)

Ps.. kPa (Psi) 345 (50) 484 (70) 587 (85)
dg (um) 63.0 64.5 64.1
ogp(Lm) 21.9 18.0 15.5
UB st (M) 2.34E-02 2.39E-02 2.37E-02
U (m/s) 2.22E-02 2.22E-02 2.22E-02
Us Retative (/S) 1.20E-03 1.66E-03 1.52E-03
Us sioke (mM/s) 2.19E-05 2.30E-03 2.27E-03
Measured Ng (bubbles/mL) 5.43E+03 1.31E+04 1.48E+04
Theoretical Ng (bubblessml.  2.00E+04 2.66E+04 3.31E+04
Measured ®g (ppm) 710 1841 2038
Theoretical @y (ppm) 2618 3727 4558

168



—
N

<

0o

% air bubbles

‘0\\‘
-

—e— 345 kPa

—a— 484 kPa

—&— 587 kPa

0 50 100
dg (um)
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The differences between the theoretical and measured Ng values may be due to the
production of macro bubbles, 150 um and larger, in the vicinity of the nozzle. This
phenomena was observed in all experiments conducted with the DAF columm. especially at
low Rg and Ps.. Also, it was observed that many bubbles were sticking to the inside walls
of the mixing column, just below the nozzle. As a result, larger bubbles were formed, by
coalescence, which would rise in the mixing column due to their high buoyancy.
Therefore, bubble coalescence inside the mixing column may contribute to the reduction

of the measured Ng and ®g values.

Another factor that may have contributed to the discrepancy between theoretical
and measured Ny was the method of data processing with the PDA. As was explained in
Section 2.2.3, Ng measurements required information on bubble arrival rate. velocity and
the instrument cross section. The most difficult of these was to determine the nstrument
cross section which was a function of many variables such as the laser power and
alignment. Therefore, the Nj value determined by the PDA may not have been the actual
bubble concentration inside the contact zone. However, measured Np values followed the

same trend as the theoretical values.

The results in Table 5.9 show that as Ps,, increased the difference between
measured Ng and ®p and theoretical values decreased. As Ps,, increased, the pressure
across the nozzle increased causing larger bubbles to break up and produce higher

concentrations of bubbles.

5.2.3.2 Effect of recycle ratio

The second operational parameter investigated in this study was the recycle ratio,
Rg . The effect of Rz on bubble size, concentration and Ug .« Was measured by varying
Ry at constant contact zone hydraulic loading rate and Ps.. However, there were

difficulties in choosing the Ry range to be studied, for different hydraulic loading rates.
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This was due to operational limitations with the PDA instrument. As Rg increased. 10 %
and higher, the contact zone contained very high concentration of bubbles and became
cloudy. As a result, the signals received by the PDA receiving optics became weaker to
the point that the PDA was not able to collect any data. This limitation did not allow the

investigation of the effect of higher Rz on bubble size, concentration and Ug in«.

The results of the effect of recycle ratio on bubble size. concentration and Ug s,
for a hydraulic loading rate of 30 m/h, are shown in Table 5.10. These experiments were
performed at Ps,, of 484 kPa and the measurements were taken at probe volume
coordinates (900,0,25). The results show that as Rg increased from 7 % to 10 %, the
mean bubble diameter decreased. This is clearly shown in Figure 5.14, which illustrates
BSD for both recycle ratios. At higher Rg, the flow through the nozzle increased and as a
result bubbles with smaller diameters were produced. Also, it is shown that the Urms

decreased as a result of the decrease in o4s.

In addition, the measured ®g increased as Ry increased, as shown in Table 5.10.
This was expected because as Ry increased Cg also increased, based on Equatiop 2.7.
causing an increase in ®g. Also, Ng increased as Ry increased due to the production of

smaller bubbles.

The effect of recycle ratio on bubble size. concentration and Ug i at higher
contact zone hydraulic loading rates was also investigated. The results of these
experiments are summarized in Tables 5.11 to 5.13 for hydraulic loading rates of 50. 70
and 90 m/h, respectively. These experiments were performed at Ps, of 484 kPa and the
measurements were taken at a probe volume coordinates (900,0,25). Nozzle orifice
diameter of 0.55 mm was used for hydraulic loading rates 50 and 70 m/h while d oriicc Of
1.03 mm was used for hydraulic loading rate of 90 m/h.

In all these experiments, the results showed that the mean bubble diameter dg

decreased as Rg increased but the change was not as significant as that of dg when the



Table 5.10  Effect of recycle ratio on bubble size, concentration and rise velocity
for hydraulic loading rate of 30 m/h, d orice = 0.55 mm, 20°C. Py, =
484 kPa and probe volume coordinates (900,0.25)

Ry (%) 7 10
dg (um) 85.5 73.7
Ogp(um) 15.4 14.4
Ug ms (/s) 1.42E-02 1.40E-02
Ugrms (m/s) 5.57E-03 4.68E-03
Uy (m/s) 1.05E-02 1.0SE-02
Ug Relaive (M/S) 3.73E-03 3.45E-03
Ug stoke (M/S) 4.04E-03 3.00E-03
Measured Ng (bubbles/mlL) 1.04E+04 1.79E+04
Theoretical Ng (bubbles/mL 1.57E+04 3.40E+04
Measured ®g (ppm) 3405 3748
Theoretical ®g (ppm) 5120 7114
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Figure 5.14 Effect of recycle ratio on BSD for hydraulic loading rate of 30 m/h.
d ongee = 0.55 mm, 20°C, Ps, = 484 kPa and probe volume
coordinates (900,0.25)
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Table 5.11 Effect of recycle ratio on bubble size, concentration and rise velocity
for hydraulic loading rate of 50 m/h, d orifee = 0.55 mm. 20°C, Pgy =
484 kPa and probe volume coordinates (900,0,25)

Ry (%) 5 7
dg (um) 68.8 63.3
c4s(pum) 19.1 12.6
Ug g (M/s) 1.93E-02 1.84E-02
Urwms (m/s) 2.32E-03 2.11E-03
U (m/s) 1.65E-02 1.65E-02
U Relauve (MVS) 2.80E-03 1.90E-03
Us stake (m/S) 2.62E-03 2.22E-03
Measured Ng (bubbles/mL) 1.12E+04 1.70E+04
Theoretical Ng (bubbles/mL) 2.18E+04 3.86E+04
Measured @y (ppm) 2056 2898
Theoretical ®g (ppm) 3727 5120




Table 5.12  Effect of recycle ratio on bubble size, concentration and rise velocity
for hydraulic loading rate of 70 m/h, d orifice = 0.55 mm. 20°C, Psy =

484 kPa and probe volume coordinates (900,0.25)

Rg (%) 3 5
dg (um) 66.0 63.4
Cqp(Hm) 22.7 19.9
Ug s (0/S) 2.49E-02 2.44E-02
Urwms (m/s) 3.00E-03 2.58E-03
Up (m/s) 2.18E-02 2.18E-02
Ug Retauve (MV/S) 3.05E-03 2.56E-03
Ug stoke (m/S) 2.41E-03 2.22E-03
Measured Ng (bubbles/mL) 5.97E+03 1.41E+04
Theoretical Ng (bubbles/mL) 1.52E+04 2.80E+04
Measured ®g (ppm) 1560 1877
Theoretical ®g (ppm) 2279 3727
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Table 5.13  Effect of recycle ratio on bubble size, concentration and rise velocity
for hydraulic loading rate of 90 m/h, d orifie = 1.03 mm, 20°C, Pgy =
484 kPa and probe volume coordinates (900,0,25)
Rg (%) 3 5 7
dg (um) 74.4 68.2 67.1
Ggap(m) 27.1 22.5 19.8
Ug mg (m/S) 2.99E-02 2.94E-02 2.84E-02
Ugrms (m/s) 3.60E-03 3.34E-03 2.99E-03
U (m/s) 2.55E-02 2.55E-02 2.55E-02
UB Relaive (/) 4.37E-03 3.90E-03 2.90E-03
Ug siake (M/S) 3.06E-03 2.57E-03 2.49E-03
Measured Ng (bubbles/mL) 6.80E+03 1.04E+04 1.30E+04
Theoretical Ng (bubbles/mL) 1.06E+04 2.25E+04 3.24E~+04
Measured &g (ppm) 1468 1721 2239
Theoretical ®g (ppm) 2279 3727 5120
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hydraulic loading rate was 30 m/h. That could be due to the fact that at higher hydraulic
loading rates, the saturated flow rate, Qsa, at the required Rg is higher and therefore
smaller bubbles were expected to be produced. However, for contact zone hydraulic
loading rate of 90 m/h, the nozzle orifice diameter 1.03 mm had to be used. Therefore.
bubbles with larger dg were produced, especially at lower Rg. Also, the results showed
that as Ry increased the standard deviation of the BSD became smaller. as shown in
Figures 5.15 and 5.16. This means more uniform bubble size with mean volume diameter
ds were produced. The results also show that the Ugrwms decreased as Rg was increased for

contact zone hydraulic loading rates 50, 70 and 90 m/h.

Regarding the effect of Rg on bubble volume and number concentrations, the
results in Tables 5.11 to 5.13 indicate that, for all contact zone hydraulic loading rates

investigated. ®p and Nj increased as Rg was increased.

To summarize, increasing the recycle ratio at constant contact zone hydraulic
loading rate and saturator pressure caused the bubble mean diameter to decrease and at
the same time the standard deviation of BSD decreased, therefore. producing more
uniform bubble size. As a result, bubble volume and number concentration increased.

Also. the increase in the recycle ratio decreased the Urms due to the decrease in Ggs.

5.2.3.3 Effect of contact zone hydraulic loading rate

The third important operational parameter that was investigated in this study was
the hydraulic loading rate inside the contact zone. The effect of contact zone hydraulic
loading rate on bubble size, concentration and Ug ins Was measured by varying the
hydraulic loading rate at constant Rg and Ps... Hydraulic loading rates in this study were
varied from 30 to 90 m/h. All experiments were performed at Ps, of 484 kPa and the

measurements were taken at probe volume coordinates (900,0,25).
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Figure 5.15 Effect of recycle ratio on BSD for hydraulic loading rate of 50 m/h.
d orgee = 0.55 mm, 20°C, Ps, = 484 kPa and probe volume
coordinates (900,0,25)



179

10

% air bubbles

0 50 100 150 200

Figure 5.16 Effect of recycle ratio on BSD for hydraulic loading rate of 90 m/h,

d orifice= 1.03 mm, 20°C, Ps,, = 484 kPa and probe volume
coordinates (900,0,25)
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The effect of contact zone hydraulic loading rate on bubble size. concentration and
Us s for hydraulic loading rates of 30 and 50 m/h is shown in Table 5.14. These
experiments were performed at recycle ratio of 7 % while d orcc 0f 0.55 mm. The results
showed that as contact zone hydraulic loading rate increased from 30 to 50 m/h, the mean
bubble diameter decreased significantly. This is illustrated in Figure 5.17 which shows
BSD at both hydraulic loading rates. As hydraulic loading rate increased, at the same Rg,
the saturated water flow rate, Qs.,, increased and as a result bubbles with smaller

diameters were produced.

The results in Table 5.14 show that the mean relative rise velocity of the bubbles
Us o decreased as hydraulic loading rate was increased. This is in agreement with the
calculated Stokes’ rise velocity. As hydraulic loading rate increased, mean dg decreased
and therefore Ug sioxc decreased, based on Equation 2.13. As expected, the mean
instantaneous rise velocity of the bubbles increased as contact zone hydraulic loading rate

increased. In addition, the Ugrms decreased.

Regarding the effect of contact zone hydraulic loading rate on bubble number
concentrations (Ng), the results in Table 5.14 indicate that the measured Nj increased.
Higher hydraulic loading rates produced bubbles with smaller dg and therefore Np
increased. On the other hand, the results indicated that the measured bubble volume
concentration @ decreased as hydraulic loading increased for the same Rg and Ps..
These results are in contradiction with the theoretical value based on Equations 2.6, 2.7
and 2.8. The differences between the theoretical and the experimental values could be due
to the method that was used to calculate the @ experimental. The experimental ®g value
was calculated by multiplying the measured Nj values by the mean bubble volume, which
is based on the measured mean dg. Since the mean bubble diameter was less than 100 yum,
the bubbles could be assumed to be spherical in shape (Clift et al., 1978). Also, the
measured mean values of dg using the PDA were verified using the video photographic

method. Therefore, the main source of the discrepancy could be due to the measured Ng



Table 5.14  Effect of hydraulic loading rate on bubble size, concentration and rise
velocity at Rg = 7 %, d orifice = 0.55 mm, 20°C, Ps,, = 484 kPa
and probe volume coordinates (900,0,25)

Hydraulic loading rate (m/h) 30 50
dg (um) 85.5 63.3
Oge(um) 15.4 12.6
Ug i (M/S) 1.42E-02 1.84E-02
Urnms (m/s) 5.57TE-03 2.11E-03
U, (m/s) 1.05E-02 1.65E-02
Ug Retative (MV/S) 3.73E-03 1.90E-03
Us stoke (V) 4.04E-03 2.22E-03
Measured Ng (bubbles/mL) 1.04E+04 1.70E+04
Theoretical Ng (bubbles/mL) 1.57E+04 3.86E+04
Measured @5 (ppm) 3405 2898

Theoretical Og (ppm) 5120 5120
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values. Personal communication with DANTEC technical services verified that the
differences in measured Ng values using the PDA could be as high as 50%.

Table 5.15 summarizes the results for experiments conducted at hydraulic loading
rates 50 and 70 m/h. These experiments were performed at recycle ratio of S % and usmg
d ongice of 0.55 mm. The results again show that the mean bubble diameter decreased as
contact zone hydraulic loading rate increased, which is illustrated by the BSD curves m
Figure 5.18. As a result, the measured Np increased while ®g decreased as the hydraulic
loading rate increased. The results also show that the mean relative rise velocity of the

bubbles Ug ,; decreased as hydraulic loading increased.

Table 5.16 summarizes the results for experiments conducted at hydraulic loading
rates of 70 and 90 m/h. These experiments were performed at recycle ratio of 3 % and
using d oriscc 0f 0.55 mm. These experiments show that the mean dg decreased as a result
of increasing the hydraulic loading rate. Figure 5.19 shows the BSD curves for both
hydraulic loading rates. It was observed that both BSD curves had higher o4 and were
more skewed to the right when compared to those at lower hydraulic loading rates, i.e. 30
and 50 m/h. At higher hydraulic loading rates, larger portions of bubbles with mean ds
larger than 150 pm, which were formed in the mixing column, will enter the contact zone

column.

Table 5.16 show that Ng increased with increasing the hydraulic loading and ®g
decreased. The results also show that the mean relative rise velocity of the bubbles Ug
decreased as hydraulic loading rate increased and at the same time the Uryms of the bubbles

decreased.

Table 5.17 summarizes the results for experiments conducted al at hydraulic
loading rates of 70 and 90 m/h, with a recycle ratio of 7 % and using d oriicc 0f 1.03 mm.
In these experiments, the results clearly show the effect of increasing the hydraulic loading



Table 5.15  Effect of hydraulic loading rate on bubble size, concentration and rise
velocity at Rg = 5 %, d orifice =0.55 mm, 20°C, Pg, = 484 kPa
and probe volume coordinates (900,0,25)

Hydraulic loading rate (m/h) 50 70
dg (um) 68.8 63.4
Gg4p(um) 19.9 19.9
Ug ng (M/S) 1.93E-02 2.44E-02
Ugms (m/s) 2.32E-03 2.58E-03
U (m/s) 1.65E-02 2.18E-02
Usg Retaive (M/S) 2.80E-03 2.56E-03
Ug stae (M/S) 2.62E-03 2.22E-03
Measured N (bubbles/mL) 1.12E+04 1.41E+04
Theoretical Ng (bubbles/mL) 2.19E+04 2.79E+04
Measured ®g (ppm) 2056 1877

Theoretical Oy (ppm) 3728 3728
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Figure 5.18 Effect of hydraulic loading rate on BSD at Rg = 5 %, Ps, = 484
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Table 5.16  Effect of hydraulic loading rate on bubble size, concentration and rise
velocity at Rg = 3 %, d origec = 0.55 mm, 20°C, Ps,, = 484 kPa
and probe volume coordinates (900,0,25)

Hydraulic loading rate (m/h) 70 90
dg (um) 66.0 56.7
Ggp(m) 22.7 19.2
Up i (/) 2.48E-02 2.74E-02
Ugrms (m/s) 3.00E-03 2.88E-03
Uy (m/s) 2.13E-02 2.55E-02
Usg Retative (IVS) 3.53E-03 1.93E-03
Ug soke (MV/S) 2.41E-03 1.78E-03
Measured Ng (bubbles/mL) 5.97E+03 6.94E+03
Theoretical Ng (bubbles/mL) 1.51E+04 2.39E+04
Measured ®g (ppm) 1560 1432

Theoretical O (ppm) 2279 2279
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Figure 5.19  Effect of hydraulic loading rate on BSD at Rg = 3 %, Ps, = 484

kPa, d orgee = 0.55 mm, 20°C and probe volume
coordinates (900,0,25)
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Table 5.17  Effect of hydraulic loading rate on bubble size, concentration and rise
velocity at Rg = 7 %, d orsice = 1.03 mm, 20°C, Ps,, = 484 kPa

and probe volume coordinates (900,0,25)

Hydraulic loading rate (m/h) 70 90
dg (um) 81.9 67.1
Gqp(m) 18.9 19.8
Ug s (M/S) 2.51E-02 2.84E-02
Ugrms (m/s) 3.81E-03 2.99E-03
U (m/s) 2.13E-02 2.55E-02
Us retane (V/S) 3.80E-03 2.90E-03
Ug swore (I/S) 3.71E-03 2.49E-03
Measured Ny (bubbles/mL) 1.37E+04 1.42E+04
Theoretical Ny (bubbles/mL.) 1.78E+04 3.24E+04
Measured ®g (ppm) 3927 2239
Theoretical &g (ppm) 5120 5120
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Figure 5.20  Effect of hydraulic loading rate on BSD at Rg = 7 %. Ps, = 484

kPa. d ongee = 1.03 mm. 20°C and probe volume
coordinates (900,0.25)
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rate on the mean dg especially when using larger d orisc.. As illustrated i Figure 5.20, the
BSD curves showed that the mean dg decreased as contact zone hydraulic loadimg rate
increased. The results in Table 5.17 also show that Nj increased with increasing the
hydraulic loading rate while ®g decreased. In addition, the mean relative rise velocity of
the bubbles Ug .1 decreased as hydraulic loading rate increased and at the same time the
Ugrms of the bubble decreased.

To summarize, increasing the contact zone hydraulic loading rate at constant
recycle ratio and saturator pressure decreased the mean bubble diameter. As a result,
bubble number concentration increased. Although the theoretical bubble volume
concentration remained unchanged as the hydraulic loading rate was increased, the
experimental bubble volume concentration had decreased. Also, the increase in the
hydraulic loading rate increased both the instantaneous bubble rise velocity and the

superficial liquid velocity and at the same time the relative bubble rise velocity decreased.

5.2.3.4 Effect of nozzle orifice diameter

The fourth important operating parameter that was investigated in this study was
the nozzle orifice diameter d onse.. In this study, the effect of two values of d onscc On
bubble size. concentration and Ug i, Were investigated: d oriscc 0f 0.55 mm and 1.03 mm.
These experiments were performed at constant contact zone hydraulic loading rate and Ry

and at P, of 484 kPa.

The effect of increasing the d onsc. On bubble size, concentration. and Ug ug is
shown in Table 5.18. These experiments were performed at contact zone hydraulic
loading of 50 m/h and Rg of 7 %. The probe volume coordinates were (400,0,25). The
results show that as the d orcc increased from 0.55 to 1.03 mm, the mean dg increased
significantly. At the same time the standard deviation of ds increased as d oniec Icreased.
as shown in Figure 5.21. The BSD curve for d orisec 0f 1.03 mm is more skewed to the

right suggesting that higher percentage of larger bubbles were present.



Table 5.18  Effect of nozzle orifice diameter on bubble size, concentration and rise
velocity for hydraulic loading rate = 50 m/h, Rg = 7 %, 20°C, Psa = 484
kPa and probe volume coordinates (400,0,25)
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Nozzle orifice diameter (mm) 0.55 1.03
dg (pm) 52.7 70.1
Gap(pum) 14.1 21.6
Ug et (m/S) 1.72E-02 1.81E-02
Ugus (m/s) 3.64E-03 5.34E-03
Uy (m/s) 1.62E-02 1.62E-02
U Retive (V/S) 9.77E-04 1.86E-03
Ug swoke (M/S) 1.54E-03 2.72E-03
Measured Ng (bubbles/mL) 2.36E+04 1.12E+04
Theoretical Ng (bubbles/mL) 6.68E+04 2.84E+04
Measured @3 (ppm) 1810 2025
Theoretical O (ppm) 5120 5120
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Figure 5.21 Effect of nozzle orifice diameter on BSD for hydraulic
loading rate = 50 m/h, Rg = 7 %, Ps,, = 484 kPa, 20°C and
probe volume coordinates (400,0,25)
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Table 5.18 shows that as d oriscc increased. the mean Ug ;. increased. At the same
time, the Urnms increased as a result of increasing o4s. The relative rise velocity increased

as the d origce increased due to the production of bubbles with larger mean dg.

In addition, the results in Table 5.18 indicate that the measured Ng decreased with
increasing d orisce as a result of the increase in the bubble mean dg. Also, the results
showed that the experimental ®g increased as the result of using larger d orifice.
Theoretically, ®p should have remaired unchanged as d onsi Increased, based on
Equations 2.6. 2.7 and 2.8. However, the increase in the experimental ®g as d onficc
increased may be explained as follow: as d orisce had increased, bubbles with larger
diameters were produced. Therefore. the mean bubble volume increased and as a result
the experimental ®g. which is based on the experimental Np multiplied by the experimental

mean bubble volume, increased.

Tables 5.19 and 5.20 summarize the results for experiments conducted for
hydraulic loading rate of 70 m/h, Rg = 5 %, Ps. of 484 kPa and probe volume coordinates
(400.,0,0) and (900,0,0), respectively. These experiments showed that the mean dg
increased as the d ong.. increased from 0.55 to 1.03 mm. Also, the results show that the
mean dg for both d onsc. Were larger at probe volume coordinates (900.0.0) than those at
(400.0.0). At both probe volume coordinates, the bubble diameter standard deviation
increased as the d onsce increased from 0.55 to 1.03 mm. This is illustrated in Figures 5.22
and 5.23 which show BSD for both d orisce at probe volume coordinates (400.0.0) and
(900.0,0), respectively.

Tables 5.19 and 5.20 show that as d orgec increased. the mean Usg g increased for
both probe volume coordinates . At the same time, the Ugrwms increased as a result of
increasing oas. Also, the relative rise velocity increased as the d oriscc increased due to the
production of bubbles with larger mean dg. In addition, the results indicated that the
measured Nj decreased with increasing d orisc. and the experimental ®p increased as the

result of using larger d orifice.



Table 5.19  Effect of nozzle orifice diameter on bubble size, concentration and rise
velocity for hydraulic loading rate = 70 m/h, Rg = 5 %, 20°C, Pg, = 484
kPa and probe volume coordinates (400,0,0)
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Nozzle orifice diameter (mm) 0.55 1.03
dg (um) 54.1 61.1
O ap(pm) 18.6 22.9
Uz i (m/S) 2.28E-02 2.41E-02
Urms (m/s) 5.97E-03 7.90E-03
Uy (m/s) 2.16E-02 2.16E-02
Ug rRaaive (MVS) 1.24E-03 2.45E-03
Us stoke (m/S) 1.62E-03 2.06E-03
Measured Ng (bubbles/mL) 1.45E+04 1.09E~04
Theoretical Ng (bubbles/mL) 4.50E+04 3.12E+04
Measured ®g (ppm) 1198 1303
Theoretical ®g (ppm) 3728 3727




Table 5.20  Effect of nozzle orifice diameter on bubble size, concentration and rise
velocity for hydraulic loading rate = 70 m/h, Rg = 5 %, 20°C. Ps,, = 484
kPa and probe volume coordinates (900.0,0)
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Nozzle orifice diameter (mm) 0.55 1.03
dg (um) 64.5 79.1
Gge(pm) 18.0 22.7
Up it (1) 2.39E-02 2.49E-02
Ugrnms (m/s) 2.22E-03 2.69E-03
UL (mv/s) 2.22E-02 2.22E-02
Us Raatie (MVS) 1.66E-03 2.72E-03
Ug stoke (M/S) 2.30E-03 3.46E-03
Measured N (bubbles/mL) [.31E+04 9.68E+03
Theoretical Ny (bubbles/mL) 2.65E+04 1.44E+04
Measured @y (ppm) 1841 2504

Theoretical @y (ppm) 3727 3727
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Figure 5.23 Effect of nozzle orifice diameter on BSD for hydraulic

loading rate = 70 m/h, Rg =5 %, Ps,, = 484 kPa, 20°C and
probe volume coordinates (900,0.0)
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Table 5.21 summarizes the results of experiments conducted for hydraulic loading
of 90 h, Ry = 3 %, Ps, of 484 kPa and probe volume coordinates (900.0.25). The
results show that as the d orisc. increased from 0.55 to 1.03 mm, the mean dg increased
significantly. At the same time the standard deviation of da increased as d orifice increased,
as shown in Figure 5.24. The BSD curve for d oriscc of 1.03 mm was more skewed to the

right suggesting that higher portion of larger bubbles were present.

Table 5.21 shows that the mean Ug .« increased as d o increased. The relative
rise velocity increased as the d orc. increased and the Ugrms of the bubbles increased. In
addition, the results indicated that the measured Np decreased with increasing d onsee and

the experimental ®p increased as the result of using larger d orifice-

To summarize, increasing the size of the nozzle orifice diameter mcreased the
mean bubble diameter at constant hydraulic loading rate. recycle ratio and saturator
pressure. As a result, bubble number concentration decreased. Although the theoretical
bubble volume concentration remained unchanged as the nozzle orifice diameter was
increased, the experimental bubble volume concentration increased. In addition. the
instantaneous and relative bubble rise velocity increased as a result of increasing the size of

the nozzle orifice diameter.

5.2.3.5 Effect of contact zone height

To study the effect of contact zone height on bubble size. concentration and rise
velocity. PDA measurements were taken at two different heights. The PDA set-up was
elevated 1500 mm from the ground and since the set-up was stationary, the first
measurement was taken at 900 mm from the base of the DAF column. This corresponded
to the maximum height that the PDA measurements could be taken. To take
measurements at lower contact zone heights, and taking into consideration the maximum

ceiling height, the DAF column could be elevated only by 500 mm from the ground.



Table 5.21  Effect of nozzle orifice diameter on bubble size, concentration and rise
velocity for hydraulic loading rate= 90 m/h, Rg = 3 %, 20°C, Pg,, = 484
kPa and probe volume coordinates (900,0,25)
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Nozzle orifice diameter (mm) 0.55 1.03
dg (um) 56.7 74.4
Og4p(pm) 19.2 27.1
Ug ps (D/S) 2.74E-02 2.90E-02
Urms (m/s) 2.88E-03 3.60E-03
Uy (m/s) 2.55E-02 2.55E-02
Ug raane (MV/S) 1.93E-03 3.50E-05
Ug swre (M/S) 1.78E-03 3.06E-05
Measured N (bubbles/mlL ) 6.94E+03 6.80E+03
Theoretical Ng (bubbles/mL) 2.39E+04 1.06E+04
Measured @y (ppm) 1432 1468
Theoretical &3 (ppm) 2279 2279
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Figure 5.24 Effect of nozzle orifice diameter on BSD for hydraulic
loading rate = 90 m/h, Rg = 3 %, Ps. = 484 kPa, 20°C and
probe volume coordinates (900,0,25)
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Therefore, the minimum height that the PDA measurements could be taken was 400 mm

from the base of the DAF column.

The effects of contact zone height on bubble size, concentration and Us ins for
hydraulic loading rate of 30 m/h are shown in Table 5.22. These experiments were
performed at two value of Rg: 7 % and 10 % and the probe volume coordinates were
(900,0,25) for contact zone height of 900 mm and (400,0,25) for contact zone height of
400 mm. All experiments were conducted using doriscc = 0.55 mm and Ps, was 484 kPa.
The results, for both recycle ratios, showed that the mean dg increased significantly as the
contact zone height increased. This is illustrated clearly in the BSD curves shown in
Figures 5.25 and 5.26 for Rr = 7 % and Rg = 10 %, respectively. As expected, the values
of the mean dg and 645 were lower when measured at Rg = 10 %, for both heights.
Calculations showed that the increase in the mean dg as the contact zone height increased

is due mainly to the coalescence of bubbles as they rise.

In addition, the results in Table 5.22 indicate that Ng decreased as the contact zone
height had increased while @5 increased, for both recycle ratios. The reduction in Ng may

be due to the coalescence of bubbles as they rise inside the column.

The effect of contact zone height was also investigated at higher hydraulic loading
rates. As shown in Table 5.23, the results indicate again that the mean dg decreased as the
contact zone height increased for hydraulic loading rate of 50 m/h. These experiments
were performed at two values of Rg: 5 % and 7 % and the probe volume coordinates were
(900,0,25) for contact zone height of 900 mm and (400,0,25) for contact zone height of
400 mm. All experiments were conducted using dorisice = 0.55 mm and Ps, was 484 kPa.
Figures 5.27 and 5.28 illustrate the BSD curves for Rg =5 % and 7 %, respectively. These
figures show that BSD’s for Rg = 7 %, for both heights, have lower mean dg and Gg4p than
those for Rz = 5 %.
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Effect of contact zone height and recycle ratio on bubble size,
concentration and rise velocity for hydraulic loading rate = 30 m/h, 20°C,
Ps,, = 484 kPa, d o5 = 0.55 mm and probe volume coordinates
(900,0,25) and (400,0,25)

Table 5.22

Rr=7% Rr=10%
Contact zone height (mm) 900 400 900 400
dg (um) 85.5 65.4 73.7 64.2
O4p(um) 15.4 12.3 14.4 11.0
Ug st (M/S) 1.42E-02 1.35E-02 1.40E-02 1.32E-02
Ugrms (m/s) 5.57E-03 5.54E-03 4.68E-03 5.25E-03
Uy (m/s) 1.05E-02 1.07E-02 1.05E-02 1.07E-02
Usg Raaive (MVS) 3.73E-03 2.80E-03 3.50E-03 2.50E-03
Ug swke (M/S) 4.04E-03 2.36E-03 3.00E-03 2.28E-03
Measured Ng (bubbles/mL) 1.04E+04 1.44E+04 1.79E+04 2.15E+04
Theoretical Ng (bubbles/mL) 1.57E+04 3.50E+04 3.40E+04 5.14E+04
Measured @y (ppm) 3405 2108 3748 2979
Theoretical ®g (ppm) 5120 5120 7114 7114
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Figure 5.25  Effect of contact zone height on BSD for hydraulic loading
rate = 30 m/h, Rg = 7 %, Ps,, = 484 kPa, 20°C, donfice
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Figure 5.26 Effect of contact zone height on BSD for hydraulic loading
rate = 30 m/h, Rg = 10 %, Ps, = 484 kPa, 20°C, dorifice
0.55 mm and probe volume coordinates (900,0,25) and

(400,0,25)

202



203

Table 5.23  Effect of contact zone height and recycle ratio on bubble size,
concentration and rise velocity for hydraulic loading rate = 50 m/h, 20°C,
Ps, = 484 kPa, d o = 0.55 mm and probe volume coordinates
(900,0,25) and (400,0,25)
Rr =5 % Re=7%
Contact zone height (mm) 900 400 900 400
dg (um) 68.8 54.1 63.3 52.7
Ggap(um) 19.1 17.1 12.6 11.9
Ug ins (/8) 1.93E-02 1.76E-02 1.84E-02 1.72E-02
Urms (nv/s) 2.32E-03 3.86E-03 2.11E-03 3.64E-03
Uy (m/s) 1.65E-02 1.62E-02 1.65E-02 1.62E-02
Usg Raaive (M/S) 2.80E-03 1.35E-03 1.90E-03 9.77E-04
Uk stk (M/5) 2.62E-03 1.62E-03 2.22E-03 1.54E-03
Measured Ng (bubbles/smL)  1.12E+04  1.52E+04 2.66E+04  2.36E+04
Theoretical Ng (bubbles/mL.) 2.19E+04  4.50E+04 3.86E+04  6.68E+04
Measured ®p (ppm) 2056 1260 2198 1810
Theoretical ®g (ppm) 3728 3728 5120 5120
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To illustrate the effect of doris.. on bubble size distribution for both contact zone
heights, experiments were performed at Rz = 10 %, and doriscc was 1.03 mm. As shown
in Table 5.24, mean dg for both heights were larger than dg measured using the donsice =
0.55 mm and also the reduction in the mean bubble size, as the contact zone height
decreased, was more significant. This is illustrated in Figure 5.29 which shows the BSD

curves for both contact zone heights.

In addition, Tables 5.23 and 5.24 show that the mean Ug in«x decreased as the
contact zone height decreased, for all Rg investigated. Also, these results indicate that the

Ng decreased as the contact zone increased while ®j increased.

The effect of contact zone height on bubble size, concentration and Ug 1.« for
hydraulic loading rate of 70 m/h is shown in Table 5.25. These experiments were
performed at two Rg: 3 % and 5 % and the probe volume coordinates were (900,0.25) for
contact zone height of 900 mm and (400,0,25) for contact zone height of 400 mm. All

experiments were conducted using dorse. = 0.55 mm and Ps,, was 484 kPa.

The results, for both recycle ratios, showed that the mean dg increased as the
contact zone height increased. However, the reduction in bubble size was not as
significant as that observed for hydraulic loading rates of 30 and 50 m/h. This is illustrated
in the BSD curves shown in Figures 5.30 and 5.31 for Rz = 3 % and Rz = 5 %,

respectively.

In addition, Table 5.25 show that the mean Ug i,« decreased as the contact zone
height decreased, for all Rg and dorisc. investigated. Also, these results indicate again that

the Nj decreased as the contact zone increased while ®g increased.

To summarize, decreasing the contact zone height at constant hydraulic loading
rates, recycle ratios and saturator pressures would decrease the mean bubble size. The

reduction was more significant at lower hydraulic loading rates and recycle ratios. Also,



Table 5.24 Effect of contact zone height on bubble size, concentration and rise
velocity for hydraulic loading rate = 50 m/h, Rg = 10 %, 20°C, P, =

484 kPa, d g = 1.03 mm and probe volume coordinates

(900,0,25) and (400,0,25)

Contact zone height (mm) 900 400
dg (um) 100.7 80.0
G4p(pm) 21.0 16.0
Ug ot (m/s) 2.44E-02 1.92E-02
Ugrms (m/s) 5.45E-03 5.08E-03
Uy (m/s) 1.70E-02 1.62E-02
Usg Retaive (V/S) 7.36E-03 3.00E-03
U swke (MV/S) 5.61E-03 3.54E-03
Measured N (bubbles/mL) 1.13E+04 1.85E+04
Theoretical Ng (bubbles/mL) 1.33E+04 2.66E+04
Measured & (ppm) 6037 4962
Theoretical &g (ppm) 7114 7114
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Table 5.25

Effect of contact zone height and recycle ratio on bubble size,
concentration and rise velocity for hydraulic loading rate = 70 m/h, 20°C,
Ps,. = 484 kPa, d o5 = 0.55 mm and probe volume coordinates
(900,0,25) and (400,0,25)
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Re=3% Rre=5%

Contact zone height (mm) 900 400 900 400
dg (um) 66.0 54.8 64.5 54.1
Ggp(m) 22.7 20.7 18.0 18.6
Ug no (MV/S) 2.48E-02 2.25E-02 2.39E-02 2.28E-02
Ugrums (m/s) 3.00E-03 6.90E-03 2.22E-03 5.97E-03
Uy (m/s) 2.13E-02 2.13E-02 2.22E-02 2.16E-02
Usg Retatnve (V/S) 3.53E-03 1.20E-03 1.66E-03 1.24E-03
U swke (M/S) 2.41E-03 1.66E-03 2.30E-03 1.62E-03
Measured Ng (bubbles/rmL)  5.97E+03  6.21E+03 1.31E+04  1.45E+04
Theoretical Ng (bubbles/mL) 1.51E+04 2.65E+04 2.65E+04 4.50E+04
Measured &g (ppm) 1560 1211 1841 1198
Theoretical &g (ppm) 2279 2279 3727 3727
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Figure 5.31  Effect of contact zone height on BSD for hydraulic loading
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using larger nozzle orifice diameter had a more significant effect on bubble size with
change in the contact zone height. As the contact zone height increased, the hydrostatic
pressure decreased resulting in bubbles with larger ds. However, calculations showed that
the effect of the hydrostatic pressure on bubble size was insignificant. Also, bubbles
coalesced as they rose inside the contact zone column and as a result bubbles with larger
mean volume were produced. As a result, the bubble number concentration decreased
while the bubble volume concentration increased. In addition, the mean instantaneous

bubble rise velocity decreased as the contact zone height decreased.

5.2.3.6 Contact zone wall effect

These experiments were conducted for hydraulic loading rate of 70 m/h, Rg =5 %
and Ps,, = 484 kPa and using doriscc = 0.55 mm. The measurements were taken at probe
volume coordinates of (900,6.0), which represented the center of the column, (900,0,25)

and (900,0.45), respectively.

The results of these experiments, summarized in Table 5.26, indicate that both
mean Ug ;. and U decreased as the measurements were taken closer to the column’s
wall. In addition, the BSD curves, illustrated in Figure 5.32, showed that the measured
mean dg was almost the same for all probe volume coordinates. However, the measured
bubble number concentration and the experimental bubble volume concentration increased

slightly as the measurements were taken closer to the column’s wall.



Contact zone wall effects on bubble size, concentration and rise velocity
for hydraulic loading rate = 70 m/h, Rg = 5 %, 20°C, d orifce = 0.55 mm
and Ps, = 484 kPa

Table 5.26

Probe volume coordinates (mm) (900,0,0) (900,0,25) (900,0.45)
dg (um) 64.5 63.4 64.1
Gap(pm) 18.0 19.9 18.4
Ug st (MV/S) 2.39E-02 2.44E-02 1.98E-02
Urms (m/s) 2.22E-03 2.58E-03 3.09E-03
Uy (m/s) 2.22E-02 2.18E-02 1.71E-02
Up Retane (IV/S) 1.66E-03 2.56E-03 2.73E-03
Ug stoke (mV/S) 2.30E-03 2.22E-03 2.27E-03
Measured Ng (bubbles/mL) 1.31E+04 1.41E+04 1.66E+04
Theoretical N (bubbles/mlL) 2.65E+04 2.79E+04 2.70E+04
Measured &g (ppm) 1841 1877 2297
Theoretical g (ppm) 3727 3727 3727
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5.3 DAF Kinetic Studies

DAF kinetic experiments were performed on synthetic water spiked with algae as
described in Section 4.4. In this section, the results of the optimum coagulant dose
experiments, the effect of different operational conditions, on DAF performance, and the
results of the overall DAF removal efficiency, Rpar, and contact zone removal efficiency,

Rcz, at different operational conditions are presented.

5.3.1 Optimum coagulant dose

The optimum dose of the PACI was determined by using the bench-scale DAF unit
and by following the procedures outlined in Section 4.4. The optimum dose was
determined based on treated water turbidity of 0.1 NTU or lower and on the lowest
number concentration of particles, i.e. highest particle log reduction. In these
experiments, the PACI dose was varied from 0.5 to 5.0 mg/L as aluminum and there was
no pH adjustment after the addition of the coagulant to the synthetic water. These
experiments had to be performed in three different runs in order to locate the optimum

dose.

The results of these experiments, which are summarized in Table 5.27, indicated
that the optimum PACI dose was in the range of 2.9 to 3.14 mg/L as aluminum. At that
dose, treated water turbidity was 0.09 NTU, a reduction of almost 92 %. Also, the
number concentration of the particles in the treated water was 458 particles/mL. a
reduction of 99.5 % or 2.3 log reduction. These results are also illustrated in the

percentage reduction bar graphs shown in Figure 5.33.
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Figure 5.33 Turbidity and particles removal efficiency as a function of PACI dose




5.3.2 DAF Removal Efficiency

To determine the effect of different operating parameters on DAF removal
efficiency, a 2* factorial design was employed in the pilot-scale experiments. Two levels
of the independent variables: hydraulic loading rate and recycle ratio were studied
simultaneously. Two 2 factorial designs were performed at two different nozzle orifice
diameters. This arrangement was necessary to cover all possible hydraulic loading rates
and recycle ratios in this study. The dependent or performance variable used to assess the
effect of the independent variables was the overall percentage of DAF particle removal

efficiency, Rpar.

The overall percentage of DAF removal efficiency was calculated by summing
Rpar; for particles of size, dp;, for the applied particle size range measured by the particle

counter. The Rpar was calculated by using the following formula:

i=n i=n N
Roar = 3 Rpap; X100% = {1- Z[ N"“‘] } x100% (5.1)
CZo

i=1 i=1 i
Experiments in each factorial design were replicated by measuring the Rpar at

hydraulic loading rate and recycle ratio which corresponded to the midpomnt of the two

levels. These replicates were used to calculate the mean square error that was used i the

analysis of variance. ANOVA. Table 5.28 summarizes the experimental arrangements for
the pilot-scale DAF kinetic study.

The experimental results for the overall removal, Rpar, are summarized in
descending order in Figure 5.34. The highest Rpar was achieved at a hydraulic loading of
90 m/b, Rg = 7 % and dorge. = 1.03 mm, where about 76 % overall removal efficiency was
achieved. On the other hand, when operating the DAF at a hydraulic loading rate of 30
m/h, Rz = 3 % and dorigec = 0.55 mm, only 32 % of particle removal efficiency was



Table 5.28 Experimental arrangments for the pilot-scale DAF kinetic study
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Level Studied
Factorial Design doyifice (mm) Factor Low Midpoint High
[ 0.55 Hydraulic loading rate (m/h) 30 50 70
Recycle ratio (%) 3 5 7
1 1.03 Hydraulic loading rate (m/h) 70 80 90
Recycle ratio (%) 3 5 7
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achieved. Experiments replicated at hydraulic loading rate of 50 m/h, Rg =5 % and dons.
=0.55 mm and at hydraulic loading rate of 80 m/h, Rz = 5 % and dorifcc = 1.03 mm

showed little variations in the results.

The values of Rpar were calculated based on Equation 5.1. This required the
measurement of the cumulative particle counts and the PSD for both the flocculated water
and DAF effluent water. Table 5.29 summarizes the results of PSD analysis and Rpar
calculations for hydraulic loading of 90 m/h, Rg = 7 % and dorifice = 1.03 mm. One can
notice the much higher particle numbers for the 1 to 150 um size range, when compared
to 2 to 150 um size range, which indicate a large number of particles between 1 and 2 pm.
In practice, most particle counting is performed with instruments that detect particles of 2
um and larger; therefore, cumulative particle count will be based on particle size range 2

to 150 um.

The effect of different operational conditions on DAF performance can be
examined better using the PSD plots. The PSD data are presented using the number
distribution function, which is one type of a normalized absolute PSD plot based on
Standard Method number 2560 (APHA, AWWA and WEF, 1992). The number
distribution is formed by plotting AN; divided by Alog dp; versus log dp; in which AN, is the
particle count per milliliter in channel i, dp; is the average particle size for channel i and
Alog dp; = log dp; -1 - log dp; is the width of the size channel. This type of distribution
usually illustrates the presence of more numerous smaller particles. The area under the

PSD curve represents the total number of particles between any two sizes.

Figure 5.35 shows PSD, based on number distribution, for raw water (synthetic
water with algae), flocculated water and DAF effluent water for hydraulic loading rate of
90 m/h, Rg = 7 % and dorisce = 1.03 mm. The PSD plot shows that floc particles were
generally small, on a number basis. The particles were mostly smaller than 12 pm. Also,
it shows that the number concentration of raw water particles increased after the addition

of 3 mg/L of PACI followed by 5 minutes of flocculation.
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Figure 5.35 Particle size number distribution for pilot-scale kinetic study for

the following operational conditions: hydraulic loading rate = 90 m/h,

Rr = 7 % and dorisee = 1.03 mm
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DAF effluent particle counts, based on 2 to 150 pm size range, were generally
between 2000 to 4000 particles/mL. The lowest DAF removal efficiencies occurred for
particles lower than 2 um in size while the highest was achieved for particles with dp;
ranging from 4 to 12 um. This is clearly illustrated in Figure 5.36 which shows Rpar; for
particle size, dp;, for hydraulic loading rate of 90 m/h, Rg = 7 % and doriscc = 1.03 mm.
This finding is in agreement with the SCE model where total removal efficiency is
proportional to dp’ for interception. Figure 5.36 also shows that Rpar: for particles of size,
dpi, larger than 12 um decreased. That may be due to fewer particles of these sizes

entering the DAF contact zone.

The direct effects of each independent variable, i.e. hydraulic loading rate and Rg,
on each dependent variable, i.e. Rpar, as well as the effects of two and three-way
interactions were examined using ANOVA. The data collected in the 2° factorial

experimental design were described by the following linear fixed effect ANOVA model:

Y= Ha + o + B+ (af); * & (5.2)

where Y is the measured dependent variable, i.e. the overall percentage of DAF particle

removal efficiency, Rpar, L« is the overall average effect, «; is the effect of the i™ level of
the first independent variable or factor, i.e. hydraulic loading rate, f3; is the effect of the i
level of the second treatment variable, i.e. the recycle ratio. The model also includes two-
way interactions, af3;;, and also the random error of the experiment. &;, which consists of

the pure errors, PE, and the lack of fit errors, LOF.
Since all factors in the model were fixed, the ANOVA could be used to test

hypotheses for each main effect and interaction by conducting test statistics. The

hypothesis tested for main treatment effects were of the form:

Ho: o; = o (Null hypothesis, effects are insignificant)
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Figure 5.36 Particle removal efficiency Rpasi for dp; for the following
operational conditions: hydraulic loading rate = 90 m/h, Rz =7 %
and dorgee = 1.03 mm
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HI: a, # a2 (Alternative hypothesis, significant effect)

where o, and a; represent the two levels of the first treatment, e.g. hydraulic loading 30
and 50 m/h, respectively. The same hypotheses were used to test the two -way
interactions. The test statistics for each main effect and interactions were developed by
dividing the corresponding mean square by an estimate of the mean square error. The
resulting statistical F-tests were upper-tail, one-sided test where the number of degzees of
freedom for any effect,v;, was equal to one. The mean square error, which bad three
degrees of freedom, v», was estimated from the replicated experiments. The main effects
and interactions were considered significant if the calculated ratio of mean square by mean
square error, F,, was larger than the F-value calculated from the F-distribution curves with

v, and v degree of freedom at the 2 % level of significance.

Table 5.30 summarizes the ANOVA results for the pilot-scale DAF kinetic study
using dorgee = 0.55 mm. The results indicate that both the main effect variables and
interactions were significant at 2 % level of significance. Increasing the hydraulic loading
rate from 30 to 70 m/h resulted in a 24 % increase in particle removal efficiency. Also,
increasing the recycle ratio from 3 to 7 % increased the particle removal efficiency by

about 20 %.

Similar ANOVA analyses were performed in the pilot-scale DAF kinetic study
using dorisee = 1.03 mm. The results, which are summarized in Table 5.31. indicate that
both the main effect variables and interactions were significant at the 2 % level of
significance. Increasing the hydraulic loading rate from 70 to 90 m/h resulted in a 32 %
increase in particle removal efficiency. Also, increasing the recycle ratio from 3 to 7 %

increased the particle removal efficiency by about 10 %.

One of the main objectives of the kinetic study was to determine, experimentally,

the contact zone removal efficiency, Rcz, for different hydraulic loading rates and recycle
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Table 5.30 ANOVA results for pilot-scale DAF kinetic study using

do,gﬁcc =0.55 mm
Sum of Degrees Mean
Squares of Square
Source (SS) Freedom (MS) F,*
Ha 1325 1 1325 -
A 4747 1 4747 53
B 4096 1 4096 46
AB 6368 1 6368 71
PE~ 179 1 179 -
LOF 88 2 44 :
£ 267 3 MSe 89 -
Total 16536 3 - -

* 1, represents overall average effect, A represents effect of o, B represents
effect of B and AB represents effect of of3

# F, was calculated by dividing MS for each effect by mean square of error MSg
= PE is the experimental pure errors

" LOF is the experimental lack of fit
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Table 5.31 ANOVA results for pilot-scale DAF kinetic study using

doriee = 1.03 mm
Sum of Degrees Mean
Squares of Square
Source (SS) Freedom (MS) F,
Ua 1225 1 1225 -
A 4942 1 4942 371
B 2247 1 2247 169
AB 6099 1 6099 457
PE 27 1 27 -
LOF 13 2 6 -
£ 40 3 MS; 13 -

Total 14513 3 - -
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ratios. This measurement can be used to estimate the experimental particle removal rate

constant, kp, using Equation 3.51.

As was explained earlier, there is a critical bubble-particle agglomerate diameter
dpgi crtical fOT particle size, dp;, that enters the bottom of the DAF separation tank where
Upgi aga = Uos. Agglomerates having dpg; larger than dps; critcas Would have higher Upgi aga
than Uos and therefore will be separated from the effluent. On the other hand,
agglomerates with deg; < dpi criical WOuld be conveyed with the effluent together with

those particles that are free of attached bubbles.

Therefore, by calculating dps; for each particle size dpi, one could determine the
number concentration of the fraction of particles that would be separated and the number
concentration of the fraction of particles that would conveyed with the effluent. To
simplify, the particle mass balance diagram for the DAF contact and the separation zones.
shown in Figure 5.37. will be used to calculate Rcz .

In Figure 5.37, both particles free of attached bubbles, represented by number
concentration of N¢z .;, and particles attached to air bubbles, represented by number
concentration of (N¢z .. - Ncz.. ), enter the bottom of the DAF separation zone. In this
study, the number of attached air bubbles ng was assumed to be one. This is based on the

fact that the mean dp was larger than the mean dp for the PSD.

Bubble-particle agglomerates with dpg; > dpg; crical Will be separated and collected on the
top of the DAF separation tank forming the sludge layer. The particle number
concentration of this fraction would be (N¢z o, - Ncz . )» for agglomerates with dpg; larger

than degi criticat-

On the other hand, bubble-particle agglomerates with dpsi < dpsi critical, Which have
number concentration of (Ncz o, - Ncz i )i, will be conveyed with the effluent in addition

to those particles with no attached bubbles. Therefore, the particle number concentration
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Figure 5.37 Hypothetical particle mass balance for contact and separation

zones of the DAF process
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of the DAF effluent Npar.; would be Ncz ., + (Ncz.o, - Nezc, )1 for agglomerates with dps;
smaller than dpg; critical -

In order to calculate the overall percentage of the contact zone removal efficiency,
Rcz, based on Equation 3.41, the particle number concentration, Ncz .., for particle size,
dp;, has to be estimated. This was achieved by comparing dps; with dps; criical for €ach
particle size, dp;, and calculating the fraction of (Nczo, - Nczei ) with degi < degi critical-
This is shown in Table 5.32, which summarizes the contact zone removal efficiency
calculations for hydraulic loading rate = 90 m/h, Rg = 7% and dorisc. = 1.03 mm. As
shown in Table 5.32, when dps; < dpgi critical fOT particle size, dp;, the fraction of (Ncz,. -
Ncze, )i is equal to 50% of the Npar i . This was based on the assumption that ops Was
equal to 0.5, i.e. 50% of the particles in the effluent are not attached to bubbles and the
remaining 50% are conveyed with the effluent because they have Upg; 1 lower than Uos.
Table 5.33 summarizes the Rcz results for all operational conditions investigated in this

part of the study.
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Table 5.33 Summary of Contact zone removal efficiency results for DAF

kinetic study

Hydraulic Loading Rg dorifice Rcz
rate (m/h) (%) (mm) (%)
90 7 1.03 76.3

70 7 0.55 75.1

50 5 0.55 70.2

50 S 0.55 73.1

70 7 1.03 68.5

30 7 0.55 64.2

80 5 1.03 61.0

80 5 1.03 62.5

70 3 0.55 593

90 3 1.03 456

70 3 1.03 35.0

30 3 0.55 31.7
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CHAPTER 6

DISCUSSION OF RESULTS

The results presented in Chapter 5 are discussed in this chapter. Four subject areas
will be discussed: (1) evaluation of DAF contact zone hydrodynamics; (2) evaluation of
bubble size, concentration and velocity in DAF contact zone; (3) evaluation and discussion
of particle removal efficiency for DAF contact zone with respect to the kimetic model; and
(4) comparison of theoretical and experimental particle removal rate constants, ke. The
objective of this chapter is to incorporate the theoretical principles into the evaluation of

the results and to identify the practical implications of the research data.

6.1 Hydrodvnamic Characterization Study Results

In this research, it was important to characterize the hydrodynamics inside the
contact zone, in terms of residence time and degree of mixing. Under actual operational
conditions, the flow conditions inside the DAF contact zone are neither perfect plug flow
nor completely mixed. Plug flow conditions are more efficient than completely mixed
contact zone, in terms of particle removal, provided that first order kinetics applies and kp
and HRT are the same. In order to model the particle removal kinetics in the contact
zone, the mean residence, t, has to be determined under different operational conditions.
As expected, the results have shown that t,, was always larger than the HRT for all
hydraulic loading rates investigated in this study.

The second important parameter needed for modeling the particle removal kinetics
in the contact zone is the degree of mixing, or the Pe. The results in this study have
confirmed that Pe was directly proportional to U and that the degree of mixing in the

contact zone decreased as Uy increased.
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In order to examine correlations between the variables t, and Uy, and Pe and U.

the simple linear regression one-parameter model was used. It can be written as:
Yu =P X + €4 6.1)

where vy, is the response variable, x, is the fixed regressor variable, B is the slope of the
best fitting line and &, is the random experimental error. The parameter B, termed
regression coefficient, is unknown and is estimated by using the method of least squares.
This method considers the best fitting model to be the one that comes closest to the data

in the sense of minimizing the quantity:

S= 3 (Yo -Ma)’ (6.2)

u=l

where S is the sum of squared discrepancies between the observed values y, and the values
given by the model 1, = B x,. By substituting n, m Equation 6.2, the best fitting straight
line can be obtained by finding the value of B that would minimize:

S=S(B)= D (ya —Bxy)’ (6.3)

u=l

The resulting least squares regression equation must be evaluated to determine the
significance of the regression. The approach used in this study was to calculate the
coefficient of determination, r*, using the statistical analysis program provided with
Microsoft Excel software. The r* value is a measure of the fraction of the variation in y,
which can be attributed to a linear relationship with x,. If*is equals to 1.0 then 100 % of
the variation in y, can be explained by x, and the linear regression is a good fit to the data.
On the other hand, if r* equals to O then the variation in y, is not explained by x, and the

linear regression is a poor fit to the data.
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Correlation between contact zone mean residence time, tn, and hydraulic loading

rate, Uy, can be expressed in the following equation:

tn =A U." (6.4)

where A is correlation parameter to be determined by regression analysis using the
experimental results for different contact zone heights. Statistical analyses performed for
top, middle and bottom ports data are summarized in Tables B1.5 to B1.7 in Appendices
BI.

The following empirical equations were obtained for the contact zone top, middle

and bottom ports, respectively:

t,=1.815U0." (6.5)
tn = 1.275 U (6.6)
t, = 0.999 U™ (6.7)

The r° values were 0.986, 0.982 and 0.941 for top, middle and bottom ports,
respectively, which indicate that the linear regression is a good fit to the experimental

data.

The regression parameter, A, which represents the distance from the point of the
tracer injection to the port where the measurements were taken, L, was close to the actual
values. The actual distance from the point of the tracer injection to the top, middle and
bottom ports were 1750, 1300 and 830 mm, respectively, while the regression parameter
A for the top, middle and bottom ports were 1815, 1275 and 999 mm, respectively.
Figure 6.1 shows a plot for the best fit of the experimental results for the correlation
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Figure 6.1 Plot of best fit of the experimental results for the

correlation between t; and U, for contact zone top, middl
and bottom ports, respectively.
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between contact zone mean residence time and hydraulic loading rate for the top. middle

and bottom ports. respectively.

Correlation between Pe and hydraulic loading rate, U, can be expressed in the

following equation:

Pe=B UL (6.8)

were B is correlation parameter to be determined by regression analysis using the
experimental results for different contact zone heights and recycle ratios. Statistical
analyses performed for top, middle and bottom ports data and for different recycle ratios
are summarized in Tables B1.8 to B1.16 in Appendix B1. The plots for the best fit of the
experimental results for Pe as a function of Uy and Rg for the top. middle and bottom

ports of the contact zone are shown in Figures 6.2 to 6.4.

The following empirical equations for contact zone top port and for different Rg

were obtamed:

Pe=0.52 U, for Rg =0 % (6.9)
Pe =0.47 U, for Rk =5 % (6.10)
Pe =0.44 UL for Rg = 10 % (6.11)

The r* values were 0.863, 0.879 and 0.919 for Rr =0 %, 5 % and 10 %, respectively,
which indicate that the linear regression for the correlation between Pe and U for the

contact zone top port is good fit to the experimental data.
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Figure 6.2 Plot for the best fit of the experimental results for the

Pe and hydraulic loading rate correlation for contact
zone top port and for different recycle ratios (Note: RR=Rg)
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Figure 6.4 Plot for the best fit of the experimental results for the

Pe and hydraulic loading rate correlation for contact

zone bottom port and for different recycle ratios (Note: RR=Rg)
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The theoretical relationship between Pe and U, was presented in Equation 3.14.
The regression parameter B in Equation 6.8 represents the ratio of the distance between
the point of the tracer injection and the port where the measurements were taken, L, to the
axial dispersion coefficient, D,. The experimental results indicated that D,, which was
calculated by dividing L for each port by the regression parameter B, increased as the
recycle ratio increased. The calculated D, for the contact zone top port for different Rg

are summarized in Table 6.1.

The resulting empirical equations for contact zone middle port for different Rg

were as follow:

Pe =0.36 UL for Rr=0% (6.12)
Pe=0.34 UL for R =5 % (6.13)
Pe=0.33 UL for Rk =10 % (6.14)

The * values were 0.849, 0.911 and 0.939 for Rz =0 %, 5 % and 10 %, respectively,
which indicate that the linear regression for the correlation between Pe and U, for the

middle port is good fit to the experimental data.

The experimental results indicate that D, values increased as Rg increased and also
they were slightly higher than those calculated for the top port. The calculated D, for the

contact zone middle port for different Rg are summarized in Table 6.1.

The resulting empirical equations for contact zone bottom port for different R

were as follow:

Pe=0.17 UL forRg =0 % (6.15)
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Pe=0.16 U, forRg =5 % (6.16)

Pe=0.13 UL for Rg = 10 % (6.17)

The r* values were 0.940, 0.904 and 0.981 for Rz = 0 %, 5 % and 10 %, respectively,

which indicate good correlation between Pe and U, for the bottom port.

The experimental results indicate that D, values increased as the recycle ratio
increased and also they were higher than those calculated for the top and the middle ports.
The calculated D, for the contact zone bottom port for different Rg are summarized in

Table 6.1.

6.2 Bubble size. Concentration and Velocity Results

The results of this part of the study have provided important information regarding
the size, concentration and rise velocity of air bubbles in the contact zone, which were
measured simultaneously and under different operational conditions. These results were

used to calculate the theoretical kp based on Equation 3.37.

The results for superficial liquid velocity, bubble size, concentration and velocity,
measured by the PDA, for different operational conditions are summarized n Table 6.2.
These results show that the saturator pressure, recycle ratio, hydraulic loading rate ,
nozzle orifice diameter, and contact zone height have all affected contact zone model
parameters, i.e. dg, @a, Upine and Uy. Therefore, it is expected that they will also affect

the DAF performance in terms of particles removal.

In general, the results show that dg decreased as the contact zone hydraulic loading

rate increased for experiments conducted at the same Rg, Psai, dorisce and Hez. Also, ds
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Table 6.1 Effect of contact zone height and recycle ratio on contact zone axial

dispersion coafficient D,

Contact Zone L Rgr Regression Da*
Port (mm) (%) coefficient B (m*h)
Top 1750 0 0.52 3.4

1750 5 0.47 3.7
1750 10 0.44 4.0
Middle 1300 0 0.36 3.6
1300 5 0.34 3.8
1300 10 0.33 3.9
Bottom 830 0 0.17 4.9
830 5 0.16 52
830 10 0.13 6.4

* L is actual the distance between the point of the tracer injection and the port where
the measurements were taken

# D, was calculated by dividing L by the regression parameter B
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decreased as the recycle ratio increased for all experiments performed at the same
hydraulic loading rate, Psa, dorisc and Hez. On the other hand, dg increased as the nozzle
orifice diameter increased for experiments conducted at the same hydraulic loading rate,
Rg, Psa, and Hez.

The saturator pressure Ps,,, for the range investigated in this study, had no
significant effect on dp. Increasing P, resulted in the production of higher percentage of
bubbles with uniform size for all experiments performed at the same hydraulic loading
rate, Rg, dorsce and Hez,. Also, bubbles with smaller dg and uniform size distribution were
produced as the Ry increased for the experiments conducted at the same hydraulic loading
rate, Ps.., dorisce and Hez. In addition, using the nozzle with smaller doriscc resulted in the
formation of bubbles with uniform size distribution and smaller ds.

Number concentrations of air bubbles Np were measured directly using the PDA
while the experimental bubble volume concentration ®g was calculated by multiplying the
measured N values by the measured dg values. Both Ng and ®g increased as a result of
increasing Ps,, for all experiments performed at the same hydraulic loading rate, Rg, doriice
and Hcz. They also increased as a result of increasing the Rg for experiments conducted at

the same hydraulic loading rate, Ps,,, dorisce and Hcz.

Contact zone wall effect has somewhat different effect on Ng and ®s. The results
showed that both N and ®g increased when PDA measurements were taken closer to the
column’s wall for all experiments performed at the same hydraulic loading rate, Rg, Hez,
dorisce and Pg,. In addition, it was observed that for all N and ®g results, the theoretical

calculations were always larger than the measured values.

The measured instantaneous bubble rise velocity decreased as a result of increasing
Ry for experiments conducted at the same hydraulic loading rate, Hez, dorisce and Pe;. On

the other hand, increasing the contact zone hydraulic loading rate resulted in the increase
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of Ug ine and Uy and the decrease of Ug ; for experiments performed at the same Rg, Hez,
dorisce and Ps,.. In addition, using larger dorisc. resulted in an increase in both Ug iz and
Us r1 for experiments performed at the same hydraulic loading rate, Rg, Hcz and Ps...

One of the important correlations obtained in this study was between the relative
bubble rise velocity Ug «; and ds. Theoretically, Ugra is proportional to dg’ for spherical
bubbles and under laminar flow conditions, i.e. Reg < 1. Correlation between Ugr. and ds

can be expressed as follow:
Ui =C daz (6.18)

where C is correlation parameter to be determined by regression analysis using the
experimental results. Statistical analysis performed for all experimental data are
summarized in Table B2.29 in Appendix B.2.

The following empirical equation for all the experimental data (n=27) was

obtained:

Usra = 5.93x10°dg (6.19)

The r* value was 0.846, which indicate that the linear regression is relatively good fit to the
experimental data. Figure 6.5 shows the line for the best fit of the experimental results for

the correlation between bubble relative rise velocity and the mean diameter.

Also, correlation between bubble Reynolds number, Re g, and bubble drag
coefficient ,Cp g, was obtained in this study. The theoretical relationship between Reg
and Cp g was defined in Equation 2.16 for spherical bubbles and for laminar flow
conditions. Experimental Rep and Cpp were calculated using Equations 2.15 and 2.17
after substituting Ug with the Ug ;. Correlation between Re s and Cpp can be expressed

as follow:
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-1
Cos=ERep (6.20)

where E is correlation parameter to be determined by regression analysis using the
experimental results. Statistical analysis performed for all experimental data is
summarized in Table B2.30 in Appendix B.2.

The following empirical equation for all the experimental data (n=27) was

obtamed:
Cos=31.4Reg" (6.21)
The r* value was 0.885, which indicates good correlation between Cpg and Res. Figure

6.6 shows the line for the best fit of the experimental results for the correlation between
Cpg and Reg.

6.3 Particle Removal Efficiency Results and Model Predictions

The results of DAF kinetic study using synthetic water are discussed and related to
the theoretical DAF removal efficiency predicted by the contact zone kinetic model.

Equation 3.39.

Experimental results showed that the optimum DAF removal efficiency was
achieved when particles were destabilized at the optimum coagulant dosage predicted by
the DAF bench-scale study. The results confirm the kinetic model predictions that the
DAF performance depends on the collision efficiency factor aps and that particle-bubble
attachment is favored under optimum coagulation conditions. The data generated by this
study agree with results presented by Edzwald and Malley (1989) for coagulation and
flotation of algae and by Valade et al. (1996) for dissolved air flotation of natural waters.
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The pH conditions also affect app and therefore the DAF performance; however, pH effect

was not investigated in this study.

In this study, no attempt was made to measure app experimentally. It was
assumed that performing all kinetic experiments using the optimum coagulant dose would
guarantee the maximum opg value. For the purpose of model predictions, app value of 0.5
was assumed based on study performed by Edzwald (1993) on synthetic water spiked with
algae.

The theoretical effect of floc particle size on DAF removal efficiency was
presented in Equations 3.4 to 3.7 in the contact zone kinetic model. The theory suggests
that floc particles of about 1 um should be avoided. The model suggests that larger
particles are transported more efficiently to the bubble surface. The model does not apply
for particle sizes larger than 100 um because detachment forces for large flocs on small

bubbles must be considered.

Floc particles larger than 100 um require larger number of bubbles to attach so
that the bubble-particle agglomerate density is reduced. For these considerations, the
model suggest the production of floc particles smaller than 100 um before flotation. This
could be achieved by using flocculation tanks ahead of the flotation unit which would have
small detention times and high mixing conditions. Although flocculation of particles
reduces their number concentration, Np, which would reduce the collision rate between
particles and bubbles, the particle diameters, dp, increases. Since the overall particle
removal efficiency predicted by the kinetic model depends on dp*, this would produce

higher removal efficiencies for particles of 10’s of micrometers.

The particle removal kinetic study was performed at the optimum coagulant dose
following 5 minutes of flocculation at mixing intensity G of 70 s”'. The flocculation
intensity was based on many studies performed using different type of waters and

coagulants. These studies showed that the optimum G value for DAF water treatment
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applications was in the range of 55 to 100 s (Edzwald, 1995). The flocculation time was
based on a recent study by Valade et al. (1996) which showed that DAF performance was
almost the same after 5 and 20 minutes of flocculation despite the higher particle

concentration with 5 minutes flocculation.

The results of this study showed that particle number concentration for the 1 to
150 um size range was much higher than the 2 to 150 um size range, as shown in Table
5.29. The difference between the two particle number concentration indicates that the
largest fraction of the particles occurred between 1 and 2 um. Also, it was noticed that Ne
had increased from raw water to flocculated water due to the precipitation of AI(OH)

particles.

Comparison of Np for both size ranges indicates that particles larger than 2 um are
removed more efficiently as compared to particles of 1 to 2 pm. This is illustrated
Figure 5.36 which indicates that the lowest removal efficiencies occurred for particles of
approximately 1 pm as compared to larger particles in the 3 to 12 pm size range. This
agrees with studies performed by other researchers (Valade et al,, 1996) and also agrees
with the contact zone kinetic model. The removal efficiency had decreased above 12 um

because fewer particles of these sizes entered the DAF contact zone.

The DAF removal efficiency based on the kinetic model presented in Equation
3.39 and the experimental Rpar were compared for different operational conditions. Table
6.3 summarizes the results of the comparison, where apg was varied from 0.3 to 1.0. The
results show that theoretical Rpar were higher than the experimental Rpar for apg value of
0.5 and higher for all operational conditions investigated. For lower apg values, the
experimental Rpar were higher than the theoretical values. The value of apg for which
both theoretical and experimental Rpar were equal was between 0.35 and 0.40. Since the
experimental opg value for this study could not be determined, it is reasonable to assume

that the apg range would be 0.35 to 0.40 for the system investigated in this study.



Table 6.3 Results of comparison between theoritical DAF removal efficiencies
based on the contact zone kinetic model and experimental Rpar

for different operational conditions

Hydraulic Theoretical Rpar (%) Experimental

loading Rg dons.. ds Oy Op Rpar
(mh) (%) (mm) (um} (ppm) 0.3 0.5 1.0 (%)
90 7 1.03 67.0 5120 71.9 87.9 98.5 76.3
70 7 0.55 63.0 3727 67.9 84.9 97.7 75.1
50 5 0.55 69.0 3727 60.8 79.0 95.6 73.1
70 7 1.03 82.0 5120 53.6 72.2 92.3 68.5
30 7 0.55 86.0 5120 52.3 70.9 91.5 64.2
70 3 0.55 66.0 2279 45.8 64.0 87.1 59.3
90 3 1.03 74.0 2279 35.2 51.4 76.4 45.6
70 3 1.03 834 2279 27.9 42.0 66.3 35.0
30 3 0.55 89.5 2279 25.5 38.8 62.5 31.7
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6.4 Comparison of Theoretical and Experimental Removal Rate Constant

The main objective of the DAF kinetic study was to measure experimentaily the
overall particle removal rate constant and compare it with theoretical value, based on the
derived kinetic model , under different operational conditions. This comparison should
validate the kinetic model.

In order to perform the comparison, the contact zone removal efficiency Rcz was
first measured experimentally under different operational conditions. These results were
summarized in Table 5.33. Later, the experimental kp values were determined by trial and
error using Equation 3.51, and the mean residence times and Pe were obtained from the
hydrodynamic characterization study. At the same time, theoretical kp values for different

operational conditions were calculated using Equation 3.37.

Table 6.4 summarizes the results of the comparison between theoretical and
experimental kp values for different apg values under different operational conditions. The
results show that the experimental kp values were always higher than the theoretical values
for apg of 0.35 and lower values. The highest experimental and theoretical kp values were
achieved for hydraulic loading rate of 90 m/h and Rg = 7 % while the lowest value was
achieved for hydraulic loading rate of 30 m/h and Rg = 3 %. These results confirm that
higher hydraulic loading rate and recycle ratios can improve DAF performance by

increasing the particle removal rate constant.

Also, the results in Table 6.4 indicate that the nozzle orifice diameter had
significant effect on DAF performance. Smaller doriscc produced smaller bubbles and
therefore increased the DAF particle removal efficiency as the contact zone kinetic model
had predicted. When kinetic experiments were performed at hydraulic loading of 70 m/h
and Rg = 7 %, the experimental kp value for dorisce = 0.55 mm was 0.965 min™' while for
dorifice = 1.03 mm the kp value was 0.796 min”".
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The results of Table 6.4 show the importance of aes on predicting particles
removal efficiency by DAF for different operational conditions. Since aps is determined
empirically and it ranges from O to 1.0, with values closer to 1.0 for optimum coagulant

dose and pH conditions, it is imperative that apg be determined experimentally.



255

6800 8L0°0 L90°0 901°0 LIE0 L't £l 6LTC S68 SSO £ 0¢
yaal L6110 691°0 1620 0stg0 Sl ¢t 6LCC ves €0’l 3 0L
10¥°0 0s€0 00€°0 SIS0 9st'0 Al oy 6LTC vL €0l £ 06
ovt'0 $8¢€0 0€€0 ¥19°0 €650 ¢l 33 6LTT 99 $S'0 3 0L
[44A) v61'0 L91'o 162°0 w90 8¢ L ozis 98 6S0 L 0t
0£5°0 ¥ov0 86¢£°0 96L°0 $89°0 ¢l (43 0zIs 8 £0'l L 0L
99¢°0 0Z€0 vLTO 6650 Lo 1T 0t LYot 69 $6°0 S 0S
€280 0cL'o L19°0 §96°0 1SL°0 Sl [43 LTLE £9 §S°0 L 0L
10T°1 160°1 1060 syl £9L0 £l LE 1TARY L9 €0l L 06
0¥'0 $€'0 0€°0 (,.unw) dy (uguar) (wdd) (unl) (ww) (%) (yw)
Hdp [uswuadxg 7oy uy ad 4 gp  >wop Wy  Juipeo)
(,.mur) 9y eonaI0aYy sineIpAY
suonipuod [puosiesado Juatayip 10y 4y jerusuiadxs pue [ppow drduNy
9U0Z 198IU0D 9y} UO PISB( JUBISUOD I)BI [BAOWAI Jorued [|RIGA0 [BO1ILI03Y) UDIMIDQ tosLBdwOd Jo SHNSaY  H'9 dqeL



256

CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Limitations of the Study

As with any study, there are number of limitations which must be considered when
using the result of this research. The following is a list of these limitations:

(1) The pilot-scale DAF process used in this research was designed with a mixing column
which was attached to the DAF contact zone. The purpose of this column was to
provide adequate mixing between the flocculated water and the super saturated water.
Also, the mixing column served to separate the macro bubbles, i.e. dg > 150 um, from
the micro bubbles. Larger bubbles had rise velocities larger than the hydraulic loading
and therefore rose to the top of the mixing column. As a result, floc particles attached
to those bubbles were separated from the bubble-particle suspension entering the DAF
contact zone. Although the observed particles collected on the top of the mixing
columm were negligible, several attempts were made to measure the concentration of
these particles. However, these attempts failed because of the difficulty encountered
in the collection of these particles. Therefore, the concentration of the particles

collected on the top of the mixing column was not included in the calculation of the

contact zone removal efficiency.

(2) The measurements of bubble size, concentration and velocity was performed by using
the particle dynamic analyzer, PDA. The PDA measurement required the presence of
particles or seeds, in this case the air bubbles, in the water. Low concentration of air
bubbles would compromise the PDA efficiency and would reguire a very long time to
collect data. On the other hand, high concentration of bubbles would obscure the laser

beam and no data could be collected. Therefore, in this research the measurement of
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bubble size, concentration and velocity at recycle ratios Rg lower than 3% and higher

than 10% could not be achieved.

(3) In this research, the saturator system used in pilot-scale DAF system was considered
semi-continuous, i.e. continuous in compressed air and batch in water. This means
that the saturator would have limited efficiency in terms of dissolving air in water and

therefore would affect the bubble volume concentration.

7.2 Conclusions

In this research, a kinetic model for DAF contact zone has been developed based
on the SCE model and flotation principles and fundamentals. The key model variables
have been identified and their effect on DAF performance has been examined. [mportant
model parameters, such as bubble number concentration, Ng, bubble mean diameter, dg,
the instantaneous bubble rise velocity, U ina, and the hydraulic loading rate, Uy, were
measured simultaneously for different operational conditions. DAF kinetic studies using
synthetic water spiked with algae were used, with the measured model parameters, to
estimate the overall particle removal rate constant under different operational conditions.
These were compared to the theoretical rate constant predicted by the kinetic model. The

major findings of this research are as follow:

(1) A kinetic model for DAF contact zone based on the single collector efficiency, SCE,
model was developed which was incorporated into a continuous flow DAF system.
The model included parameters which describe bubble-particle transport and
attachment efficiencies, particle size, bubble size and volume concentration, bubble rise

velocity and contact zone hydraulic loading rate and height.

(2) Model simulation indicates that the DAF performance, in terms of particles removal
efficiency, increases as the particle-bubble attachment efficiency, aps, increases. DAF

kinetic study confirmed that apg was strongly dependent on the coagulant dosage.
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The results showed that the highest DAF removal efficiency, and therefore apg, was
achieved under optimum coagulation conditions which produced particles of little or

no charge and relatively hydrophobic.

(3) The value of apg for the synthetic water system investigated in the DAF kinetic study
was estimated by comparing the theoretical DAF removal efficiency, Rpar, based on
the kinetic model and the experimental Rpar for different operational conditions. The
kinetic study results indicated that the theoretical and experimental Rpar were equal

when apg was in the range of 0.35 to 0.40.

(4) Sensitivity analyses performed on the contact zone kinetic model indicated that particle
removal improved sharply as the particle size, dp, increased. This was confirmed by
the kinetic study results which showed that the overall DAF removal efficiency
increased as dp increased from 2 pm to 12 um. This is in agreement with the SCE
model where the total single collector efficiency nr is proportional to dp” for particles

larger than 1 pm.

(5) The DAF kinetic study results showed that the particle number concentration Np
following 5 minutes of flocculation with mixing at G value of 70 s! produced high
fraction of particles between 1 and 2 um. This may explain the low values of the

experimental DAF removal efficiencies for all operational conditions investigated.

(6) Model simulation performed on the kinetic model indicated that the DAF particle
removal efficiency increased as the bubble size, ds, decreased. The contact zone
kinetic model shows that the DAF particle removal rate is proportional to ds>. This
was confirmed by the kinetic study results which showed that the estimated value of

the contact zone removal rate constant kp increased from 0.106 min" to 0.965 min™ as

dg decreased from 90 pm to 60 um.



259

(7) Sensitivity analyses performed on the kinetic model showed that as the bubble volume
concentration, ®g, increased the DAF removal efficiency increased sharply. The ®s is
controlled by the saturator pressure, Ps., and the recycle ratio, Re. In practice,
changing the Rg has more significant effect on @y than changing Ps.. The DAF
kinetic study results showed that the estimated value of ke increased from 0.515 min"'
to 1.148 min™* as Ry increased from 3% to 7% for hydraulic loading rate of 90 m/h and
Ps.. of 484 kPa.

(8) Model simulation performed on the kinetic model indicated that the DAF removal
efficiency decreased slightly as the contact zone hydraulic loading rate, Uy, increased.
The simulation showed that as U, increased from 10 m/h to 100 m/h, the DAF
removal efficiency decreased from almost 100% to about 99.8%. According to the
kinetic model, as Uy increases the contact time required for bubble-particle collision
and attachment decreases and, therefore, particle removal rate decreases. However,
increasing contact zone UL would increase Pe. As a result, the flow conditions inside
the contact zone approach plug flow which would favor higher DAF removal
efficiency. This was confirmed by the DAF kinetic study results which showed that
the estimated kp value increased from 0.106 min" to 0.614 min"' as Uy increased from

30 m/h to 70 m/h for Rg = 3% and Ps,, = 484 kPa.

(9) Sensitivity analyses conducted on the kinetic model showed that DAF removal
efficiency increased as a result of increasing contact zone height. The simulation
showed that more than 95% removal was expected for contact zone height of 1750

mm when app = 0.4, dg = 60 um, ®g = 4000 ppm, dp = 10 pm and U, = 70 wh.

(10) The DAF kinetic study results showed that the highest particle removal rate constant
ke was 1.148 min"' for experiments performed at U, = 90 m/h, Rg = 7% and Ps. = 484
kPa. On the other hand, the lowest kp value was 0.106 min™' for experiments
performed at U, = 30 m/h, Rg = 3% and Ps. = 484 kPa.
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The following conclusions can be drawn on the supplemental objectives of this

research:

(1) Contact zone hydrodynamic characterization results indicated that the degree of
mixing or the Pe were always lower than 100 (or Ny > 0.01) indicating that the flow
conditions inside the contact zone deviated from plug flow conditions. As the contact
zone hydraulic loading rate increased, Pe increased and the flow approached plug flow
conditions. These conditions favor higher particulate removal and consequently higher
DAF efficiency, which was confirmed by the kinetic study results. This would suggest
designing the DAF contact zone based on high hydraulic loading rates in the range of
70 to 90 m/h.

(2) The hydrodynamic characterization experimental results confirmed that the axial
dispersion model can be used to estimate the degree of mixing inside the DAF contact

Zone.

(3) Linear regression for the correlation between experimental Pe and U, indicated that
intercept of the linear regression model, which represent the ratio of the distance
between the point of the tracer injection and the contact zone port where the
measurements were taken, L, to the axial dispersion coefficient, D,, decreased from
the top to the bottom of the contact zone. Also, the tracer study results indicated that
the L/D, decreased as Ry increased. The results suggest that the degree of mixing
decreased from the bottom to the top of the contact zone and increased as Rg

increased.

(4) The results of the particle dynamic analyzer, PDA, study showed that the saturator
pressure, recycle ratio, hydraulic loading rate, nozzle orifice diameter and contact zone
wall effects and height affected the measured bubble size, concentration and rise

velocity.
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(5) The results of the PDA study indicated that bubble size decreased as a result of
increasing recycle ratio and hydraulic loading rate and decreasing the nozzle orifice
diameter. Also, increasing the saturator pressure resulted in the production of high

percentage of small and uniform size air bubbles.

7.2  Recommendation

Based on this research, a number of recommendations are made for further study:

(1) The results of this study showed the importance of the bubble-particle collision
efficiency factor. aps, for predicting particle removal efficiency by DAF for different
operational conditions. However, opg is determined empirically and in this study it
was estimated by comparing the theoretical and the experimental particle removal rate
constant. Since apg can range from O to 1.0 with values closer to 1.0 for optimum
coagulation conditions, it is imperative that opp be determined experimentally.

Simple and direct methods for determining as for the system under investigation is

required.

(2) In this study, the geometry of the DAF contact zone was fixed and therefore the effect
of different configuration and geometry on DAF performance were not investigated.
Future work should include contact zone geometry as one of the independent variables

in the study.

(3) In this research, the contact zone kinetic model was calibrated by using model water
that contained laboratory grown green algae which represented the particles to be
removed by the DAF process. Due to time limitation, natural waters were not used. In
future work, the kinetic model must be tested and verified using natural water that

contains suspended and dissolved particles of organic and inorganic nature.
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APPENDIX A Detailed Analytical Methods
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Al. Determination of Saturator Efficiency

The procedure followed below is similar to that followed by Henry J. and Gehr R.
(1981). It is used to determine the volume of air dissolved in the liquid in the saturator

tank and to estimate the saturator efficiency.

Equipment list:

- saturator tank equipped with pressure gauge;

- one 4000 mL beaker;

- one 500 mL graduated cylinder which provides enough volume to enable the released air
volume to be read on an accuracy of about 2 mL;

- one small valve;

- 1 meter long plastic tubing;

- thermometer; and

- barometer.

Procedure:

1. allow the DAF saturator to reach steady state conditions at saturator pressure Ps,, =
484 kPa;

2. fill the graduated cylinder to the top and the beaker with about 2 L of water:

3. invert the cylinder, placing the palm of the hand over its mouth to prevent water from
escaping and place the inverted cylinder into the partially filled beaker. When the palm
is removed a vacuum will be formed above the water in the graduated cylinder;

4. mark the water level in the beaker as B;

5. add exactly 1 L of water to the beaker and mark the second level A;

6. pour out the water in the beaker to the original mark B, taking care not to permit air to

enter the cylinder;

7. record the volume of the vacuum in the cylinder (V1);
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8. record the air temperature(T), atmospheric pressure (P.) and the saturator gage
pressure (Psa);

9. insert carefully the plastic tubing, which is connected to the saturator tank effluent line,
below the cylinder and crack open the valve and allow saturated water to enter the
cylinder. The fiow should be slow enough that air bubbles do not leak out around the
bottom of the cylinder;

10. close the valve when the water level reaches mark A;

11. when all the air bubbles have disappeared and the liquid in the cylinder is clear again,
record the volume of air in the top of the graduated cylinder (V>); and

12. repeat the procedure three times and record the average value.

Calculations:

1. Calculate the volume of air released in the cylinder (V.;) in mL:

V.ir = V-V, (A.1.1)

2. Determine the saturated vapor pressure (Psv) in mm Hg at room temperature

. Calculate the partial pressure of air (P.;;) in mm Hg:

(93]

P = Pam, - Psv (A 1.2)

ey

. Calculate the volume of dry air released per L of water (Varyair) In L

Varyair = Vair X [(273+20)/(T/273)] x (Pair/ 760) (A.1.3)

5. Determine the density of dry air (pary air) in mg/L at 760 mm Hg and 20°C

6. Calculate the experimental total mass of air released per liter of water (Maee) in mg/L



265

Maexp = Vary air X Pdry air (A.1.4)

7. Calculate the theoretical mass of air released at atmospheric pressure using the

following equations:

(a) From Henry’s law:

x = (Pym/H) (A.1.5)
where x is the mole fraction of air in water defined as the ratio of the number of moles
of gas (n,) in 1 L of water divided by the number of mole of gas and water (n; + n.)in 1
L of water, n,, is the number of moles of water in 1 L of water which is equal to 55.6
mole/L, and H is Henry’s constant which is equal to 6.64 x 10* (atm/mole fraction) at

20°C. Using equation A.1.5, the value of n, is equal to 8.4 x 10~ mole/L.

(b) the saturation concentration of air is calculated as: 8.4 x 10~ (mole/L) x 28.96
(g/mole) x 1000 (mg/gm) and is equal to 24.33 mg/L

(c) therefore, the theoretical mass of air released per L of water (Ma meor) 0 mg/L is:

Ma Theor = 24.33 x [(273+20)/(T/273)] x (Ps/760) (A.1.6)

8. Calculate the saturator efficiency factor (f):

J=Magexp / Ma Theor) (A.1.7)

Table A.1.1 summarizes the data analysis and the results for the saturator efficiency

experiment.



Table A.1.1 Data analysis and results for the DAF saturator efficiency experiment

Parameter Units Trial 1 Trial 2 Tnal 3
V. mL 120 120 120
\'A mL 210 214 208
Var mL 90 94 88
T °C 25 25 25
Psa kPa 484 484 484
Psa Psi 70.1 70.1 70.1
Pom mm Hg 697 697 697
Psv mm Hg 17.5 17.5 17.5
P mm Hg 679.5 679.5 679.5
Vary air L of air/L water 0.0791 0.0826 0.0774
Pary air mg/L 1205 1205 1205
Magg mg/L 95.3 99.6 93.2
Ma Theo mg/L 114.1 114.1 114.1
f - 0.84 0.87 0.82
Avg. f 0.84
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APPENDIX B Summary of Data



B.1 Tracer Study Data

Table B1.1 Tracer study results for hydraulic loading 30 m/h

Rz Contact Zone HRT

268

(%) Port # (min) Parameter Trial#1 Trial#2 Tnal#3 Trnal¥4 Avg
0 Top 2.9 tg (min) 3.8 3.5 3.6 3.9 3.7
o’ (mn?) 1.35 1.11 1.16 1.10 1.18

Pe 15.3 12.5 19.4 8.4 13.9

Middle 1.9 t, (min) 2.6 2.5 2.8 2.9 2.7

o (mn®) 1.44 1.21 1.54 1.25 1.36

Pe 10.2 8.4 9.2 9.8 9.4

Bottom 1.0 t,(min) 2.2 2.3 1.8 2.1 2.1

6. (min®) 1.56 1.63 1.41 1.56 1.54

Pe 3.7 3.9 5.4 6.6 4.9

5 Top 2.9 t,(min) 3.6 3.7 3.7 4.1 3.8
o’ (mn®) 1.13 1.07 146 111 1.19

Pe 9.5 11.6 13.5 102 11.2

Middle 1.9 tg (min) 2.9 3.0 2.7 2.6 2.8

o’ (min’) 1.19 1.09 1.14  2.10 1.38

Pe 7.5 8.8 10.3 6.6 8.3

Bottom 1.0 t, (min) 2.0 2.3 2.3 1.3 2.0

c. (min®) 1.64 1.73 1.63 144 1.6l

Pe 2.9 4.0 3.8 3.7 3.6

10 Top 2.9 t,(min) 3.8 3.9 3.9 3.5 3.8
o’ (min®) 1.18 1.21 1.07 130 1.19

Pe 10.5 11.4 10.7 9.7 10.6

Middle 1.9 tg (min) 3.1 2.6 2.6 2.9 2.8

ol (min®) 1.24 1.27 1.25 1.80 1.39

Pe 9.6 8.4 6.8 3.5 7.1

Bottom 1.0 t, (min) 2.0 2.2 2.0 2.6 2.2

o’ (min®) 1.49 1.71 1.62 150 1.58

Pe 1.7 4.4 3.0 3.7 3.2




Table B1.2 Tracer study results for hydraulic loading 50 m/h

Rz Contact Zone HRT
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(%) Port # (min) Parameter Trial¥] TraW#2 Tral#3 Trial#4 Avg.
0 Top 1.7 t, (min) 2.0 2.2 2.1 2.1 2.1
6. (min®) 0.46 0.28 049 024 0.37

Pe 34.2 36.3 354 345 351

Middle 1.1 t, (min) 1.3 1.5 1.3 1.6 1.4

o’ (min®)  0.49 0.25 038 040 0.38

Pe 27.4 24.1 238 243 249

Bottom 0.6 t,(mm) 1.4 1.0 14 0.7 i.1

o’ (min’) 0.82 0.70 069 004 056

Pe 10.1 7.4 9.6 9.7 9.2

5 Top 1.7 t, (min) 2.3 2.1 2.1 1.9 2.1
o (min®) 0.27 0.38 050 040 0.39

Pe 30.6 31.3 312 254 296

Middle 1.1 ty (min) 1.7 1.4 1.6 1.6 1.6

o’ (min®) 0.42 0.60 050 0.08 040

Pe 22.5 23.8 243 186 223

Bottom 0.6 tgy(min) 0.8 0.9 0.9 1.1 0.9

6. (min®) 0.50 0.42 0.57 083 0.58

Pe 7.4 6.8 8.6 8.1 7.7

10 Top 1.7 t, (min) 2.1 2.2 1.9 2.6 2.2
o (min®) 0.40 0.37 0.17 062 0.39

Pe 25.9 25.3 255 285 263

Middle 1.1 t, (min) 1.9 1.7 1.7 1.2 1.6

o’ (min®) 0.31 0.53 052 032 042

Pe 21.4 25.2 19.0 152 202

Bottom 0.6 ty,(mim) 0.9 1.2 0.9 1.3 1.1

o (min’) 0.70 0.68 0.63 031 058

Pe 5.5 5.4 6.4 9.6 6.7




Table B1.3 Tracer study results for hydraulic loading 70 m/h

Rz Contact Zone

HRT
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(%) Port # (min) Parameter Tral#] Tral#2 Trial#3 Trial#4 Avg
0 Top 1.2 t, (min) 14 1.5 1.4 1.3 1.4
o’ (min®) 0.21 0.25 024 0.10 0.20

Pe 33.9 35.1 356 422 36.7

Middle 0.8 t,(min) 0.9 1.0 1.3 0.9 1.0

o’ (min®) 0.23 0.23 021 0.17 021

Pe 27.0 25.0 222 289 258

Bottom 0.4 t,(min) 0.6 0.7 0.8 0.7 0.7

o, (min®)  0.56 0.25 024 0.15 0.30

Pe 12.3 13.9 12.0 6.2 11.1

5 Top 1.2 t, (min) 1.5 1.6 1.7 1.3 1.5
o’ (min®) 0.18 0.19 022 029 022

Pe 33.1 36.0 302 354 337

Middle 0.8 tg(min) 0.9 0.9 1.0 1.3 1.0

o (mn®) 0.33 0.12 0.13 033 024

Pe 21.7 26.3 26.1 2538 25

Bottom 0.4 t,(min) 0.4 0.5 0.4 1.1 0.6

o, (min?) 0.24 0.42 0.19 039 0.31

Pe 12.4 11.9 173 128 136

10 Top 1.2 t, (min) 1.4 1.6 1.7 1.3 1.5
o (min®)  0.25 0.22 022 0.15 0.1

Pe 324 32.6 297 312 315

Middle 0.8 t,(min) 0.9 1.0 1.0 1.5 1.1

o’ (min®) 023 0.24 021 028 0.24

Pe 25.1 21.6 250 23.1 237

Bottom 0.4 tg (min) 0.6 0.9 0.6 0.7 0.7

o’ (min®) 021 0.22 0.19 058 030

Pe 8.8 8.3 10.4 104 9.5




Table B1.4 Tracer study results for hydraulic loading 90 m/h

Rz Contact Zone HRT
(%) Port # (min) Parameter Tral#l Trial#2 Tnal#3 Tral#4 Avg.

0 Top 1.0 t, (min) 1.2 1.3 1.3 1.0 1.2
6. (min®) 0.13 0.10 0.09 008 0.10

Pe 41.4 44.1 40.0 40.1 414

Middle 0.6 t,(min) 0.7 0.7 1.0 0.8 0.8

o’ (min®) 0.10 0.14 008 016 0.12

Pe 299 28.3 27.1 296 287

Bottom 0.3 tg (min) 0.6 0.5 0.7 0.2 0.5

6. (mn?) 0.13 0.16 0.18 0.17 0.16

Pe 14.0 15.4 12.7 132 138

5 Top 1.0 t, (min) 1.2 0.9 1.3 1.4 1.2
o (min®)  0.15 0.10 0.11 012 0.12

Pe 38.5 43.0 41.6 349 395

Middle 0.6 tg(min) 0.9 1.0 1.0 0.7 0.9

o (min®) 0.12 0.18 0.10 0.16 0.14

Pe 293 24.3 286 302  28.1

Bottom 0.3 ty(min) 0.5 0.5 0.4 0.6 0.5
o’ (min®) 0.18 0.22 0.15 0.21 0.19

Pe 10.8 10.5 13.9 140 123

10 Top 1.0 t_ (min) 1.3 1.2 1.5 1.2 1.3
ol (min®) 0.13 0.11 009 011 0.1l

Pe 37.4 38.4 389 34.1 372

Middle 0.6 t,(min) 0.8 0.8 0.8 0.8 0.8

o’ (min®) 0.10 0.14 0.15 0.13 0.13

Pe 249 279 254 31.1 273

Bottom 0.3 ty (min) 0.4 0.8 0.5 0.7 0.6

o’ (mn®) 0.22 0.13 019 022 0.19
Pe 9.6 11.8 11.2 134 115




Table B1.5  Statistical analysis for contact zone residence time and hydraulic

loading rate for the top port
B=A 1.815
SS = 0.058442
U, (m/min) t, (min) Predicted
X; X! Yi Yi Residuals

0.50 2.000 3.78 3.631 0.149
0.83 1.200 2.06 2.178 -0.118
1.17 0.857 1.42 1.556 -0.136
1.50 0.667 1.15 1.210 -0.060

Regression Statistics

-

r 0.986
Standard Error 0.140
Observations 4

Coefficients Lower 95% Upper 95%
B 1.815 1.643 1.988

Table B1.6  Statistical analysis for contact zone residence time and hydraulic
loading rate for the middle port

B=A 1.275
SS = 0.039194
U, (m/min) ty (min) Predicted
X; X! y; y; Residuals
0.50 2.000 2.67 2.550 0.120
0.83 1.200 1.44 1.530 -0.090
1.17 0.857 0.97 1.093 -0.123
1.50 0.667 0.81 0.850 -0.040

Regression Statistics

-

r 0.982
Standard Error 0.024
Observations 4

Coefficients Lower 95% Upper 95%
B 1.275 1.336 1.416
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Table B1.7  Statistical analysis for contact zone residence time and hydraulic
loading rate for the bottom port

B=A 0.999
SS = 0.099194
U, (m/min) t, (min)  Predicted
X; X! i i Residuals

0.50 2.000 2.19 1.997 0.193
0.83 1.200 1.07 1.198 -0.128
1.17 0.857 0.70 0.856 -0.156
1.50 0.667 0.52 0.666 -0.146

Regression Statistics

r 0.941
Standard Error 0.182
Observations 4

Coefficients Lower 95% Upper 95%
B 0.999 0.774 1.223

Table B1.8  Statistical analysis for Pe and hydraulic loading rate for the top
port and at Rz = 0%

B=B 0.52
SS = 116.545061
UL (m/h) Pe Predicted
X; Vi Y Residuals
30 13.9 15.616 -1.716
50 35.1 26.027 9.073
70 37.7 36.438 1.262
90 41.4 46.849 -5.449
Regression Statistics

r 0.863

Standard Error 6.233

Observations 4

Coefficients Lower 95% Upper 95%
B 0.521 0.366 0.675
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Table B1.9  Statistical analysis for Pe and hydraulic loading rate for the top
port and at Rz = 5%

B =B 0.471
SS = 54.070488
UL (m/h) Pe Predicted
X Yi yi Residuals
30 11.2 14.140 -2.940
50 29.6 23.567 6.033
70 33.7 32.994 0.706
90 39.5 42.421 -2.921
Regression Statistics

r 0.879

Standard Error 4.245

Observations 4

Coefficients Lower 95% Upper 95%
B 0.471 0.366 0.577

Table B1.10 Statistical analysis for Pe and hydraulic loading rate for the top
port and at Rz = 10%

=B 0.438
SS = 31.445122
UL (m/h) Pe Predicted
X, Vi Vi Residuals
30 10.6 13.145 -2.545
50 26.3 21.909 4.391
70 31.5 30.672 0.828
90 37.2 39.435 -2.235
Regression Statistics
r 0.919
Standard Error 3.238
Observations 4

Coefficients Lower 95% Upper 95%
B 0.438 0.358 0.519
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Table B1.11 Statistical analysis for Pe and hydraulic loading rate for the middle
port and at Rz = 0%

B =B 0.362
SS = 64.003598
UL (m/h) Pe Predicted
X; Y; v Residuals
30 9.4 10.860 -1.460
50 249 18.101 6.799
70 26.1 25.341 0.759
90 28.7 32.581 -3.881
Regression Statistics
R Square 0.849
Standard Error 4618
Observations 4

Coefficients Lower 95% Upper 95%
B 0.362 0.247 0.477

Table B1.12 Statistical analysis for Pe and hydraulic loading rate for the middle
port and at Rz = 5%

B =B 0.344
SS = 39.116280
U, (m/h) Pe Predicted
Xi Yi log,o(vi) Residuals
30 8.3 10.323 -2.023
50 223 17.204 5.096
70 25.0 24.086 0914
90 28.1 30.968 -2.868
Regression Statistics
R Square 0911
Standard Error 3.611
Observations 4

Coefficients Lower 95% Upper 95%
B 0.344 0.254 0.433
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Table B1.13 Statistical analysis for Pe and hydraulic loading rate for the middle
port and at Rg = 10%

B =B 0.326
SS = 27.325061
U; (m/h) Pe Predicted
X; Yi Yi Residuals
30 7.1 9.766 -2.666
50 20.2 16.277 3.923
70 23.7 22.788 0.912
90 27.3 29.299 -1.999

Regression Statistics

R Square 0.939
Standard Error 3.018
Observations 4

Coefficients Lower 95% Upper 95%
B 0.326 0.251 0.401

Table B1.14 Statistical analysis for Pe and hydraulic loading rate for the bottom
port and at Rg = 0%

B=B 0.172
SS = 6.345549
U, (m/h) Pe Predicted
X Yi logio(y:) Residuals
30 4.9 5.149 -C.249
50 9.2 8.582 0.618
70 13.8 12.015 1.785
90 13.8 15.448 -1.648
Regression Statistics
R Square 0.940
Standard Error 1.454
Observations 4

Coefficients Lower 95% Upper 95%

B 0.172 0.136 0.208
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Table B1.15 Statistical analysis for Pe and hydraulic loading rate for the bottom
port and at Rg = 5%

B =B 0.156
SS = 11.383902
UL (m/h) Pe Predicted
X; i Vi Residuals
30 3.6 4.668 -1.068
50 7.7 7.780 -0.080
70 13.6 10.893 2.707
90 12.3 14.005 -1.705

Regression Statistics

R Square 0.904
Standard Error 1.947
Observations 4

Coefficients Lower 95% Upper 95%
B 0.156 0.107 0.204

Table B1.16 Statistical analysis for Pe and hydraulic loading rate for the bottom
port and at Rg = 10%

B=B 0.130
SS = 0.729939
U, (m/h) Pe Predicted
X ¥i Yi Residuals
30 3.2 3.898 -0.698
50 6.7 6.497 0.203
70 9.5 9.096 0.404
90 11.5 11.695 -0.195
Regression Statistics
R Square 0.981
Standard Error 0.493
Observations 4

Coefficients Lower 95% Upper 93%
B 0.129 0.118 0.142




B.2 PDA Study Data

Table B2.1 PDA raw data for hydraulic loading 30 m/h, Rg = 10 %, Ps,, = 484
kPa, dors. = 0.55 mm and probe volume coordinates (900,0,25)

Exp# J31.1 Trial | Tral 2 Tral 3 Avg

Attempted samples 5813 7317 7257 6796

Validated Samples 4911 6239 6212 5787

Validation % 84 85 86 85

Data Rate (Hz) 85 83 79 82

Ug bt (mV/S) 1.35E-02 1.46E-02 1.39E-02  1.40E-02

oyus (M/s) 4.00E-03 5.56E-03 4.48E-03 4.68E-03

dg (um) 72.5 74.0 74.6 73.7

Variance 204 210.2 206.0 206.7

G4p(m) 14.3 14.5 14.4 144

Concentration (#mL) 2.1E+04 1.6E+04 1.7E+04 1.8E+04
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Table B2.2 PDA raw data for hydraulic loading 30 m/h, Rg = 7 %, P, = 484

kPa, dog.c = 0.55 mm and probe volume coordinates (900,0.25)
Exp# J27.2 Tral 1 Trnial 2 Trial 3 Trial 4 Avg
Attempted samples 7179 9437 9135 9761 8878
Validated Samples 5541 7141 6973 7228 6721
% Validation 77 76 76 74 76
Data Rate (Hz) 102 102 96 94 99
Ug st (MV/S) 1.53E-02 1.48E-02 1.31E-02 1.36E-02 1.42E-02
oys (m/s) 6.58E-03 5.91E-03 5.37E-03 4.44E-03 S5.57E-03
dg (m) 84.5 84.7 83.6 89.2 85.5
Variance 217.3 225.1 216.7 290.8 237.5
G gs(um) 14.7 15.0 14.7 17.1 15.4
Concentration (#/mlL) 8.5E+03 9.6E+03 1.3E+04 89E+03 1.0E+04
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Table B2.3 PDA raw data for hydraulic loading 30 m/h, Rg = 7 %, Ps, = 484

kPa, dorse. = 0.55 mm and probe volume coordinates (400.0.25)
Exp# A19.2 Tnal 1 Trial 2 Trial 3 Tnal 4 Avg
Attempted samples 6584 6837 6660 6684 6691
Validated Samples 5762 5835 5840 3777 5804
% Validation 88 85 88 86 87
Data Rate (Hz) 71 72 75 72 73
Ug s (MV/s) 1.38E-02 1.35E-02  1.34E-02 1.33E-02 1.35E-02
Gus (MV/s) 5.56E-03 S.53E-03 5.59E-03 5.48E-03 5.54E-03
dg (um) 63.7 64.5 66.5 66.8 65.4
Variance 143 156.6 148.0 153.0 150.2
Gap(um) 12.0 12.5 12.2 12.4 12.3
Concentration (#/mL) 1.2E+04 1.3E+04 1.8E+04 1.3E+04 1.4E+04

Table B2.4 PDA raw data for hydraulic loading 30 m/h, Rg = 10 %, Ps,, = 484
kPa, dogge. = 0.55 mm and probe volume coordinates (400,0,25)

Exp# A19.3 Tral 1 Trial 2 Tral 3 Tral 4 Avg
Attempted samples 6077 5945 6003 6004 6007
Validated Samples 5543 5543 5556 5490 5533
% Validation 91 93 93 91 92
Data Rate (Hz) 50 48 44 42 46
Ug e (MV/S) 1.30E-02 1.27E-02 1.38E-02 1.33E-02 1.32E-02
coyg (m/s) 5.21E-03 5.19E-03 5.31E-03 5.29E-03 5.25E-03
dg (um) 64.9 63.5 63.9 64.6 64.2
Variance 133.4 111.7 116.9 119.7 120.4
Gap(um) 11.5 10.6 10.8 10.9 11.0
Concentration (#/mL) 2.0E+04 2.3E+04 2.4E+04 2.1E+04 2.2E+04




Table B2.5

280

PDA raw data for hydraulic loading 50 m/h, Rg = 5 %, Ps, = 484

kPa, dogc = 0.55 mm and probe volume coordinates (900,0.25)

Exp# A8.3 Trial 1 Trial2  Tral 3 Tral4  Tral § Avg
Attempted samples 2214 2242 2348 3785 5123 3142
Validated Samples 2096 2127 2157 3384 4595 2872
% Validation 95 95 92 89 90 92
Data Rate (Hz) 81 78 71 75 90 79
U st (mV/s) 1.96E-02 1.97E-02 1.92E-02 1.88E-02 1.92E-02 1.93E-02
Gyg (m/s) 2.41E-03 2.40E-03 2.31E-03 2.25E-03 2.23E-03 2.32E-03
dg (um) 67.8 68.8 67.9 69.2 70.5 68.8
Variance 418 391.6 348.6 319.0 350.0 365.4
G 4a(pm) 20.4 19.8 18.7 17.9 18.7 19.1
Concentration (#mL) 1.2E+04 1.4E+04 8.1E+03 1.1E+04 9.3E+03 1.1E+04

Table B2.6

PDA raw data for hydraulic loading 50 m/h, Rg = 7 %, Ps, = 484

kPa, dogge = 0.55 mm and probe volume coordinates (900,0,25)

Exp# J27.1 Trial 1 Trial2 Tral3  Tral4  Avg
Attempted samples 2730 3912 3966 3765 3593
Validated Samples 2366 3455 3474 3399 3174
% Validation 87 88 88 90 88
Data Rate (Hz) 67 38 39 23 42
UB tnse (MV/S) 1.87E-02 1.87E-02 1.99E-02 1.72E-02 1.84E-02
ous (MVs) 2.15E-03 2.13E-03 2.18E-03 1.98E-03 2.11E-03
dg (um) 62.5 63.2 64.0 63.5 63.3
Variance 156.4 158.8 172.0 153.0 160.1

O 4p(um) 12.5 12.6 13.1 12.4 12.6

Concentration (#/mL) 1.8E+04

1.8E+04 1.7E+04 1.5E+04 1.7E+04




Table B2.7 PDA raw data for hydraulic loading 50 m/h, Rg = 10 %, Ps., = 484
kPa, dogg.. = 1.03 mm and probe volume coordinates (900,0,25)

Exp# J29.5 Trial | Trial 2 Trial 3 Trial 4 Avg
Attempted samples 11708 11355 11577 11559 11550
Validated Samples 8154 8175 8331 8281 8235
% Validation 70 72 72 72 71
Data Rate (Hz) 86 81 79 82 82

Ug e (M/S) 2.35E-02 2.31E-02 2.52E-02 2.58E-02 2.44E-02
ous (M/s) 5.24E-03 S5.13E-03 5.72E-03 5.74E-03 5.45E-03
dg (um) 101.5 100.4 100.6 100.4 100.7
Variance 506.2 427.0 403.5 426.0 440.7

G ag(um) 22.5 20.7 20.1 20.6 21.0

Concentration (#/mL) 9.1E+03 1.5E+04 13E+04 1.5E+04 1.1E+04

Table B2.8 PDA raw data for hydraulic loading 50 m/h, Rg = 7 %, Ps,, = 484
kPa, dogs.c = 1.03 mm and probe volume coordinates (400,0,25)

Exp# Al14.3 Tral 1 Trial 2 Tnal 3 Trial 4 Avg
Attempted samples 1666 1737 2369 3712 2371
Validated Samples 1565 1595 2148 3284 2148
% Validation 94 92 91 88 91
Data Rate (Hz) 51 69 60 72 63

UR st (MV/S) 1.79E-02 1.83E-02 1.77E-02 1.84E-02 1.81E-02
oy (MV/s) 4.23E-03 3.78E-03 3.66E-03 3.11E-03 3.70E-03
dg (um) 70.5 70.3 69.8 69.6 70.1
Variance 535 498.0 435.0 423.0 472.8
G4p(Hm) 23.1 223 209 20.6 21.7

Concentration (#/mL) 1.5E+04 1.0E+04 8.1E+03 1.1E+04 1.1E+04
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Table B2.9 PDA raw data for hydraulic loading 50 m/h, Rg = 10 %, Ps,, = 484
kPa, dorgec = 1.03 mm and probe volume coordinates (400,0,25)

Exp# Al4.4 Trial 1 Tral 2 Tnal 3 Tnal 4 Avg
Attempted samples 7799 7960 9571 9572 8726
Validated Samples 6252 6353 7610 7628 6961
% Validation 80 80 80 80 80
Data Rate (Hz) 81 88 83 82 84
Us o (MV/S) 1.83E-02 1.89E-02 1.96E-02 2.00E-02 1.92E-02
Oyg (m/s) 4.74E-03 5.00E-03 5.43E-03 S5.14E-03 5.08E-03
dg (um) 78.6 79.4 81.2 80.9 80.0
Variance 278.4 243.7 268.1 240.1 257.6
Gaa(m) 16.7 15.6 16.4 15.5 16.0

Concentration (#/mL) 2.2E+04 16E+04 2.1E+04 1.7E+04 1.9E+04

Table B2.10 PDA raw data for hydraulic loading 50 m/h, Rg = 5 %, Ps,, = 484
kPa, dose. = 0.55 mm and probe volume coordinates (400,0,25)
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Exp# A18.2 Tnal | Trial 2 Trial 3 Trial 4 Tral 5

Attempted samples 2125 3231 5794 5912 5990

Validated Samples 2051 3081 5278 5296 5329

% Validation 97 95 91 90 89

Data Rate (Hz) 10 22 48 54 61

Ug s (/S) 1.75E-02 1.87E-02 1.77E-02 1.66E-02 1.74E-02 1.76E-02
Gus (MVs) 4.51E-03 4.80E-03 3.51E-03 3.25E-03 3.23E-03 3.86E-03
dg (um) 54.3 52.5 54.8 54.7 54.4

Variance 359.9 287.8 285.8 278.2 256.5

O qp(pum) 19.0 17.0 16.9 16.7 16.0

Concentration (#/mL) 1.6E+04 1.7E+04 14E+04 1.1E+04 1.7E+04 1.5E+04
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Table B2.11 PDA raw data for hydraulic loading 50 m/h, Rg = 7 %, Ps,, = 484
kPa, dosee = 0.55 mm and probe volume coordmates (400,0,25)

Exp# A18.3 Tral 1 Tral2 Tral3  Tral4  Tnals Avg
Attempted samples 6262 7631 12929 9008 8622 8890
Validated Samples 5406 6526 11052 7777 7710 7694
% Validation 86 86 85 86 89 87
Data Rate (Hz) 85 88 108 110 90 96
Us 1nge (0V/S) 1.63E-02 1.69E-02 1.7SE-02 1.64E-02 1.89E-02 1.72E-02
oyg (m/s) 3.06E-03 3.51E-03 4.00E-03 3.03E-03 4.58E-03 3.64E-03
dg (nm) 54.2 533 515 51.2 53.3 52.7
Variance 2579 2454 185.1 163.0 154.0 201.1
O 4p(um) 16.1 15.7 13.6 12.8 12.4 14.1
Concentration (#/mL) 2.8E+04 2.3E+04 22E+04 2.6E+04 2.1E+04 2.4E+04

Table B2.12 PDA raw data for hydraulic loading 70 m/, Rg =3 %, Ps,, = 484
kPa, do5ec = 0.55 mm and probe volume coordmates (900,0,25)

Exp# J24.2 Triall Tral2 Tral3  Trial4 Avg
Attempted samples 1392 1972 2143 2158 1916
Validated Samples 1354 1888 2076 2101 1855
% Validation 97 96 97 97 97
Data Rate (Hz) 31 39 31 43 36

Us 1o (00/5) 2.53E-02 2.54E-02 2.41E-02 2.44E-02 2.48E-02
ous (Ws) 3.12E-03 3.17E-03 2.77E-03 2.96E-03 3.00E-03
dg (um) 66.0 68.8 63.8 65.4 66.0
Variance 510.2 586.6  450.0 518.8 516.4
o g(Hm) 22.6 24.2 21.2 22.8 22.7
Concentration (#/mL) 6.2E+03 5.SE+03 6.5E+03 S.8E+03 6.0E+03




Table B2.13 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps,, = 484
kPa, doggc = 0.55 mm and probe volume coordinates (900,0,25)

Exp# A8.1 Trial 1 Trial 2 Trial 3 Avg
Attempted samples 2250 3464 3522 3079
Validated Samples 2123 3236 3252 2870
% Validation 94 93 92 93
Data Rate (Hz) 52 49 37 46
Ug s (V/S) 2.49E-02 2.45E-02 2.38E-02 2.44E-02
oys (/s) 2.81E-03 2.66E-03 2.26E-03 2.58E-03
dg (um) 63.5 62.7 64.0 63.4
Variance 406 378.7 407.0 397.2
G4p(um) 20.1 19.5 20.2 19.9

Concentration (#/mL) 1.6E+04 1.3E+04 1.3E+04 1.4E+04

Table B2.14 PDA raw data for hydraulic loading 70 m/h, Rg = 7 %, Ps, = 484
kPa, dogge. = 1.03 mm and probe volume coordinates (900,0,25)

Exp# J29.4 Tral 1 Tral 2 Tnal 3 Trial 4 Avg
Attempted samples 8247 8259 8530 8938 8494
Validated Samples 6483 6476 6561 6818 6585
% Validation 79 78 77 76 78
Data Rate (Hz) 74 73 85 90 81

Ug st (0/S) 2.57E-02 2.37E-02 2.56E-02 2.55E-02 2.51E-02
oy (m/s) 3.39E-03 3.94E-03 4.54E-03 3.37E-03 3.81E-03
dg (um) 81.0 82.1 82.5 82.0 81.9
Variance 368.7 392.8 327.9 334.5 356.0
Gqp(um) 19.2 19.8 18.1 18.3 18.9

Concentration (#/mL) 1.2E+04 1.9E+04 14E+04 1.1E+04 14E+04




Table B2.15 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 484
kPa, doggee = 0.55 mm and probe volume coordinates (900,0,45)

Exp# A4.1 Trial 1 Trial 2 Tnal 3 Avg
Attempted samples 5586 5259 5476 5440
Validated Samples 4601 4487 4558 4549
% Validation 82 85 83 84
Data Rate (Hz) 64 51 67 61

Up s: (m0/5) 1.93E-02 1.97E-02 2.05E-02 1.98E-02
ous (DV/s) 2.71E-03 3.17E-03 3.39E-03 3.09E-03
dg (um) 63.7 63.9 64.8 64.1
Variance 318.7 348.5 349.7 339.0
G4p(um) 17.9 18.7 18.7 18.4

Concentration (#/mL)

1.2E+04 1.8E+04 2.1E+04 1.7E+04

Table B2.16 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Pg, = 345
kPa, dos.c = 0.55 mm and probe volume coordinates (900,0.0)

Exp# A4.3

Trial 1  Tral2  Trial 3 Avg

Attempted samples
Validated Samples

% Validation

Data Rate (Hz)

Us s (m0/5)

oup (MV/s)

dg (nm)

Variance

G 4p(pm)
Concentration (#/mL)

1026 1542 1049 1206
1012 1524 1025 1187
99 99 98 98
25 33 23 27

2.31E-02 2.38E-02 2.33E-02 2.34E-02
2.18E-03 2.23E-03 2.19E-03 2.20E-03

63.1 62.6 63.3 63.0
506 455.7 479.9 480.5
22.5 213 21.9 21.9

5.SE+03 5.2E+03 5.SE+03 5.4E+03
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Table B2.17 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 484
kPa, doss.. = 0.55 mm and probe volume coordinates (900,0,0)

Exp# A4.4 Trial 1 Trial 2 Tnal 3 Avg
Attempted samples 4336 4588 4688 4537
Validated Samples 4148 4243 4284 4225
% Validation 96 92 91 93
Data Rate (Hz) 22 40 45 36
UB s (/S) 2.43E-02 2.36E-02 2.36E-02 2.39E-02
Gus (m/s) 2.17E-03 2.19E-03 2.31E-03 2.22E-03
dg (um) 63.3 65.6 64.5 64.5
Variance 3254 339.4 310.0 3249

G 4p(pm) 18.0 18.4 17.6 18.0

Concentration (#/mL) 1.SE+04 13E+04 1.1E+04 1.3E+04

Table B2.18 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 587
kPa, dos. = 0.55 mm and probe volume coordinates (900,0,0)

Exp# A4.5 Trial 1 Tnal 2 Tral 3 Avg
Attempted samples 6158 6230 6132 6173
Validated Samples 5424 5510 5488 5474
% Validation 88 88 89 89
Data Rate (Hz) 73 84 84 80
UB st (V/S) 2.33E-02 2.28E-02 2.21E-02 2.37E-02
oyp (WV/s) 2.90E-03 3.68E-03 3.15E-03 3.25E-03
dg (um) 64.5 64.1 63.6 64.1
Variance 269.5 236.8 215.8 240.7
Ggp(pHm) 16.4 15.4 14.7 15.5

Concentration (#/mL) 1.9E+04 14E+04 1.2E+04 1.5E+04
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Table B2.19 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 484
kPa, dogeee = 1.03 mm and probe volume coordinates (900,0,0)

Exp# A4.7 Tral 1 Trial 2 Trial 3 Avg
Attempted samples 1611 1600 2194 1802
Validated Samples 1561 1562 2119 1747
% Validation 97 98 97 98
Data Rate (Hz) 48 55 56 53

Up st (10/S) 2.49E-02 2.52E-02 2.47E-02 2.49E-02
oyg (mW/s) 2.62E-03 2.72E-03 2.71E-03 2.69E-03
dg (um) 79.1 79.8 78.3 79.1
Variance 539.6 518.4 489.3 515.8
O4p(um) 232 22.8 22.1 22.7

Concentration (#/mL)

92E+03 9.7E+03 1.1E+04 1.0E+04

Table B2.20 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 484
kPa, dous.c = 0.55 mm and probe volume coordinates (400,0,0)

Exp# A12.3

Trial 1 Trial 2 Trial 3 Trial 4 Avg

Attempted samples
Validated Samples

% Validation

Data Rate (Hz)

Us st (m/S)

Gys (/)

dg (nm)

Variance

O4p(pum)
Concentration (#/mL)

3183 4296 4457 5742 4420
3065 4087 4135 5222 4127
96 95 93 91 94
43 31 51 55 45

1.74E-02 1.76E-02 1.83E-02 2.04E-02 2.28E-02
6.77E-03 6.16E-03 6.35E-03 4.31E-03 5.97E-03

56.6 54.8 53.0 52.0 54.1
430.8 380.5 317.0 269.0 3493
20.8 19.5 17.8 16.4 18.6

1.4E+04 13E+04 19E+04 14E+04 1.5E+04
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Table B2.21 PDA raw data for hydraulic loading 70 m/h, Rg = 3 %, Ps, = 484
kPa, dog.c = 0.55 mm and probe volume coordinates (400.0,25)

Exp# A13.4 Tral 1 Trial 2 Tral 3 Trial 4 Avg
Attempted samples 1533 1538 1548 1543 1541
Validated Samples 1514 1515 1548 1517 1524
% Validation 99 99 100 98 99
Data Rate (Hz) 29 35 25 35 31

Ug ks (m/S) 2.28E-02 2.26E-02 2.14E-02 2.31E-02 2.25E-02
oyg (0/s) 7.08E-03 6.48E-03 7.51E-03 6.52E-03 6.90E-03
dg (um) 52.8 55.2 55.6 55.5 54.8
Variance 386.8 442.0 438.0 451.8 429.7
Gap(um) 19.7 21.0 20.9 21.3 20.7

Concentration (#/mL) 6.4E+03 6.1E+03 6.0E+03 6.3E+03 6.2E+03

Table B2.22 PDA raw data for hydraulic loading 70 m/h, Rg = 7 %, Ps, = 484
kPa, doyg.. = 1.03 mm and probe volume coordinates (400,0,25)

Exp# Al4.1 Trial 1 Trial 2 Tral 3 Trial 4 Avg
Attempted samples 4576 6144 6127 6209 5764
Validated Samples 4241 5459 5401 5428 5132
% Validation 93 89 88 87 89
Data Rate (Hz) 59 58 62 64 61

Ug it (m/s) 2.33E-02 2.37E-02 2.53E-02 2.48E-02 243E-02
oys (Vs) 6.47E-03 7.09E-03 5.69E-03 5.98E-03 6.31E-03
dg (um) 63.4 64.6 62.6 63.7 63.6
Variance 430 383.0 361.0 373.7 386.9

G gp(m) 20.7 19.6 19.0 19.3 19.7

Concentration (#mL) 1.9E+04 16E+04 12E+04 1.7E+04 1.6E+04
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Table B2.23 PDA raw data for hydraulic loading 70 m/h, Rg = 5 %, Ps, = 484

Exp# Al14.2 Trial 1 Tnal 2 Trial 3 Avg
Attempted samples 1546 1551 1360 1486
Validated Samples 1516 1518 1322 1452
% Validation 98 98 97 98
Data Rate (Hz) 71 83 65 73
Ug s (0/5) 2.22E-02 2.19E-02 2.16E-02 2.41E-02
oy (m/s) 8.19E-03 8.61E-03 6.89E-03  7.90E-03
dg (um) 60.6 59.9 62.9 61.1
Variance 533 485.1 558.0 5254
G ap(um) 23.1 22.0 23.6 229
Concentration (#/mL) 1.1E+04 1.0E+04 1.2E+04 1.1E+04

kPa, dogsc = 1.03 mm and probe volume coordinates (400.0,0)

Table B2.24 PDA raw data for hydraulic loading 90 m/h, Rg = 3 %, Ps, = 484

kPa, dogs. = 0.55 mm and probe volume coordinates (900,0,25)

Exp# J27.3 Trial 1 Tnal 2 Trial 3 Trial 4 Avg
Attempted samples 2098 3164 3289 3279 2958
Validated Samples 2052 3097 3135 3113 2849
% Validation 98 98 95 95 96
Data Rate (Hz) 31 43 40 26 35
Up s (M/S) 2.76E-02  2.71E-02 2.74E-02 2.75E-02  2.74E-02
Gy (m/s) 3.51E-03 3.38E-03 3.58E-03 4.445-93  3.49E-03
dg (um) 56.5 58.4 56.0 55.8 56.7
Variance 357.9 408.0 354.0 350.3 367.6
G4s(um) 18.9 20.2 18.8 18.7 19.2
Concentration (#mL) 6.8E+03  6.7E+03  7.2E+03  6.9E+03  6.9E+03
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Table B2.25 PDA raw data for hydraulic loading 90 m/h, Rg = 5 %, Ps, = 484
kPa, dogge = 1.03 mm and probe volume coordinates (900,0,25)

Exp# J29.1 Trial 1 Trial 2 Trial 3 Trial 4 Avg
Attempted samples 2208 2225 2200 2213 2212
Validated Samples 2134 2130 2116 2135 2129
% Validation 97 96 96 96 96
Data Rate (Hz) 46 49 48 59 48
Usg o (M/S) 291E-02 2.94E-02 2.96E-02 2.95E-02 2.94E-02
ous (MV/s) 3.32E-03 3.33E-03 3.36E-03  3.35E-03 3.34E-03
dg (um) 70.2 67.9 67.7 66.8 68.2
Variance 562 484.0 507.0 467.6 505.2
G 4p(Hm) 23.7 22.0 22.5 21.6 22.5
Concentration (#mL) 9.3E+03  1.3E+04  1.1E+04 1.IE+04  1.1E+04

Table B2.26 PDA raw data for hydraulic loading 90 m/h, Rz = 7 %, Ps,, = 484
kPa, dogs. = 1.03 mm and probe volume coordinates (900,0,25)

Exp# J29.2 Tral 1 Trial 2 Trial 3 Trial 4 Avg
Attempted samples 6034 6579 5992 4997 5901
Validated Samples 5463 5654 5460 4454 5258
% Validation 91 86 91 89 89
Data Rate (Hz) 29 58 25 40 38
Up st (/) 2.88E-02 2.84E-02 2.83E-02 2.80E-02 2.84E-02
ous (m/s) 2.81E-03 3.32E-03  2.84E-03 3.01E-03 2.99E-03
dg (um) 66.5 66.7 68.3 67.0 67.1
Variance 378.5 339.0 440.8 409.0 391.8
G 4p(um) 19.5 18.4 21.0 20.2 19.8
Concentration (#mL) 1.4E+04  1.2E+04 1.2E+04 14E+04  1.3E+04




Table B2.27 PDA raw data for hydraulic loading 90 m/h, Rg = 3 %, Ps,, = 484
kPa, dorgee = 1.03 mm and probe volume coordinates (900,0,25)

Exp# J30.1 Tral 1 Trial 2 Trial 3 Avg
Attempted samples 1050 1312 1355 1239
Validated Samples 1033 1296 1335 1221
% Validation 98 99 99 99
Data Rate (Hz) 25 28 26 26
UB s (/) 2.90E-02 2.93E-02 2.87E-02 2.90E-02
ous (m/s) 3.72E-03 3.45E-03 3.64E-03  3.60E-03
dg (um) 75.4 76.0 71.9 74.4
Variance 813 744.6 645.0 734.2

O 4p(um) 28.5 27.3 254 27.1
Concentration (#/mL) 6.7E+03  6.5E+03  7.2E+03  6.8E+03
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Table B2.28 PDA superficial liquid velocity raw data for different hydraulic loadings

Exp# Al19.1
Hydraulic loading = 30 m/h, probe volume coordinates (400,0,25)
Tnal 1 Trial 2 Trial 3 Trial 4 Avg

U, (m/s) 1.11E-02 1.01E-02 1.05E-02 1.11E-02 1.07E-02
o (m/s) 4.15E-03 4.10E-03 4.08E-03 4.07E-03 4.10E-03
ow/U. 0374 0.406 0.389 0.367 0.384

Exp# J31.2
Hydraulic loading = 30 m/h, probe volume coordinates (900,0,25)
Trial 1 Trial 2 Trial 3 Tral 4 Avg

U, (m/s) 1.09E-02 1.13E-02 9.84E-03 9.84E-03 1.05E-02
ou (m/s) 3.39E-03 2.46E-03 3.11E-03 2.82E-03 2.95E-03
ou /UL 0311 0.217 0.317 0.287 0.283

Exp# A8.4
Hydraulic loading = 50 m/h, probe volume coordinates (900,0,25)
Trial 1 Tral 2 Trial 3 Tral 4 Avg

U.(m/s) 1.56E-02 1.73E-02 1.65E-02 1.66E-02 1.65E-02
oy (m/s) 2.52E-03 2.21E-03 2.25E-03 2.35E-03 2.33E-03
o /UL  0.161 0.128 0.136 0.141 0.142

Exp# Al4.5
Hydraulic loading = 50 m/h, probe volume coordinates (400,0,25)
Tral 1 Trial 2 Trial 3 Trial 4 Avg

UL(m/s) 1.53E-02 1.69E-02 1.66E-02 1.61E-02 1.62E-02
ow (m/s) 4.02E-03 4.39E-03 4.28E-03 5.04E-03 4.43E-03
on/U.  0.263 0.260 0.258 0.313 0.273




Table B2.28 Continue

Exp# J24.4
Hydraulic loading = 70 m/h, probe volume coordnates (900,0,-25)
Tral 1 Trial 2 Trial 3 Trial 4 Avg

U, (ov/s) 2.14E-02 2.19E-02 2.08E-02 2.11E-02 2. 13E-02
oy (m/s) 2.49E-03 2.47E-03 2.55E-03 2.57E-03 2.52E-03
ow/U. 0.116 0.113 0.123 0.122 0.118

Exp# J31.3
Hydraulic loading = 70 m/h, probe volume coordinates (900,0,0)
Tral 1 Trial 2 Trial 3 Avg

U, (m/s) 2.19E-02 2.23E-02 2.24E-02 2.22E-02
ou (m/s) 2.70E-03 2.51E-03 2.34E-03 2.52E-03
ou /U  0.123 0.113 0.104 0.114

Exp# J31.5
Hydraulic loading = 70 m/h, probe volume coordnates (900.0.45)
Trial 1 Trial 2 Trial 3 Avg

U (mvs) 1.73E-02 1.70E-02 1.70E-02 1.71E-02
ou (m/s) 2.93E-03 3.40E-03 3.64E-03 3.32E-03
ou. / UL 0.169 0.200 0.214 0.194

Exp# A8.2
Hydraulic loading = 70 m/h, probe volume coordinates (900,0.25)
Tnal 1 Tnal 2 Trial 3 Avg

U (nv/s) 2.17E-02 2.14E-02 2.21E-02 2.18E-02
ou (mv/s) 2.75E-03 2.90E-03 2.84E-03 2.83E-03
ouw /U, 0.127 0.135 0.128 0.130
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Table B2.28 Continue
Exp# Al3.1

Hydraulic loading = 70 m/h, probe volume coordinates (400,0,25)
Trial 1 Trial 2 Trial 3 Trial 4 Avg

Up(m/s) 2.10E-02 2.15E-02 2.10E-02 2.16E-02 2.13E-02
ow (m/s) 7.52E-03 6.93E-03 7.14E-03 7.02E-03 7.15E-03
o /UL 0358 0.323 0.340 0.324 0.336

Exp# Al3.6
Hydraulic loading = 70 m/h, probe volume coordinates (900,0,-45)
Tral 1 Tnal 2 Trial 3 Trial 4 Avg

Up(m/s) 1.77E-02 1.65E-02 1.61E-02 1.65E-02 1.67E-02
oy (m/s) 3.51E-03 3.47E-03 3.41E-03 3.41E-03 3.45E-03
cn/U. 0.198 0.210 0.212 0.207 0.207

xp# J29.3
Hydraulic loading = 90 m/h, probe volume coordinates (900,0,25)
Tral 1 Trial 2 Trial 3 Tral 4 Avg

UL(m/s) 2.59E-02 2.46E-02 2.57E-02 2.56E-02 2.55E-02
oy (m/s) 3.36E-03 3.39E-03 3.25E-03 3.26E-03 3.31E-03
cn/UL 0.130 0.137 0.126 0.127 0.130

Exp# A23.2
Hydraulic loading = 90 m/h, probe volume coordmates (400,0,25)
Tnal 1 Tnal 2 Tral 3 Trial 4 Avg

Up(m/s) 2.39E-02 241E-02 2.45E-02 2.47E-02 2.43E-02
oy (m/s) 7.42E-03 7.45E-03 7.49E-03 7.68E-03 7.51E-03
cu/U. 0310 0.309 0.306 0.311 0.309
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Table B2.29 Statistical analysis for the correlation between Ug . and dg for all
data (n=27)

B=C = 5.93E+05

SS = 0.0000143
ds (m) ds’ Ugr(m/s) Predicted
X; X ¥, Vi Residuals
8.55E-05 7.31E-09 3.7E-03  4.33E-03 -6.34E-04
7.37E-05 5.43E-09 3.5E-03 3.22E-03 2.80E-04
6.54E-05 4.28E-09 2.8E-03 2.54E-03 2.64E-04
6.42E-05 4.12E-09 2.5E-03 2.44E-03 5.64E-05
6.88E-05 4.73E-09 2.8E-03  2.81E-03 -6.29E-06
6.33E-05 4.01E-09 1.9E-03  2.38E-03 -4.76E-04
1.01E-04 1.01E-08 7.9E-03 6.01E-03 1.89E-03
7.01E-05 4 91E-09 1.9E-03 2.91E-03 -1.01E-03
8.00E-05 6.40E-09 3.0E-03 3.79E-03 -7.94E-04
5.41E-05 2.93E-09 1.4E-03 1.74E-03 -3.35E-04
5.27E-05 2.78E-09 1.0E-03 1.65E-03 -6.47E-04
6.60E-05 4.36E-09 3.0E-03 2.58E-03 4.17E-04
6.34E-05 4.02E-09 2.6E-03 2.38E-03 2.17E-04
8.19E-05 6.71E-09 3.8E-03 3.98E-03 -1.77E-04
6.41E-05 4.11E-09 2.7E-03  2.44E-03 2.64E-04
6.30E-05 3.97E-09 1.2E-03  2.35E-03 -1.15E-03
6.45E-05 4.16E-09 1.7E-03 2.47E-03 -7.66E-04
6.41E-05 4.11E-09 1.5E-03 2.44E-03 -9.36E-04
7.91E-05 6.26E-09 2.7E-03 3.71E-03 -1.01E-03
5.41E-05 2.93E-09 1.2E-03 1.74E-03 -5.35E-04
5.48E-05 3.00E-09 1.2E-03 1.78E-03 -5.80E-04
6.36E-05 4.04E-09 3.0E-03  2.40E-03 6.02E-04
6.11E-05 3.73E-09 2.5E-03 2.21E-03 2.87E-04
5.67E-05 3.21E-09 1.9E-03 1.91E-03 -6.00E-06
6.82E-05 4.65E-09 3.9E-03 2.76E-03 1.14E-03
6.71E-05 4.50E-09 2.9E-03 2.67E-03 2.31E-04
7.44E-05 5.54E-09 4.4E-03 3.28E-03 1.12E-03
Regression Statistics

R Square 0.846

Standard Emror 7.40E-04

Observations 27

Coefficients  Lower 95% Upper 95%
B 5.93E+05 5.33E+05  6.52E+05




Table B2.30 Statistical analysis for the correlation between Ugg. and dg for

hydraulic loading 50 m/h data (n=7)

B, =log,«(C) = 9.203

296

C= 1.6E+09
B2 =p=2.8434
SS = 0.035655
dB (m) UBRgl (m/s) Predicted
X; log o(x) ¥i logo(y:) logio(yi) Residuals
6.88E-05 -4.162 2.8E-03 -2.553 -2.632 0.079
6.33E-05 -4.199 1.9E-03 -2.721 -2.735 0.014
1.01E-04 -3.997 7.9E-03 -2.102 -2.162 0.059
7.01E-05 -4.154 1.9E-03 -2.721 -2.609 -0.112
8.00E-05 -4.097 3.0E-03 -2.523 -2.446 -0.077
5.41E-05 -4.267 1.4E-03 -2.854 -2.929 0.075
5.27E-05 -4.278 1.0E-03 -3.000 -2.961 -0.039
Regression Statistics
R Square 0.929
Standard Error 0.0844
Observations 7
Coefficients S.E Lower 95% Upper 95%
B 9.203 1.4697 5.425 12.981
B2 2.843 0.3528 1.937 3.750
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