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Mass Transfer Characteristics of Two-Aqueous-Phase Liquid-Liquid Mixtures

Doctor of Philosophy Hamdan Al-Anzi 1998

SUMMARY

Two-aqueous-phase liquid-systems are used in the extraction and separation of biological materials.
The most common system, with the potential for large scale application, consists of combinations of a
polymer solution (polycthylene glycol) and a salt solution (dipotassium hydrogen ortho-phosphate) in
water, which spontancously scparate into two phases. The overall aim of the author’s rescarch was to
investigate the physical and mass transfer properties of such two-aqueous-phase liquid systems. The
liquid-liquid system studied was PEG (polycthylene glycol) and salt (potassium hydrogen
orthophosphate) in water.

The vaniation in viscosities, densitics and interfacial tensions were determined for various
concentrations of the two aqueous phase liquids. A notable feature was the low interfacial tension (i.e.
from 1.28 x 10™* to 1.11 x 10” N/m).

The manncr in which settling rates of the dispersed phase were affected by the phase compositions
and volumes was studied in batch tests. The settling rate was found to increase as the concentration of
salt and polymer in the phases was increased. A fine haze was observed in both phases afier
sedimentation; this only cleared after a period of scveral days.

Mass transfer rates were studied using the falling drop mcthod. Cibacron Blue 3 GA dye was the
transferring solute from the salt phase to the PEG phase, Measurements were undertaken for scveral
concentrations of the dye and the phase-forming solutes and with a range of different drop sizes, e.g.
2.8,3.0 and 3.7 mm. The dye was observed to be present in the salt phase as finely dispersed solids
but a model confirmed that the mass transfer process could still be described by an equation based
upon the Whitman two-film model. The overall mass transfer cocfficient incrcased with increasing
concentration of the dye. The apparent mass transfer coefficient ranged from 1 x 10~ t0 2 x 10™ mys.
Further experiments suggested that mass transfer was enhanced at high concentration by several
mechanisms. The dye was found to change the equilibrium composition of the two phases, leading to
transfer of salt between the drop and continuous phases. It also lowered the interfacial tension (i.e.
from 1.43 x 10* N/m for 0.01% w/w dye concentration to 1.07 x 10* N/m for 0.2% w/w dye
concentration) between the two phases, which could have caused interfacial instabilities (Marangoni
effects). The largest drops were deformable which resulted in a significant increase in the mass
transfer rate.

Drop size distribution and Sauter mean drop diameter were studied on-line in a 1 litre agitated vessel
using a laser diffraction technique. The effects of phase concentration, dispersed phase hold-up and
impeller speed were investigated for the salt-PEG system. An increase in agitation speed in the range
300 rpm to 1000 rpm caused a decrease in mean drop diameter, ¢.g. from 50 pm to 15 ym. A
characteristic bimodal drop size distribution was established within a very short time. An increase in
agitation rate caused a shift of the larger drop size pcak to a smaller size. The minimum time
required for the system to reach drop breakage steady state depended upon the Weber number of the
main flow. An increase of agitation rate causcd a reduction in the minimum transient time e.g. from
one hour to 15 minutes. Dispersed phase hold-up had a very small effect within the range studicd.
System concentration had a big influence on drop size and size distribution.

Significant findings are highlighted, notably, the rclatively short time to achicve a primary break of a

dispersion, the extreme complexity of the mass transfer process, and the importance of tempcrature
control.

Key Wor
Liquid-liquid extraction, mass transfer in two aqueous phase systems, drop size distribution.
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1. Introduction

1.1 Background

When two immiscible liquids are mixed in a stirred tank, one of the liquids normally
breaks-up to form droplets suspended in the other liquid. The liquid which is in the
form of droplets is termed the dispersed phase, and the continuum liquid is known as
the continuous phase. Two-aqueous-phase liquid-liquid systems comprise immiscible
liquid pairs in which both liquids are aqueous solutions, although of differing

composition.

Aqueous two phase systems contain a high proportion of water (65-90%); they
possess a very small density difference (e.g. 27 kg/m®) and a low interfacial tension (1
x 10* - 1 x 10° N/m); this provides a favourable environment for enzymes,
biologically-active proteins, cell and cell organelles (Kula,1982). They have found a
number of applications in the extraction of biological products, notably protein
materials, which may be sensitive to damage by the organic solvents used in
conventional solvent extraction. Most of the studies reported in the literature (Hustedt
et al, 1985, Kula, 1985) concentrate on the selectivity of the systems for particular
product molecules, and there is very little information on either the physical properties

of the mixtures or on mass transfer rates between the phases.

Typical two-aqueous-phase systems comprise combinations of polyethylene glycol
(PEG) and dextran or a salt (K,HPO,), which spontaneously separate into two phases.
The salt-rich phase is generally of lower viscosity than the PEG, which implies both a
low power requirement to disperse the PEG phase and good mass transfer by diffusion

in the salt solution However, mass transfer in the PEG phase will be very much
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slower and may be limiting if, as is common practice, transfer is carried out from the
dispersed to the continuous phase. If the salt-rich phase is dispersed in the PEG phase,
the difficulties are compounded by the increased viscosity of the PEG, which increases
the power required to form the dispersion. The settling time also increases, which

makes subsequent separation more difficult.

It is apparent that the dispersions form very readily, resulting in extremely small drop
sizes, as a consequence of the very low interfacial tension between the phases. Thus
interfacial area, which is normally a limiting factor in solvent extraction processes and
which is the main factor in determining the power input necessary, will not be a
problem in two-aqueous phase systems. However, separation of the phases is known
to be a difficult problem, due to the small droplets, and this can cause great difficulties

on scale-up if gravity settling is relied upon.

Two-aqueous phase liquid-liquid systems have been known and used for about 30
years (Verrall, 1992). They can be employed on a pilot plant scale using scaled-down
industrial equipment and there appears to be no major technical obstacle to production-
scale use. The problems are associated with the lack of knowledge of the physical
properties, settling rate behaviour and mass transfer properties of the two aqueous

phase systems.

1.2 Project aim

The aim of this project was to study the physical properties, settling rates and mass
transfer properties of some of the two-aqueous-phase liquid-liquid systems. The first

stage was to investigate the physical properties of the two phases, since these are

important parameters in determining the dispersion behaviour. Prior to any studies on
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the dispersion, the ranges of the physical properties of the phases were determined.
The interfacial tension between the two liquid phases was measured using the pendant
drop method. A binodal curve representing the equilibria of the two separated phases
in a three component system with distilled water was constructed and the weight
fraction of PEG versus the weight fraction of K,HPO, plotted; the tie-lines were then

found for the system used.

The viscosities of PEG and K,HPO, solutions were measured for the various mixture
compositions using 20 % w/w, 25 % w/w and 30 % w/w. The effect of temperature
on the viscosity of the PEG phase was studied over a range of temperatures (i.e. 15°C

t0 30 °C).

The second stage was to investigate the settling rates of the dispersed phase in the
PEG/salt liquid-liquid system and to determine how the rate changed with the
composition of the phases, since the most common limiting step in the application of
two-aqueous-phase systems to industrial extraction processes is the settling and
separation of the two phases. As already noted, two-aqueous phase systems have very
low interfacial tensions and generally produce small droplet sizes. As a result of this,
and the small density difference between the two phases, separation of the phases
would be expected to be difficult. The problem of phase separation is known to be a
significant limitation (Nadiv et al, 1995) on the application of other liquid-liquid
extraction processes in industry even where relatively large interfacial tension systems

and visible drop-sizes are involved.
The third stage was to study the mass transfer between the two phases. To develop

further an understanding of the mass transfer process by which solute is transferred

during liquid-liquid extraction, an investigation was undertaken into the process of
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extraction from single drops passing through a stationary column of solvent. The
investigation of mass transfer in two-aqueous-phase systems used a coloured dye as
analogue for typical biological solutes. Since the solute used was more soluble in the
PEG phase than the salt phase, the experiments were carried out with a salt-in-PEG
system where the salt phase was the dispersed phase and the PEG was the continuous
phase using the falling drop or single drop method. The dye solute was chosen to give
good partition properties to mimic, as far as possible, the properties of typical
biological solutes. The measurements were all undertaken with the same two-aqueous-

phase system, using various solute and phase concentrations.

Drop size distributions are an important characteristic of liquid-liquid dispersions, the
physical and chemical phenomena taking place in an agitated vessel largely depending
on the size of the dispersed droplets. For processes such as mass transfer, it is
essential that the size distribution of the droplets, and usually some mean size can be

estimated to enable the mass transfer rate to be predicted.

Several methods for the measurement of drop size distribution i.e. photographic
technique, light transmission, conductivity (Coulter Electronic Counter) and light
diffraction have been used by previous researchers. The photographic technique uses a
microscopic camera to take a picture of the dispersion; the number of drops counted is
usually about 100 for statistical reasons. The actual determination of drop sizes by the
photographic technique may result in significant error especially for small drops that
cannot be distinguished very clearly, as described by Chatzi et al., 1989, Chatz et al,,
1991 and Mlyneck and Resnick, 1972. The Coulter counter is an instrument which

determines both the number and size of drops in an emulsion as it passes through a
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small aperture between two electrodes. The resistance between the electrodes changes
as a particle goes through the aperture and this change is converted to a voltage pulse
in the instrument (Sprow, 1966). The light diffraction technique offers a short
measuring time and permits on-line analysis with minimal possible instrumental,
sampling and dispersion errors (Chatzi et al., 1991). The latter method was employed
because of its accuracy, and reproducibility, and the ability of the instrument to
measure a very small drop (~ 1 pum ) in the dispersion. It also facilitated on-line

measurement.

Several publications dealing with experimental measurements of drop size in stirred
liquid-liquid systems have been reported in the literature, (Laso et. al., 1987).
waever, most investigations refer to systems with a high interfacial tension, i.e. in the
range 0.01 -0.1 N/m and a high density difference between the phases.

In the present study the dispersion process has been studied in the essential absence of
interdrop coalescence by working at very small dispersed phase fractions. A laser
diffraction technique was used for the on-line measurement of the drop size
distribution in an agitated vessel for salt / PEG dispersion systems. Drop size
distributions were measured as a function of agitation speed, physical properties of the
system and the dispersed phase hold-up. The temperature of the system studied was
kept constant throughout the investigation. A theoretical treatment based on the

theory of isotropic turbulence is used to correlate the data.

Finally consideration has been given to the significance of the results for the selection

of practical two-aqueous-phase liquid-liquid systems and to equipment design.
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2. Two-Aqueous Phase Liquid-Liquid Systems

2.1 Process background

Various liquid-liquid extraction techniques are used in biotechnology. These include:
high performance liquid chromatography (HPLC), use of liquid membranes and
aqueous-organic or aqueous-aqueous two phase liquid extraction (Hustedt, 1985).

However their application has been limited on an industrial scale.

Two-phase liquid-liquid extraction is applied in biotechnology mainly in two fields:

1L The extraction of low-molecular weight products, mainly antibiotics, from the
fermentation broth (with or without prior biomass separation) using organic solvents,

which may also include carriers.

2. The extraction of proteins, mainly intracellular enzymes but also extracellular
enzymes, as well as animal cell culture proteins, by using aqueous two-phase systems,
which are mainly based on polyethylene glycol (PEG) and salts or dextran (Hustedt,

1986).

Liquid-liquid partition is commonly employed in biochemistry for the separation of
proteins and nucleic acids in a phenol-water two phase system. However phenol,
which is highly toxic, or other organic solvents will tend to denature proteins or will
not dissolve proteins, so that partition in such systems is of very limited value for the
purification of enzymes. Aqueous two phase systems do not have this disadvantage as

they consist of up to 90% water (Kroner et.al, 19783).
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Due to their very low interfacial tensions (e.g. 1 x 10 .1 x 10° N/m), Albertsson
(1971) suggests that two aqueous phase systems form a favourable environment for
biologically-active proteins and cell organelles.

The results of the investigation by Kroner et al (1978) suggested that liquid-liquid
separation is suited for large scale isolation of enzymes when large volumes have to be
processed. Partition as a process is independent of the concentration of the desired
product over a wide range. Therefore, the scale-up of a partition step can be
calculated and accomplished with more precision and ease than the conventional steps

in enzyme isolation and purification.

When mixed, polymer solutions, such as PEG and dextran, form two-phase systems
which exhibit a variety of effects on biological material, particularly cells. Cell-cell
aggregation, cell fusion, and a variety of effects on cell membrane properties have been

documented for dextran and PEG under various conditions (Brooks et al., 1985).

Extractive enzyme purification using aqueous two phase systems is characterised by
high capacity (the ability to handle large amounts of the materials to be separated),
easy processing on any scale, high product yields, low capital investment costs, and a
high potential for development as a continuous process. There is however a need to

handle large volumes of chemicals (Brooks et al., 1985).
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2.2 Properties determining the partition behaviour of proteins.

Partition coefficients
The partition of proteins and other compounds in aqueous two-phase systems is

influenced by a number of parameters:

-the types of polymers composing the two-phase systems
- average molecular weight of the polymers

- molecular weight distribution of polymers

- length of the tie-line on the phase diagram

- pH

- temperature.

Most of these parameters do not act independently; therefore calculation or theoretical
prediction of the partition coefficient for a given protein cannot be carried out at
present. The effects of these parameters will be discussed in the following sections.
Suitable conditions for a desired partition have to be found experimentally. The
experimental reproducibility of partition coefficients is normally in the range of +5%

for any volume analysed (Kula, 1979).

The partition coefficient, X, is defined by equation (2-1)

K,== (2-1)
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where Cr and Cp are the equilibrium concentrations of the partitioned compound in the
top and bottom phases, respectively. The partition coefficient of enzymes is constant
for a given system over a fairly wide range of phase concentrations, provided no
association or dissociation of proteins takes place in one of the phases (Albertsson,

1971).

The length of the tie-line (see also Section 2.3)

The length of the tie-line (Figure 2-1) in any given system depends on the total
concentration of the polymer/salt mixture and is a measure of the relative composition
difference of the phases. When the tie-line length approaches zero, which is the critical
point (c) on the phase diagram, the phase compositions should be identical and the
partition coefficient for any third solute will be 1.

30 T

Tie lines
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(Y% wiw)
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potassium phosphate (% w/w)

Figure 2-1  Typical phase diagram with the tie-lines for potassium

phosphate and PEG. (Data from Albertsson, 1971)
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The partition coefficient is equal to one if the system lies at the critical point (Figure 2-
1). However, the partition coefficient deviates from one as the tie-line length increases
and if the solute is a protein it may be shifted into the PEG-rich upper phase of a

PEG/salt system (Kula, 1985).

PH dependence

The partitioning of a protein depends upon the pH of the system. The variation of
partition coefficient of the protein in a specific system, and over a particular pH range,
is influenced by the ionic composition. Altering the pH changes the net charge on the
protein from positive at low values, to negative at high values of pH. At a certain pH
the net charge of the protein is zero. This is the isoelectric point. It has been shown
by Albertsson (1970) that at pH values very close to the isoelectric point the partition
coefficient of a protein in a PEG/salt system is the same irrespective of the salt used

(Johansson, 1985).

Temperature

The sensitivity of partition coefficients to changes in temperature is not very high.
Large scale single stage extraction can be performed without extensive temperature
regulation. Increases in temperature of 1 to 2°C in the liquid during processing have
only negligible consequences for recovery of the desired protein and separation
performance, provided the system is far enough from the binodal curve to ensure phase

formation over this temperature interval (Kroner et al., 1978; Kula et al., 1981).

Large scale operations are usually carried out at ambient temperature (20°C) to avoid

expenditure for cooling devices and energy. Two facts contribute to such desirable
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operating conditions. The polymers introduced stabilise proteins and, in general, high
activity yields are obtained when operating at ambient temperatures. In addition the
viscosity of the dispersion will be lower at 20°C compared to 4°C, so improving the

performance of the separation unit (Kula, 1985).

Polymers constituting the phase systems

Development of large scale extractions have been limited to date to systems consisting
of polyethylene glycol with dextran or PEG with various non-toxic salts. Besides their
general applicability, both systems are non-toxic and have been thoroughly tested and
also registered for pharmaceutical and food purposes. This was a considerable
advantage when developing the new technology, since most applications for enzymes
and biologically active proteins were initially in the pharmaceutical and food industries.
The use of other polymers to establish an aqueous phase system for the extraction of

cell components is possible (Kula, 1982).

Ryden and Albertsson (1971) have measured the interfacial tension for various
aqueous systems using the rotary drop method at the interface between phases and
have shown that it is very small: 5x107-to 1 x 10 “ N/m. This prevents destruction of

the biologically active compound due to surface denaturation at the liquid interface.

2.3  Phase diagrams

In a mixture of two polymers and water, a two-phase system will only arise when the
constituents are present in a certain range of proportions. The constituent
compositions at which phase separation occurs may be represented on a phase

diagram. Figure 2-2 shows the concentration of polymer P plotted as the abscissa and
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the concentration of polymer Q as the ordinate; the concentrations are expressed as
weight per cent. The curved line separating the two areas of the plot is called a
binodal curve. All mixtures which have compositions represented by points above the
line give rise to phase separation, while mixtures represented by points below the line
do not. Thus a composition represented by point A in Figure 1 gives a two-phase
system, while a composition represented by point D gives a homogenous solution

(Albertsson, 1971).

Q % wiw

polymer P % w/w

Figure 2-2 General phase diagram for two aqueous-phase systems (Albertsson, 1971).

Most polymers that are miscible with water will show phase separation in a mixture
with a second polymer or with salts. Figure 2-3a shows an example of this behaviour
in a commonly-used system. Polyethylene glycol (PEG) and dextran are separately“
miscible with water in all concentrations. However if certain concentrations are
exceeded, phase separation takes place and a PEG-rich upper phase and dextran-rich
lower phase are formed which are no longer miscible with each other, despite the fact

that both phases contain a high proportion (more than 70%) of water (Kula, 1979).
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Figure 2-3 Typical phase diagram for (a) Dextran and PEG system and (b)
Potassium phosphate and PEG. (Data from Albertsson, 1986)

Figure 2-3b shows similar behaviour observed with polyethylene glycol and a salt,
potassium phosphate, in water. In Figure 2-3b the tie-lines connecting phase
compositions on the binodal curve are steeper than for the previous system. All
mixtures with compositions represented by points on the same tie-line from T through
m to B will yield systems with identical compositions in the top and bottom phases but

different phase volumes (Albertsson, 1986).

2.4  Scale-up considerations

Kula (1985) describes how the results of large scale separation processes could be
accurately predicted from the partition coefficient of the enzyme and the volume ratio
of the phase systems determined in laboratory experiments. Scale-up simply involves
the linear extrapolation of concentration relative to the amount of cell homogenate

included in the extraction system.



Since the enzyme or any other active protein stays in solution at all times, extraction
lends itself to continuous processing. This approach represents an alternative to
batchwise operation on a large scale and would allow, in addition, a decrease in
process time and improve the productivity (Kula, 1985). The difficulty encountered to
date in developing a continuous processing system is that large amounts of cells and

material are required for experiments (Kula, 1985).

2.5 Batch settling of liquid-liquid dispersions

Liquid-liquid two phase dispersions are found in many industrial processes such as
extraction of metal from solutions of their ores and removal of wax from lubricating oil
(Slater, 1994). Irrespective of whether operation is stage-wise or continuous, solvent
extraction is divided into two steps: firstly mixing of the two phases, secondly,
separation into two bulk phases. Separation is normally carried out by settling under
gravity. There are many parameters that affect this type of separation, such as the
physical properties (viscosity, interfacial tension and density) of the phases. Other
factors which affect the separation process are drop sizes and drop size distributions,
the phase ratio, and deviation from equilibrium. In industrial systems impurities are
frequently present that change the physical properties of the system; some may act as
surfactants, resulting in smaller drops and inhibiting coalescence (Nadiv and Semiat,

1995).
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The dispersion separation (or breaking) process usually consists of two steps, settling
and coalescence of the drops, i.e. settling of the drop swarm is followed by
flocculation, inter-drop coalescence and finally drop-interface coalescence. Settling by
gravity depends on the drop size and the density difference between the two liquids in
contact. An increase in density difference results in more rapid settling. Breaking (i.e.
dispersion separation) in a batch settler can be divided into two periods: the primary
break, which involves fairly rapid settling and coalescence of the majority of the
dispersed phase, and may leave a fog (i.e. secondary dispersion) of very small droplets
of the dispersed phase in the continuous phase; and the secondary break, which
represents the slow settling of the fog. Most industrial settlers are designed for the
primary break since the slow secondary break would require much longer residence
times (Treybal, 1963) unless centrifugal separation, impingement aids or electrostatic

forces are used.

In the separation process the drops sediment as they grow in size due to coalescence
between the drops. Interdrop coalescence occurs when two drops are in contact for a
“sufficient period for the film of continuous phase to drain from between them. They
then coalesce to form one drop. The coalescence in the separation process consists of
two types: initially binary coalescence which takes place between the drops as they
grow in size during settling, and then interfacial coalescence, i.e. coalescence of the

large drops with their own bulk phase at the interface (Hartland, 1988).
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Many authors have suggested that results from batch experiments of phase separation
can be used in the design of continuous operations in order to reduce scale-up

expenses.

Recently research has been undertaken by Nadiv and Semiat (1995). A physical model
was suggested to allow better understanding of the liquid-liquid separation process. A
mathematical model was developed to determine the relationship between final
dispersion separation time, initial height of the dispersion and the initial dispersed
phase hold-up. In this model there are four unknown parameters, which have to be
determined from experimental data. The model was developed in order to analyse the
results and to calculate parametric values such as sedimentation and coalescence
velocities. However, in practice the physical properties, phase concentration, volume
ratio and intensity and time of mixing also affect the separation process. In industrial
situations the presence of traces of surfactants or interfacial scum may be crucial since
both will retard the coalescence process.

Nadiv and Semiat (1995) concluded from their work that the overall separation time is
strongly dependent on the initial dispersion height, the diameter of the batch settler,

and the type of dispersion generated.

2.5.1 Phase separation characteristics

When a two-phase liquid-liquid dispersion, generated in a mixer, is poured into a
cylindrical flask, the charactenstic changes of dispersion height with time will be as
shown in Figure 2-4. The height of the dispersion band is reduced with time until the
end of the separation process, where the two layers are separated by a simple interface.

The branches in Figure 2-4 describe the height of the two boundaries of the dispersion
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band (Hartland and Jeelani, 1987). Since the height is plotted against time, the slopes

of the lines represent the decay velocities of the two fronts.

2.5.2 Behaviour of dispersions with sedimentation and dense-packed zones

If a batch dispersion is formed in a mixing vessel and then allowed to settle, the
dispersion height decreases with time due to sedimentation and interfacial coalescence.
As the drops sediment, binary coalescence occurs; drops then accumulate in a thick
layer (dense-packed zone) in which drop to drop (interdrop) coalescence is promoted.
Finally the large drops coalesce with their homophase (own phase) at the coalescing
interface (interfacial coalescence). Figure 2-4 shows a typical example of the

dispersion height decaying with time, based on the author’s work (see Chapter 4).
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Figure 2-4  Settling curve showing dispersion height changes with time
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Figure 2-5  Schematic diagram of how the dispersion height varies during the
' sedimentation process.

The initial volume of the dispersion per unit area is equal to A, (Figure 2-5a), xo of the
" continuous phase and y, of the dispersed phase. The volume of the continuous phase
per unit area in the open dispersion zone is equal to x. Therefore, as shown in Figure
2-5b, the volume of the continuous phase per unit area in the clear zone is equal to xg-
x. Similarly, the volume of the dispersed phase per unit area in the open dispersion

(Figure 2-5b) is equal to y, and the dispersed phase hold-up e=ylh.

The volume rates of release of free continuous and dispersed phases per unit area in
the open dispersion zone are given by the rate of sedimentation,-dx/dt, and the rate of
coalescence, -dy/dt. The continuous and dispersed phase volumes are therefore

proportional to x and y.
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2.6 Mass transfer in liquid-liquid extraction
2.6.1 Diffusion and mass transfer
The flux of the solute J transferred across an area A in the case of unidirectional

diffusion in a liquid at rest is given by Fick’s first law (Bird ez al. 1960).

J=-D= (2-2)

where D is the diffusivity of the solute in the liquid, ¢ is the concentration of the
solute, and x is the coordinate normal to the area A.

When Fick’s first law is applied to an interface between a dispersed and a continuous
phase, the flux of the solute through the interface from the dispersed to the continuous

phase is given, according to the two-film theory (Figure 2-6), as

J=ky(cmca)= k(=) (23)

where k,, k, are the mass transfer coefficients of the solute in the dispersed and
continuous phases, ¢,, ¢, are the solute concentrations in the bulk of the dispersed and
continuous phases, and ¢, ¢, are the solute concentrations in the dispersed and

continuous phases at the interface.
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Figure 2-6 Diagram to illustrate the two-film theory

Whitman’s theory (Schiigerl, 1994) assumes equilibrium at the interface i:

m=—a (2-4)

and that two stagnant films exist adjacent to the interface, of thickness J, and ., in

which mass transfer occurs only by molecular diffusion:

k,=—=%and k,=—% (2-5)

Conveniently,c,, c; can be eliminated from equation (2-3). This leads to

J=K(c, - "j) (2-6)

where
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The values of the individual dispersed and continuous phase film coefficients kg and k.
have been shown to depend upon drop Reynolds number. For Re<10 the drops behave
as rigid spheres; for 10<Re<200 they exhibit internal circulation, which enhances mass
transfer; for Re>200 they oscillate (Schiigerl, 1994). In the main investigation drops
were <10 um and would therefore exhibit stagnant drop behaviour.

Conventionally, process analysis is performed assuming that k. and k4 are independent
of phase concentrations and the concentration driving force. In reality however the
solute concentration will affect the system physical properties and therefore the
individual film coefficients. Phenomena associated with large concentration driving

force are discussed in 2.6.3.

Mass transfer during drop formation

In column contactors drops may be formed initially at a distributor and, except in
agitated columns where repeated coalescence and redespersion greatly enhances the
mass transfer occurring during drop travel, it is necessary to compute the contribution
to mass transfer during drop formation. Sherwood claimed that 40 percent of the
extraction under specific conditions occurred during drop formation but West et. al.,

(1952) found only 14 percent; others observed no special effects.
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Various correlations have been proposed for mass transfer rate during drop formation
from nozzles but these are based upon laboratory data and may not extrapolate to the

real case of drop swarms involving same degree of action between jets.

2.6.1.1 Continuous phase mass transfer:

From and to rigid drops:

The local mass transfer coefficient varies in value over the surface of the droplet; these
differences are difficult to measure and it is usual to describe the overall process in

terms of a single value for the continuous phase mass transfer coefficient.

Theoretical and empirical studies (Slater, 1994) suggest that the following form of
equation is suitable for the estimation of the continuous phase mass transfer

coefficient:

Sh, =2 +¢,Re*Sc > (2-8)

where Sh, Re, and Sc, are the Sherwood, Reynolds and Schmidt numbers

respectively, and ¢; is a constant. Attempts have been made to account for the
contributions in the forward area and the wake area as well as overall. Values
proposed by Garner and Suckling (1958) were ¢,=1.08 for the forward area, ¢,=0.67

for the wake area, and ¢,=0.95 overall.

The constant ¢, has been found to range from 0.55 to 0.95 overall (Slater, 1994).

Sherwood, Reynolds and Schmidt numbers are based on the physical properties of the

continuous phase:
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kd dUu v
Sh =—=4L Re =——, S¢,=—= 2-9
<="p e, v =D, (2-9)

where _is the mass transfer coefficient in the continuous phase, d,is the diameter of
the drop, D, is the solute diffusivity in the continuous phase, U is the relative droplet

velocity and v, is the kinematic viscosity of the continuous phase.

From and to non-rigid drops:

The mass transfer is again described via k,and Sherwood number correlations. For
non-rigid drops, the power of the Schmidt number is generally taken as 0.5 (Schiigerl,
1994):

Sh, =c,Re**Sc," (2-10)

It is recommended by Schiigerl (1994) that the constant ¢, be 1.13.

2.6.1.2 Dispersed phase mass transfer

From and to rigid drops

Small drops, generally, < 2mm diameter, but also large drops if surfactants are present,
behave as stagnant drops. Mass transfer into, or out of, the drop is by molecular
diffusion and relatively simple models and correlations have been proposed for this

mode of operation (Treybal, 1963).
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From and to circulating drops

At Re > 200 rapid internal circulation is promoted, and the internal mass transfer film
coefficient can be enhanced by a factor of 5 over that for a stagnant drop. Numerous
correlations have been proposed for a film coefficient (Treybal, 1963) but few properly

account for all relevant system physical properties.

From and to oscillating drops

At high Re numbers, or low continuous phase viscosities, a drop oscillates and mass
transfer is considerably enhanced. Correlations for ks must then account for frequency

and amplitude of the oscillation.

2.6.2 Interfacial phenomena and mass transfer

Spontaneous interfacial convection was described in the 18th century by a number of
authors, When a small drop of alcohol was gently introduced in the middle of a glass
of water, a rapid rushing of the surface was found to occur outwards from the place
where alcohol was introduced. It was also shown that the reduction in surface tension
by the introduction of alcohol caused the outward motion of the liquid of lower surface
tension. This phenomenon applies to miscible, immiscible and partially miscible liquids

and is referred to as the Marangoni effect (Sawistowski, 1971).

The interfacial convection resulting from local changes in interfacial tension is
exhibited in a variety of ways. Rippling of the interface, localised eruption and cellular

convection are the most common types of disturbances observed. They are divided
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into two main categories: ordered interfacial convection as in Figure 2-7 and

disordered interfacial convection as in Figure 2-8 (Sawistowski, 1971).

2.6.2.1 Ordered interfacial convection

If a solute free phase (phase 1) is brought into contact with phase 2 containing a solute
S (Figure 2-7), the mass transfer process will never be completely uniform, as a result
of random external disturbances. The areas at points a will expand along the surface
as a result of the Marangoni effect. The interfacial layer is brought thus into motion,
first parallel to the interface and then turning away from it, at point b. The liquid at
point a is being continuously replaced by fresh liquid from the bulk of each phase. This

process leads to the formation of convection cells in both phases (Sawistowski, 1971).

phase 1___ |

| |
| ‘!( *)"""
HOIO
phase 2 _./,\] [O l O r:__
[ .

Figure 2-7  Diagram to illustrate the formation of convection cells

Since the interfacial tension is a function of solute concentration at the interface, and
since the concentration of solute decreases in the lower phase and increases in the
upper phase in the direction from a to b, the interfacial tension will also change along

the interface.
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Sternling and Scriven (1959) have discussed the origin of interfacial turbulence, 1e.
spontaneous agitation of the interface between two unequilibrated liquids, in terms of
classical flow, diffusion and surface processes. They discussed the conditions where a
small fluctuation in surface tension during mass transfer can build up into a
macroscopic eddy. Their model predicts that surface turbulence occurs if
1. there are large differences in diffusivity and also in kinematic viscosity

between the phases,
2. there are high concentration gradients near the interface, and,

3. do/ dc is large and negative.

Maroudas and Sawistowski (1964) found that spontaneous interfacial turbulence is
higher when the solute is being transferred into the phase of higher kinematic viscosity
and lower diffusivity. Sternling and Scriven, however, predicted that when the transfer
of solute is taking place out of the phase of higher kinematic viscosity, or out of the
phase of lower diffusivity, then interfacial turbulence is promoted. Maroudas and
Sawistowski (1964) concluded in their work that the theory of Sternling and Scriven is
too simple to give a reliable criterion for interfacial instability. No alternative theory

was proposed.

Davies (1972) also criticised the paper of Sternling and Scriven, on the grounds that
they did not discuss the critical concentration of solute required just to produce surface
turbulence; nor did they consider the distribution coefficient of the solute between the

phases.
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2.6.2.2 Disordered interfacial convection

The appearance of disordered interfacial convection is usually associated with the
presence of turbulence. Consider an eddy reaching the interface from the bulk phase
(Figure 2-8a) and solute transferring from the bottom phase (raffinate) to the top phase
(extract). The interfacial tension is assumed to decrease with solute concentration. In
Figure 2-8a the close vertical lines represent high solute concentration at the interface
which lowers the interfacial tension. The affected area will expand outwards. The
moving fluid at point A is not replaced by a continuous supply of solute-rich material
from the bulk phase. Instead, liquid of lower subinterfacial concentration is brought to
the interface at point A so that the interfacial tension there will become higher than at
the outer part of the surface (Figure 2-8b). In the case of solutes whose rates of
desorption are slow, this effect may be amplified by the compression-dilation effect.
The outward movement produces a compression effect at the outer part of the surface
and dilation at its centre; so the interfacial tension will be high at the centre and low at
the outside. The motion will be reversed (Figure 2-8c) due to interfacial tension. The
flow towards the centre will produce a jet like ejection of material rich in the
transferred solute into the top phase. A similar ejection will take place into the bulk

bottom phase. This ejection phenomenon is also referred to as an “eruption”

(Sawistowski, 1971).
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Figure-2-8  Diagram illustrating the eruption mechanism: (a) local lowering of
. interfacial tension, (b) outward spreading of the area of low interfacial
tension, (¢) reversal of direction of spreading leading to an eruption

(Sawistowski, 1971).

2.6.3 Effect of surfactants

Surface active agents affect the properties of the interface in several ways if introduced
in phase equilibrium. Interfacial tension will be reduced, thus becoming less dependent
on solute concentration. Surfactants will also reduce the interfacial compressibility. In
addition, surface viscosity will increase, slowing down any movement in the interface

(Sawistowski, 1971).

Berg and Acrivos (1964) found that a small quantity of a surfactant may exert a

profound stabilising effect on convection-induced by surface tension.

2.6.4 The effect of interfacial turbulence on mass transfer

Sawistowski and Goltz (1963) concluded from their experimental work that there were
two main regimes of transfer. In the diffusional regime, the experimentally-determined
mass transfer coefficients were in reasonable agreement with the coefficients calculated

using the film theory. Mass transfer coefficients in the turbulent regime depended on
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the local decrease in interfacial tension and on the concentration of the solute. They
concluded that changes in interfacial tension occurring during mass transfer processes

may have a significant effect on the rate of mass transfer.

Interfacial turbulence or spontaneous interfacial convection is known to increase
substantially the mass transfer rates in the course of liquid-liquid extraction and has
been proposed as a good way to enhance mass transfer in industrial processes (Slater,
1994). However, sufficiently high driving forces are seldom experienced in practical

situations.

To make use of interfacial turbulence requires knowledge of the conditions for
interfacial instability to occur, as well as a kinetic model for mass transfer accompanied
by interfacial turbulence. A semi-empirical mass transfer model for liquid-liquid
extraction accompanied by interfacial turbulence was presented by Golovin (1984). In
framing of the model a linear dependence of mass transfer coefficient on the driving
force was obtained, and this was confirmed by comparison with results from a number
of experiments. Also, methods were presented which allow mass transfer rates to be
predicted for extraction accompanied by interfacial turbulence in growing as well as in
moving droplets. The results of Golovin showed that, in mass transfer accompanied by
interfacial convection, the mass transfer coefficient values were higher than the values
in the diffusional regime. Mass transfer coefficients depended on the driving force

which leads to interfacial tension dependence.

The influence of interfacial turbulence on mass transfer at a mobile interface was

investigated in ternary systems under well-defined conditions (Bakker er al.,1967).
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For ternary systems without chemical reaction, the ratio between the mass transfer
rates with and without interfacial movement proved to be a function of the driving
force of mass transfer only and not of the contact time or the concentration level of
the solute. The ratio is equal to one when there is no driving force. For a ternary
system with rapid chemical reaction between the solute and a reactant R in the second
phase, experimental results showed that at high concentration of the reactant R the
ratio is also equal to 1, because the solute concentration at the interface becomes zero
and the interfacial movement dies out. The experimental results proved that micro-

scale interfacial movement is the true reason for enhanced mass transfer rates.

Lode and Heideger (1970) studied the mass transfer from a single drop augmented by
interfacial instability. A photographic technique was used to evaluate mass transfer
rates from a single drop in a system expected to exhibit interfacial tension-driven
convection. Extremely high mass transfer coefficients were observed and this was

related to the observed interfacial turbulence.

Takeuchi and Numata (1977) studied the mass transfer across liquid-liquid interfaces in
a number of systems which exhibit turbulence as a result of a Marangoni effect. They
used apparatus which allowed the two phases to be brought into contact with each
other within a tube with no external disturbances, for a fixed time, under steady-state
conditions. The phases then separated, and the amount of solute transferred was
measured. The mass transfer coefficients were found to be a function of the solute

concentration.
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2.7  Drop size and size distribution

The process of liquid-liquid extraction involves contacting two partially miscible liquid
systems, one a feed solution and the other the extracting solvent. Since the two liquids
are not in chemical equilibrium, one or more solute components will transfer from the
feed phase into the solvent phase. If the two liquid phases are quiescent with one on
top of the other, mass transfer will occur only by molecular diffusion. The transfer flux
would hence be low and an extended time would be needed to achieve chemical
equilibium. To speed-up this process the two phases are mixed together to form a
dispersion of droplets of one phase (dispersed phase) in the other (continuous phase).
The molar transfer rate of component i from the dispersed phase is proportional to the
interfacial area between the two phases: N; «ca (Davies, 1992).

Hence the drop size distribution is an important characteristic.

Mean drop sizes may be calculated in various ways as summarised below.

Table 2-1 Mean drop sizes and their application.

Drop size Applications

ds2, Sauter mean drop size Mass transfer application
ds3, Volume, moment mean diameter  Particle classification

d21, Length, surface mean diameter Hydrodynamic settling

The time to achieve chemical equilibrium can be reduced by increasing the interfacial
area a. This can be done in an agitated vessel by increasing the mixing speed. The

interfacial area, a, is related to the dispersed phase hold-up ¢ and the Sauter mean drop

size d,, thus:
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2-11

Increasing the turbulence in the mixing stage would increase the interfacial area a and
result in a decrease in d,,. However, the effect of drop size upon the individual mass

transfer coefficients, discussed in 2.6, means that in practice there is an optimum
agitator speed.

Liquid-liquid extraction involves two steps, mixing and then separation of the two
phases.

(a) Mixing serves to increase the interfacial area and can also, within limits, increase
the dispersed and continuous phase film mass transfer coefficients.

(b) For phase separation, the two phases separate spontaneously when mixing ceases
e.g. in a separate settler or at one end of a column. Gravitational forces, arising from
the density difference between the two phases, promote separation. The droplets must
then flocculate and coalesce. Density difference, interfacial tension and continuous

phase viscosity are the critical physical properties controlling this step.

The prediction of some mean drop size enables the interfacial area for mass transfer to
be estimated. Correlations for the prediction of drop size and interfacial area are

discussed in Section 2.7.1.

2.7.1 Correlations for drop size

In a mixer mechanical energy is transmitted to the mixture by an impeller inducing
turbulence and causing break-up of one phase into droplets. Drops are formed by
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breakage in the shear field; in other parts of the flow, i.e. zones of reduced turbulence,
interdrop coalescence may occur. To characterise drop size or size distribution for any
given condition, a dynamic equilibium must be achieved between break-up and
coalescence.

There are extensive reports in the literature on break-up in turbulent fields. The work
of Kolmogoroff describes the theory of drop break-up in isotropic turbulence
(Batchelor, 1950). This is based upon the postulation that turbulent flow produces
large-scale primary eddies. These eddies are unstable and dissipate energy by
disintegrating into smaller and smaller eddies until, at the smallest scale, energy is

dissipated by viscous flow.

Batchelor (1950) applied Kolmogoroff’s theory to drop break-up. Batchelor’s work
-assumed that two different mechanisms were responsible for break-up, depending on
the dimension of the drops.

(a) If the drops are much larger than the micro-scale of turbulence, then dynamic
pressure forces rather than viscous shear forces control the breakage process.

(b) If the drop diameters are of the order of, or less than, the eddy length then viscous

- shear forces control the breakage process.

The surface of the drop deforms due to velocity fluctuations. These shear
deformations are counteracted by interfacial tension forces and viscous forces in the
drop. Deformation and break-up is controlled by these three forces, the first induced
by dissipative turbulence and the others acting as restoring forces. Break-up will occur
when the dissipative force exceeds the restoring force. The restoring force can be

represented by dimensionless groups, the Weber number, We, and a viscosity group.
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Weber number represents the ratio of inertial to surface forces and is used to

characterise conditions for break-up, i.e. by a critical value (/e)_, (Hinze, 1955).

In a liquid-liquid contactor the critical Weber number defines the diameter of the

largest stable drop in the dispersion

2

d

(We)_, = Pl Qo 2.12
ag

=

where # is the velocity difference over a distance equal to d_, . If dis large with

respect to the smallest eddy in the flow, Kolmogoroff’s first case , then from Bachelor

(1951)

7t = Ced®" 2-13

where ¢ is the energy dissipation per unit mass, C,is a constant and =2.0. The

critical Weber number then becomes

We),,, = K, (—9‘—) g d 2-14
g
on rearranging
We 3{5 3/3
d, =—o| 2| g 2-15
Kl pc

For a fully baffled turbine mixer operating at high Reynolds number (Davies, 1992)
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cex ND? 2-16

where N and D are the speed and diameter of the impeller respectively. Then applying

the theory to a practical case, noting that (We)_, is constant, and assuming that the

energy dissipation near the impeller is described by Kolmogoroff’s theory

3/5
d, =K, [—;1] N3 D %17

Several research workers (Shinnar and Church, 1960, Chen and Middleman, 1967)
have calculated Sauter mean drop diameter d,, based upon equation 2.17. Use of
equation 2-11, then provides information on the interfacial area available for mass
transfer.

Shinnar and Church (1960), Chen and Middleman (1967) and Brown and Pitt (1970)

have shown that the maximum stable drop diameter d__ is linearly related to the

Sauter mean drop diameter d,,. The Sauter mean drop diameter can therefore be

predicted from equation 2-18,

s
d, = K,(pij N™*D™? 2-18

When the power number, N ,, and impeller Weber number /e, are introduced into

equation (2-18), as defined below
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, = N 2-19
where P is the power input, and
N'D?
We, =— £ 2-20
then:
va 0.6 pr-0. D3 -
FCXZWQI Np 4(—1_/"' 2-21

The power number for some contactor designs varies with the impeller Reynolds

number. At high Reynolds numbers i.e., 2 10000 the Power Number, N ,» becomes a

constant value. It is in this region that most contactors operate. Equation 2-21 then

reduces to:

= = KW 2-22
Equation 2-22 has been used at low dispersed phase hold-ups, 1.e., < 10 % v/v, as a
basis for correlation of a wide range of experimental results for mixing in turbine

contactors (Chen and Middleman 1967; Sprow 1967). Davies (1992) has listed a

number of these correlations as in Table 2-2.
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The physical properties of the systems for which correlations are given in Table 2-2 are
in the range of 1.5 - 58.1 x 10° N/m for the interfacial tension; the continuous phase
viscosity ranges from 1-65.5 Ns/m’; the density of the continuous phase ranges from
693-1595 kg/m® and the volume fraction dispersed phase hold-up range was 0.05-48.3
v/v. By comparison, in the present work, the volume percentage dispersed phase hold-
up was low, in the range 0.03-0.07 % v/v. The interfacial tension range was 1.28 x10™
- 1.11 x 10® N/m, the continuous phase viscosity range 1.7 - 2.25 Ns/m” and the
continuous phase density range 1102 - 1176 kg/m’. Therefore, close agreement with

any of these correlations would be fortuitous.
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2.8 Conclusions

It may be concluded that there is a substantial body of literature on the fundamentals of
liquid-liquid extraction and on the mechanisms of dispersion, sedimentation and
coalescence. However, it is mainly based upon single drop hydrodynamic and mass
transfer studies. It also relates to conventional two phase liquid-liquid systems
generally involving drops in the size range 1mm to 3mm and interfacial tensions of
0.01 N/m upwards. There are both mathematical models for mass transfer and the

coalescence process for ideal systems.

By comparison there is limited information on the fundamental physico-chemistry

relating to two aqueous phase liquid-liquid systems. The fundamental differences with

such systems appear to be:

a) very much smaller drop sizes; this affects both interfacial area available for mass
transfer and the mechanism of mass-transfer

b) low interfacial tension, (e.g. 1 x 10® N/m) which is essential when handling
biological-active materials

c) extended settling times, since there is a small density difference between the two

phases and the low interfacial tension produces very small drops e.g. 10um.

One objective of this work was to add to knowledge as to the fundamentals, and

practicalities, of two aqueous phase liquid-liquid extraction processes.
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3. The Physical Properties of PEG/Salt Aqueous Phase Liquid-Liquid System

3.1  Preparation of the phase systems

Three two-phase systems were prepared using polyethylene glycol (PEG, Molecular
Weight 6000) and dipotassium hydrogen ortho-phosphate (salt) as the two solutes.
The PEG and salt were obtained as Analar reagents from Fisons Ltd. The required
amounts of the polyethylene glycol (PEG), dipotassium hydrogen ortho-phosphate

(K,HPO,) and water were prepared as follows:

The PEG solutions used to make a 20% w/w system consisted of 200 grams of
polyethylene glycol with a relative molecular mass (RMM) of 6,000 and 800 grams of
distilled water. The mixture was placed in a 1000 cm3 glass beaker at ambient
temperature and stirred using an electrically-driven agitator at 1000 RPM until all the
solid had dissolved. This required approximately five minutes. 200 grams of the salt
and 800 grams of distilled water were also placed in a 1000 cm3 glass beaker and
stirred until all the salt had dissolved, to form the salt solution. Both solutions were
then poured into a 2 litre separating funnel at ambient temperature.

Similar procedures were used in preparing the 25% w/w and 30% w/w systems.

Once settling was completed (which normally took about 12-24 hours) the funnel
contained two distinct, clear phases, with a definite interface between the two layers.
The lower phase the ‘salt phase’, consisted of mainly salt and distilled water. The

upper layer, ‘the PEG phase’, was predominantly PEG and distilled water.
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The lower phase the ‘salt phase’, consisted of mainly salt and distilled water. The

upper layer, ‘the PEG phase’, was predominantly PEG and distilled water.

The two phases were then slowly run off into separate, pre-weighed bottles. The

weight of each phase was recorded.

The separating funnel was washed before use with 5% Decon solution followed by hot

water, and then distilled water, to ensure that no impurties were picked-up in the

freshly-prepared phases.
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3.2  Phase diagrams
3.2.1 The construction of the binodal curve

The binodal curve is a plot of the weight fraction of PEG versus the weight fraction of
K,HPO, at the points at which two phases first separate from a single solution. It
represents the equilibrium of the two separated phases in a three component system of
salt, PEG and distilled water. If a mixture is prepared which separates into two phases,
the compositions of these phases will lie on the binodal curve, at opposite ends of a tie-

line.

To prepare the binodal curve for the system used, 40% w/w solutions of K,HPO, and
PEG were prepared at 20 °C by taking 40 grams of salt and 60 grams of distilled

water, and 40 grams of PEG with 60 grams of distilled water.

A 100 cm? conical flask was weighed, and approximately 10 grams of PEG solution
were placed into it. The actual weight was recorded. Salt solution was added drop-
wise using a pipette whilst shaking the flask until the licll-uid jﬁst went cloudy. At this
point, the cloud point, the flask and its contents were re-weighed and the weight
percentages of the PEG and K,HPO, calculated. This represented a point on the
binodal curve. A small amount of water was then added dropwise until the solution
clarified again. The flask was again weighed to calculate the mass of water added, and
the weight was recorded. More salt solution could then be added, as before, to

determine another point on the binodal curve. This procedure was repeated several
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times, to give a series of points on the binodal curve. This became progressively more
difficult towards the lower PEG fractions and only a small addition of water was
necessary between each cloud point. Points on the binodal curve were also found by
starting from the salt end of the curve, with about 10 grams of 40% w/w salt solution

and gradually adding PEG solution, as described above.

The experiment was repeated to check consistency; the reproducibility of the curve

was found to be 5 %.

3.2.2 The positioning of the tie-lines

The tie-lines of the 20%, 25% and 30% w/w mixtures were required. The data for the
tie-lines were found by conduciivity measurements. A Jencons Scientific Ltd.
conductivity meter model number 4010 with a large, clear LCD display was used. It
had a capability of measuring within a conductivity range of 0.01 uS to 199.9 mS.
This range can be further expanded by the use of the optional x10 and x 0.1 cells. To
obtain an accurate reading, the meter was first calibrated by adjusting the digital
display to the value of the cell constant (0.96) indicated on the pre-calibrated cells
(probes). The accuracy of the conductivity meter is £0.5%.

After calibration, measurement of a sample was carried out by immersing the probe in
the sample, allowing the reading to stabilise and recording the result. The probe was
rinsed thoroughly with deionised water between each sample to avoid contamination.
The first stage was to obtain a plot of the conductivity of the salt solution against

weight concentration of the salt at 20°C +2°C (Figure 3-1).
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Several samples were made-up containing salt in the concentration range between 0
and 40 % w/w of K,HPO,. Their conductivities were then measured using the same
cell constant (0.96) and conductivity meter. It was necessary to dilute the samples to
reduce the inhibition of ion mobility which occurs in concentrated solutions. The
measured conductivities of the diluted sample were multiplied by the dilution factor to

obtain the apparent conductivity of the original solution.

The solutions were first diluted ten times and the conductivity measured and recorded.
The solution was then diluted a hundred times and a thousand times, or even greater if
necessary. This procedure was repeated until two successive values of the apparent

conductivity were in agreement.

600

500 —

400

200 —

100 —

Conductivity (mS)

Concentration of salt solution (% w/w)

Figure 3-1  Calibration curve for various salt concentrations versus conductivity.
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The separate salt phase from each of the 20% w/w, 25% w/w and 30% w/w solutions
was then diluted as described above, and the conductivities were measured and
recorded, using the conductivity meter. The measured conductivities were then

multiplied by the dilution factor, to obtain the apparent conductivity.

From Figure 3-1 the concentration of the K;HPO, in the salt phase of each mixture was
then obtained. Any PEG present was assumed not to contribute to the conductivity
reading, because it is effectively a non-electrolyte. The salt concentration was then

plotted on the binodal curve to represent the salt end of the tie-line.

The second point plotted on the binodal diagram was the middle point of the tie-line,
which represented the overall composition of the mixture i.e. 20% w/w, 25% wiw or

30% w/w, depending on the sample under test.

The composition of the PEG phase was then found by calculation, as the third point on
the tie-line, where it intercepted the binodal curve near the PEG axis (Figure 3-2).

The composition of the phases could be confirmed by the Lever Rule, since the ratio of
the phases formed from the original mixture should be the same as the ratio of the

lengths of the two parts of the tie-line.

3.3  Viscosity measurement

A Contraves Rheomat 30 rotational rheometer was used to measure the viscosities of

each of the liquids. A double gap cylinder bob was used (Figure 3-3b) for very low
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viscosity polyethylene glycol (PEG) and potassium hydrogen phosphate (K,HPO,)
solutions i.e. < 20% w/w. A co-axial cylinder (Figure 3-3a) measuring system was
used for the more viscous PEG solutions. The use of different measuring systems for
different liquids, although not ideal practice, was necessary because of the significant
difference between their viscosities (Gaggero et al., 1988). Each measuring system

used a different constant for calculating the viscosity as shown in Appendices 1 and 2.
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Figure-3-2  Binodal curve for K,HPO, and PEG

The rotating bob was driven by a DC motor, the speed of which was precisely
controlled by a programming unit incorporated in the Rheogram recorder which also
plotted the speed on the y-axis of the recorder. The torque was measured and plotted

on the x-axis of the recorder.
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rotating
bob

Figure-3-3  Viscosity measurement

a-Measuring system of co-axial cylinders b-Double-Gap Measuring System

There was a time-proportional speed increase gradually from zero up to the maximum
speed which was set by the automatic program to be 350 RPM, the drive remained at
the maximum speed for a pre-selected period of 20 seconds and the speed was then
steadily reduced back down to zero. All measurements were taken at a temperature of

20°C. The viscosities of all liquids measured are listed in Table 3-1 (p. 66).
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Table 3-1 The physical properties of PEG/salt aqueous phase systems
Physical 20% w/w 25% wiw 30% w/w
Properties K,HPO, |PEG K,HPO, |PEG K,HPO, |PEG

Phase Phase Phase Phase Phase Phase

Density p 1102 1075 1135 1074 1176 1075
[keg/m*]
Interfacial
tension ¢ 128 x 10°* 59x 10* 1.11x 10°
[N/m]
Viscosity p 1.7x10° | 28x10° | 2.05x10° | 61x10° |2.25x10° 0.1
Pas [N s /m’]

3.4  Temperature

The temperature obviously has an effect on viscosity. The viscosity of PEG was

measured using the same method described previously at various temperatures. The

temperature range used was 15-30 °C with 5 °C intervals, since most industrial

operations operate within this temperature range. There was a 50 % decrease in

viscosity of the PEG as the temperature was increased from 15 °C to 30 °C for the

30% w/w phase composition. For the 20% and 25 % w/w phase compositions there

was about a 40 % decrease, as shown in Figure 3-4.
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Figure 3-4
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3.5  Density measurement

A 100 cm?® density bottle was cleaned thoroughly from all oils and organic materials by
washing with 5% Decon solution, then hot water, distilled water and then dried in the
oven at 80°C. It was then weighed and its mass m, recorded. The density bottle was
filled with the sample and the stopper was inserted in such a way that the capillary

portion was completely filled with distilled water. The temperature of the distilled

water was 20 °C. The density 2, was simply obtained from:

I —mo
I e ' 3-1
p, = (3-1)

where m, is the mass[g] of the empty bottle, m, is the mass [g], of the density bottle
filled with the sample, and V, is the volume [m/], of the sample in the density bottle at

temperature (T) 20 °C.

Since the actual volume of the density bottle was not precisely as indicated on the
bottle it was calibrated to obtain the exact volume by filling it with a sample of

detonised water at a known temperature, T[°C ]. Thus

o n _mg

(3-2)
p[HIO,T]

68



where Pr,o,r was the density of water at T [°C] obtained from Appendix 3. The results

of the density measurements are presented in Table 3-1.

3.6 Interfacial tension

The pendant drop method of measurement of the interfacial tension of a liquid
involves the determination of certain critical dimensions of a drop of the liquid whilst
suspended from a suitable support, such as a glass capillary tip (Stauffer, 1965). The

measurements are taken from photographs immediately before the drop detaches from
the tip. The dimensions to be determined are the maximum diameter of the drop, d.,
and the diameter, d., of a selected cross-sectional plane located at a distance equal to

d. along the axis from the apex of the drop. By employing the tahle of ” H-S functions
" which was derived experimentally by Andreas et al., (1938), the interfacial tension of

the liquid can be calculated from the measured values of d, and d,. A ratio S is

calculated as

(3-3)

P
~ s
I
| -

and Andreas et al. (1938) showed empirically that S maintains a fixed relationship to a

parameter H defined by

(3-4)
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so that the interfacial tension can be calculated from:

o= Apg%’— (3-5)

H is a dimensionless shape factor, o is the interfacial tension, and Ap is the density
difference between the liquid used to form the drop and the density of the continuous
liquid.

The original tables of Andreas et al. (1938) relating H and § were inaccurate and have
been superseded by those of Niederhauser and Bartell (1948, 1949) and of Fordham
(1948) for the range for S from 0.66 to 1 ( Appendix 5) and by Mills (1953) and
Stauffer (1965) (Appendix 4) for an extension of this range to values of S from 0.66

down to 0.30 (Padday, 1969).

In using this experimental method, certain important improvements were made to the
apparatus and measurement technique. A Panasonic video camera with a microscope
objective lens, equipped with a video recorder and a monitor, was used to take pictures
of the drop. The magnification on each photograph was determined from the size of
the capillary tip image on the picture. The glass syringe with the needle, which was
used to form the drops of liquid, was mounted vertically on a micrometer. A Philips
strobe flash light was mounted firmly on a stand behind the syringe to enable the
camera to take a clear picture. Drops were expelled from the tip of the syringe simply

by turning a screw which acted on the plunger. The plunger was restrained from

70



falling under gravity by winding tape around the barrel. The formation and detachment
of the heavier liquid drop (salt) took place inside a 5 x 5 x 1 cm glass box filled with
the lower density liquid (PEG). After the photograph was taken, a Panasonic video

printer was used to make a final print image of the drop. Dividers were then used to

measure the diameters d, and d; on the drop image.

The pendant drop method was chosen as the best method of measuring very low

interfacial tensions, since the results were easily and accurately reproduced.

The video technique offers the major advantage that the video image can be selected
immediately prior to detachment of the drop. In the classical photographic method,
considerable trial-and-error and experience is required to operate the shutter precisely

at this point.

The interfacial tension of the PEG/salt system was measured for 20% w/w, 25% w/w
and 30% w/w solutions at room temperature (2042 °C). The values for the interfacial
tension of the aqueous liquid-liquid systems at room temperature are presented in
Table 3-1. The resulting values of the interfacial tension for the PEG/salt system used
were of the order of 10* N/m for the lower phase compositions and 10° N/m for
higher phase compositions.

These values are much lower than those typically reported for pure aqueous-organic
systems (Albertsson, 1982). There are few data in the literature for PEG-salt systems
but Ryden and Albertsson (1971) found that the interfacial tension for aqueous liquid-

liquid systems is very small e.g. 5 x 107-1x10* N/m.
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3 The Effect of Phase Composition and Volume Ratios on the Settling

Times of Two Aqueous-Phase Dispersions

4.1 Experimental methods and materials

Solutions of PEG (polyethylene glycol, molecular weight 6000) and salt (potassium
hydrogen orthophosphate) were prepared by adding known weights of dry solid to a
weighed quantity of deionised water in a flask and mixing until the solid had all
dissolved. Solutions of each substance were prepared at concentrations of 20% w/w,
25% w/w and 30% w/w as described in Section 3.1. Aliquots were then taken from

each prepared solution for use in the settling experiments.

Batch settling experiments were carried out at ambient temperature (2012 °C) in glass
measuring cylinders of 500 cm’ volume and 4.9 cm diameter. Nine experiments were
performed to investigate the effect of changing phase composition upon the settling
time. The aliquots of each solution were poured into one of the measuring cylinders.
The dispersion was allowed to collapse by sedimentation and coalescence. With the
system used, two clear demarcation lines were observed at the level of the sedimenting
front and the coalescing interface respectively (i.e. the bottom and the top of the
dispersed band). The levels of the two fronts were recorded as a function of time, at
60 second intervals, until the dispersion had completely separated. The experimental
data are shown in Figure 4-3.

The first three experiments were carried out using the 20% w/w solutions of PEG and
salt. 250 cm’ of the salt solution were used in each experiment, together with 150 cm’,

200 ¢cm’, and 250 cm’ of the PEG solution respectively. For the second set of three
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experiments, the same volumes were used, but the solutions were both of 25% w/w.
In the final set of three experiments, the same volumes were again used, but with 30%
w/w solutions of salt and PEG.

In each case, the solutions formed an equilibrium mixture of two phases on agitation.
One phase was rich in PEG, and contained only a small amount of salt, whilst the other
was rich in the salt, and contained only a small amount of PEG. The volumes of each
of these phases formed by mixing the pure solutions depended upon the position of the
equilibrium; this may be predicted using the equilibrium diagram or “binodal curve” for
the salt / PEG system. The expected volume ratios of the phases were estimated in this
way for each of the experiments and are shown in Table 4-1(p. 85), together with the

observed phase ratios after settling was complete.

All the settling experiments were conducted at 20+2 °C. Repeat experiments were
performed, using exactly the same procedure as in the first set, to check the reliability

and accuracy of the system. The accuracy was found to be within +5% (see Table 4-4,

p. 91).

4.2  Results and theoretical analysis

The settling behaviour of the two-aqueous-phase dispersions was studied using batch

settling experiments, following the method of Jeelani and Hartland (1986). These

experiments may be used both to predict the performance of continuous settlers, or to

obtain data on the coalescence behaviour of the dispersion.
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4.2.1  Characteristics of batch dispersions

Consider a batch dispersion in a vessel, decaying with time (Figure 4-1a) due to
simultaneous sedimentation and interfacial coalescence. The two processes may be
considered to occur in discrete zones. The sedimentation zone contains an open
dispersion, in which the drops are free to move, and the dense-packed zone contains
drops which are separated from their neighbours by only a thin film of continuous
phase. In the sedimenting zone, drops sediment whilst growing in size due to inter-
drop (binary) coalescence, before entering the dense-packed zone and finally

coalescing with their bulk homophase at the coalescing interface.

Y hp
@ .
X & & h
s
l ® o o’ ‘\ !
— PEG drop
salt phase

Figure 4-1a  Sketch of settling process

This final process is referred to as interfacial coalescence. x and y, the levels of the
lower and upper interfaces of the dispersed band, were used to estimate the height, h,,
of the dense-packed zone. The dotted line in Figure 4-1b shows the boundary of the

dense-packed zone. Figure 4-1b also shows the heights of the sedimentation and
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dense-packed zones which may be denoted as h, and h,. The heights x (continuous
phase), y (dispersed phase) and h, invariably decrease with time, but h, may initially
increase if the sedimentation rate is higher than the interfacial coalescence rate. This
may result in inflection points in the variation of y and the total dispersion height h with
time, t, as shown in Figure 4-2a. This batch decay is referred to as sigmoidal.
Alternatively, decay of the dispersion may be exponential (Figure 4-2b) if the
coalescence rate always exceeds the sedimentation rate. xp and y, (the initial values for
x and y) are the total volumes per unit area of the continuous and dispersed phases,
whilst (x,-x) and (y,-y) correspond to the free volumes per unit area of these phases

(outside the dispersion band). The volume rates of release of free continuous and

X . dx
dispersed phases per unit area are —— and —g’[v-.
dt dt
25 T T T 1 T | 1
coalescing interface
1 / ense packed zone  final interface
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7 /
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.—ED 15 i 7
2 h
=
.S
g2 10 4
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a
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sedimenting interface
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Figure 4-1b  Typical settling curve for PEG/salt system
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Height h of decaying dispersion
Height, b of decaying dispersion

time, t time, t

Figure 4-2  Schematic illustration: (a) sigmoidal decay (b) exponential decay of

batch dispersion height h with time t.

The total volume of PEG per unit area in the column is equal to y.. The volume of the
PEG per unit area in the upper clear phase is equal to y.-y. Therefore the volume of
PEG per unit area in the open dispersion zone is equal to y. The volumes of the
continuous and dispersed phase present in the dispersion are proportional to x and y,
and the dispersed-phase hold-up & equals y/h, where the total dispersion height h
equals x + y. The volume rate of coalescence of the drops per unit area at the

coalescing interface, which is the same as the volume rate of appearance of clear

dispersed phase per unit area at the coalescing interface, is then given by —%.

4.2.2 Thickness of dense-packed layer

A decaying batch dispersion consists of a sedimenting zone of height h, and a dense-

packed zone of height h,, so that the total dispersion height h at time t is

h+h,=h (4-1)
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If the dispersed phase hold-up fractions in these zones are , and €, respectively, then

a volume balance for the dispersed phase at any time t gives

Eh +Eh, =¢ch (4-2)

where Z is the instantaneous mean hold-up fraction of the dispersed phase for the
entire dispersion. At any time t, the volume of coalesced dispersed phase is
proportional to (y,-y) and the volume of clear continuous phase to (x,-x). Hence the
volumes of dispersed and continuous phases in the dispersion are proportional to y and

x and the dispersed phase hold-up

F=—2 (4-3)
X+y
so that
eh +Eh, =y (4-4)
since
x+y=h (4-5)

In a decaying dispersion the boundary between the sedimentation and dense-packed
zone is often hazy, making h, and h, difficult to determine. It is more convenient to
measure the height of the dispersion as a function of time and then, once the final
undisturbed interface is determined, the heights x, y of the sedimenting and coalescing
interfaces relating to the final undisturbed interface are calculated. Eliminating hg from

equation 4-1 and substituting in equation 4-4 yields (Jeelani and Hartland, 1986)

y-&h

h =

P

=t (4-6)
8,8,

so that the locus z=y-h, of the boundary between the sedimentation and dense-packed

zones becomes:
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_Ex-y(-%,) o
%, -5,

although it was not necessary to use z, since h, was calculated.
4.2.3  Sigmoidal batch decay

This type of curve occurs when the initial rates of drop sedimentation and coalescence
are slow (Figure 4-2a). If the rate of sedimentation is higher than the rate of
coalescence of drops with their own phase (homophase), a dense-packed layer is
formed adjacent to the disengaging interface. The batch dispersion height h is the sum
of the sedimentation and dense-packed heights, h, and h, in which the average holdups
are g, and £, . However, it is the heights x and y of the sedimenting and coalescing
interfaces relative to the final undisturbed interface that are experimentally measured.
In this case, h, can be calculated from equation 4-6 and h, can then be calculated from

equation 4-1.

4.2.4 Sedimentation height and drop growth

The method of Jeelani and Hartland (1986) assumes that the rate of sedimentation of
an open dispersion will increase with time, due to binary coalescence of the drops in

the sedimentation zone. In this case, a semi-empirical equation was derived by Jeelani
and Hartland (1986) to describe —%, -

==k, (4-8)

dx ; g ; :
Here L the rate of movement of the sedimenting interface, is equal to the settling

velocity V, of the drops relative to the continuous phase. k, is a constant and a
function of the physical properties and dispersed phase hold-up fraction €.

Integrating with the initial condition x = x, when t = 0 yields
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X.—X= __f__t(ld-a) 4_9
? (1+a) ()
or in logarithmic form,
In(x,—x)=In 5 +(1+ a)lnt (4-10)
° (1+ @)

A plot of In (x,-x) versus In (t) was constructed for each experiment, which then

enables the values of k, and & to be obtained from the intercept In (lf-’a) and slope

(1+ @), respectively, of the straight line region. The curved region of the plot (Figure
4-3 and 4-4) corresponding to longer times is attributable to a retardation of
separation as the sedimenting interface becomes the lower edge of the dense- packed

zone. This region has been ignored when estimating the rate of sedimentation.

4.3  Batch decay experiments with the two-aqueous-phase dispersions

All the results of the settling time experiments have been presented in graphical form
by plotting the dispersion band height against time, for the various volume ratios and
phase compositions used. A typical example of this type of plot is shown in Figure

4-1b. x and y, the levels of the lower and upper interfaces of the dispersed band, were
measured for each case and used to estimate the height of the dense- packed zone, h,
and locus, z, using equations 4-6 and 4-7. The hold-up of the dispersed phase in the
sedimenting zone Z, was assumed to be equal to the volume fraction of the dispersed
phase in the initial dispersion. The hold-up of the dispersed phase in the dense packed
zone £, was assumed to be equal to 0.7, which is the approximate value for a dense-
packed array of equal-sized spherical drops (Hartland, 1988). Although these are
approximations, the results obtained (Figures 4-3 and 4-4) of the height of the dense-

packed zone show a consistent pattern of behaviour. The results also show the settling
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curve, dense-packed zone, sedimentation zone and the heights of the dispersed (y) and

continuous (x) phase for each system tested.

4.3.1 Settling curves

Batch settling curves, obtained for all the systems tested, generally show (Figures 4-3
and 4-4) a sigmoidal decay of height for both the coalescing and particularly the
sedimenting interface. The coalescing interface generally fell only slowly with time,
suggesting that the process of coalescence with the homophase was slow. In contrast,
the sedimenting interface rose rapidly in the early stages of all the experiments and the
decay was strongly sigmoidal in character. In the later stages, the sedimenting
interface became the lower interface of the dense-packed region and its decay became
significantly slower, as its movement was dependent on the rate of coalescence of the
drops. The shape of the decay curves varied slightly with the compositions of the

phases used, but generaliy followed the same overall pattern.
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4.3.2 Primary break-time

The batch tests were first considered in terms of the primary break-time, taken as the
time for the dispersion band to clear completely. The results are shown in Table 4-1.
The break-time varied with both the composition and the volume ratio of the solutions
used to form the dispersion. With the 20% w/w solutions, the break-time increased as
the volume fraction of the PEG phase was increased. The increase was not significant,
from 12 minutes with 150 cm® of PEG solution to 14 minutes with 250 cm’ of PEG
solution. With the 25% w/w solutions, there was again an increase in the primary
break-time with increasing volume of the PEG phase, but the effect was less marked.
The break-time in the dispersions formed from 30% w/w solutions was independent of

the volume ratio.

The break time also decreased as the concentration of the salt and PEG solutions used
to form the dispersions was increased. Hence the coalescence process apparently

became faster as the concentration of each phase was increased.
4.3.3 Rate of sedimentation
A plot of In (x,-x) versus In (t) was constructed for each experiment, following the

method of Jeelani and Hartland (1986). Equation 4-8 assumes that the rate of

sedimentation of an open dispersion will increase with time. The log plot then enables

the values of k, and @ to be obtained from the intercept In (lf_‘ ) and slope ( 1+ @),
a

respectively, of the straight Line region.

Figure 4-5 shows the log plot obtained from the experimental data and Table 4-2 gives

the values of k, and & obtained from the experiments. The results show that the
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average value of a for the 20 % w/w composition was =0.27, and the values for

25%, 30% w/w composition were=0.16 and =-0.1, respectively.

Table-4-1

experiments [ and IL

Influence of phase composition and volume ratios on break time for

Phase composition 20% 25% 30%
w/w w/w w/w
Batch tests No. 1 2 3 4 5 6 7 8 9
Initial volume of 250\ 250\ | 250\ | 250\ | 250\ | 250\ | 250\ | 250\ | 250\
salt/PEG 150 200 250 150 200 250 150 200 250
Estimated volume 2.0 13 1 23 1.7 1.3 24 1.7 1.4
ratio of salt/PEG
from binodal curve
Volume ratio 19 1.1 1 2.4 1.6 13 24 1.7 1.5
salt/PEG
Break time (Exp.I) 12 13 14 10 11 10 11 10 11
( Minutes )
Break time(Exp. IT) | 12 14 14 10 10 11 8 8 7
Time (hr) to clear 8-15 8-15 8-15 19 24-36 24-36 | 45-72 48-72 48-72
both layers
3 1 I i 1 1 1 1 1 L | (e |
™ J
il
% i
KO
\g -
]
1 A 30%wiw, 250150 7]
3 ® 25%w/w, 250/150 |4
I ®  20%w/w,250/150 |]
0 _, 1 I S | T 1 1 L L | L 1 L L
0 1 2 3
In (t)

Figure 4-6 An overlay of In (x,-x) vs. In t for the 20, 25 and 30% w/w phase systems.
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By comparison, the value of k, showed an increase with increasing concentration of the
solutions used to form the dispersions, but did not show any consistent variation with
the volume ratio of the solutions. A typical set of data (Figure 4-6) which is the
overlay of the straight line resulting from In (x-x) versus In (t), for 20, 25 and 30%
w/w systems, also shows that the value of ks increased with increasing concentrations

of the solutions.

Table 4-2 The slopes and the intercepts of the line for experiments I and II.

Phase  Vol. Slope( 1+ &) In(4,/1+a) ks Mean
Conc.% Fraction Exp.I Exp. Il Exp.I Exp.II Exp.I Exp. Il g,

20w/w  250/150 1.3 12 0.1 01 14 13 1.4
20w/w 250200 1.4 13 01 -03 13 1.0 1.1
20w/w  250/250 1.2 13 0.1 03 13 1.0 1.1

25 w/w  250/150 0.9 0.9 1.0 0.85 2.5 22 2.3
25 w/w  250/200 1.1 1.1 0.5 0.5 1.8 1.8 1.8
25 w/w  250/250 1.1 1.2 0.7 0.35 2.1 1.7 19

30w/w  250/150 0.9 1.1 1.2 0.7 3.1 22 2.6
30w/w  250/200 1.2 1.1 0.7 0.7 24 2.2 23
30 w/w  250/250 0.9 0.8 1.2 12 2.9 2.8 2.8

@ is an index in equation 4-8 for droplet sedimentation. In general the value of a did
not show any clear pattern as a function of the variation of volume fraction. However
the values of a show a slight decrease, from 0.3 to -0.1, with increasing phase
composition. In fact, a, should be positive and the negative value is due to
experimental error. There is a relationship between « , the binary coalescence index b

and a parameter r (equation 4-11) which is a function of Reynolds number
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Re=-e‘—ﬂ, where d is the dispersed phase drop diameter (Hartland, 1988). This
M,

relationship is expressed by:

(4-11)

o | ™

Since the Reynolds number will increase as the phase composition increases, since p,
increases, the parameter r could change from 2 for laminar flow to 1/2 for turbulent
flow (Kumar and Hartland, 1985). Therefore, parameter r might decrease with
increase in phase composition. There are however other physical properties of obvious
significance in such an analysis, e.g. p,, #,, o and Ap.

The exact relationship between index b and the phase composition is not known.
Whether b increases, or decreases, with the phase composition could result in a slight
decrease in the value of @ . This may explain the experimental observation regarding

the relationship between & and the phase composition.

Table 4-3 Rate of sedimentation comparing Stokes number and experimental data.

20% w/w 25% wiw 30%w/w
k, for 250/150 1.4 2.3 2.6
k, for 250/200 1.1 1.8 23
k, for 250/250 1.1 1.9 2.8
k, mean 1.2 2.0 2.6
Stokes number 1.0 2.5 4.0
p salt (kg/ m3) 1102 1135 1176
p PEG (kg/m?) 1075 1074 1075
Ap (kg/m?) 27 61 101
o (N/m) 1.28 x 10 59x 10" 1.11x 107
u salt (mPa.S) 1.90 1.80 1.85
Assumed diameter 1.5 x 10°° 1.5x 107 1.5x 107

(d) in (meters)
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The values of k; (Tables 4-2, 4-3) show that the mean sedimentation rate increased
from 1.2 for 20 % w/w to 2.6 for 30 % w/w, with increasing phase composition. This
might be expected from the expression for the rise velocity of droplets (Richardson and

Zaki, 1954), albeit for unhindered settling,

2
y, =829 1 _ gy (4-12)
18 u

where ¢ is the volume fraction of the dispersion and exponent n is an empirical

constant which depends on the drop Reynolds number.

In this case the drop diameter d is unknown, but the density difference Ap between the
phases increases with increasing phase composition and the viscosity u. is roughly
constant for the continuous salt phase. Thus if the diameter of the drop d is assumed
to be constant, the sedimentation rate, which is proportional to the rise velocity of the
droplets, would be expected to increase with an increase in phase composition, as

observed in Figure 4-7, which is based on the data in Table 4-3.

Additional observations

It was observed that, after a clear interface was formed, a haze (cloudiness) remained
in both layers, with a particularly intense haze in the bottom phase (salt-rich). The
haze appeared to consist of very fine drops of the salt-rich phase in the upper (PEG)
layer and vice versa. These fine drops were believed to have been formed during the

mixing process by spontaneous separation of the two phases of different composition
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from the original solutions. They did not initially migrate to the interface under gravity
and took no part in the interfacial coalescence process. The haze eventually cleared,
and after a period of several days had disappeared from all parts of both layers. The
height of the interface between the layers did not change before and after the haze had
cleared visually (Figure 4-8), which is explainable by the very low volume fraction that

the coalesced drops would occupy, e.g. 10° drops of 15 um diameter = 10 ml only.

5
4_
g 34
=
E
i 5
1 —
0 :
20 25 30

Phase Composition ( % w/w )

Figure 4-7  Rate of sedimentation for the experimental data.

A second set of experiments was undertaken to determine the experimental error in the
settling measurements. Settling curves were plotted again for the second experiment
and In (x,-x) vs. In (t) curves were plotted in Figure 4-5, to demonstrate the accuracy
and the reproducibility of the settling tests. The curves in Figure 4-5 show that the
settling tests can be reproduced easily with a maximum deviation of + 5% and mean
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deviation of +4%. Table 4-4 shows the slopes for both sets of experiments for various

compositions and volume ratios and the mean deviation for each case.

Table 4-4  The slope (1+a ) for experiments I and II.

Phase Volume Exp. I Exp. II Mean
composition fraction Slope (1+a)  Slope (1+a)s Slope (1+a).g Deviation(%)
Salt/PEG (1+a),-(1+Q).,

(14 Q)
20 w/w 250/150 13 1.2 1.25 +4
20 w/w 250/200 14 1.3 1.35 4
20 w/w 250/250 12 13 1.25 +4
25 wiw 250/150 0.9 0.9 0.9 0
25 wiw 250/200 1.1 1.1 1.10 0
25 wiw 250/250 1.1 1.2 115 4
30 wiw 250/150 1.0 1.1 1.05 +5
30 w/w 250/200 1.2 1.1 115 4
30 w/w 250/250 09 0.8 0.85 +5

The significance of these results, and their application to design, are discussed in

chapters 7 and 8 respectively.
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5 Mass Transfer From Single Drops
S.1  Introduction

Because of the complexities involved, mass transfer studies were limited to single
discrete droplets. As in previous classical studies in liquid-liquid extraction (Slater,
1994), the observations then require extrapolation to the case of swarms involving a

distribution of drop sizes.

The objective was to study the effects of droplet size, phase concentration of the
system and phase composition of transferring dye on the mass transfer rate. From the
results it was hoped to gain some insight into mass transfer mechanisms in two

aqueous phase mixtures involving small droplets.

Cibacron Blue 3GA was chosen as the transferring component because of its use as a
ligand in the extraction of enzymes in PEG systems (Johansson, 1984) and its relatively
high molecular weight, thus simulating the behaviour of proteins and other

biochemicals.

The range of dye concentrations used was 0.01 to 0.1 % w/w. This was selected
because it mimics high molecular weight solute. Since it was necessary to examine the
behaviour of droplets of millimetre size, three different nozzle diameters were used.

PEG/salt solutions were tested at concentrations between 20 and 30 % w/w.

5.2  Experimental methods and materials

Falling drop method

Initially it was necessary to calibrate the spectrophotometer used to measure the

concentration of the transferring solute. This was carried out by preparing various
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concentrations of dye (Cibacron Blue 3GA) in potassium hydrogen orthophosphate
solutions. The absorbance of these samples was measured using a Perkin Elmer
UV/VIS spectrophotometer at 611.5 nm. The absorbance values were plotted against
concentration to generate calibration curves (Figure 5-1). The dye was used as
transferring solute because it was known to partition into the PEG phase (Johansson,
1984, Kula, 1979, Kula et. al., 1982), because it should mimic the behaviour of high

molecular weight protein, and to enable diffusion to be observed visually.

For the experiments involving mass transfer, discrete, single drops containing dye were
allowed to fall through the continuous phase (PEG solutions) contained in a 8 cm
diameter glass column of length 0.47 m. The drops were released under gravity from a
glass nozzle with a needle (I.D. 0.2, 0.5 and 1.2mm), attached to a burette and then
entered the continuous phase. The needle was about 3 mm above the continuous
interface. Hence no solute transfer occurred during drop formation. The dispersed
phase comprising between 198 and 202 drops after coalescence was collected from the
bottom of the glass column. The absorbance of the dispersed phase was measured
‘using the spectrophotometer at ambient.temperamre (20°C £ 2°C). The residual
concentrations were then found from the calibration curve. The number of drops was
counted using a hand counter, and their fall-time measured with a stop-watch. The
average falling-times were 16.9 seconds, 15.2 seconds and 6.5 seconds for the needle

sizes I.D. 0.2 mm, 0.5mm and 1.2 mm, respectively.

The total volume and the number of the drops released were measured from the
burette to calculate the mean drop diameter. Visual observations confirmed that the
drop size did not vary significantly from the mean value.

Experiments were carried out using 30% w/w, 25% w/w and 20% w/w dispersed and
continuous phases, respectively. At each concentration three different needles, of

0.2mm, 0.5mm and 1.2mm internal diameter, were used to generate different drop
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sizes in the approximate mean size range of 2.8mm, 3.0mm and 3.7mm. Hence there

was a total of nine experimental configurations.

Absorbance measurement

A Perkin Elmer UV/VIS spectrophotometer was used to measure the absorbance of
the prepared dye samples. Distilled water was used as a reference solution to calibrate

the instrument to zero absorbance.

The sample cell was placed in the compartment, then "Peak Seek" mode was selected
to determine precisely the wave length of an individual peak for the dye colour. The
peak chosen was at 611.5 nm. The value of absorbance was then displayed on the

readout.
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Figure 5-1 Calibration curves; dye concentration vs. absorbance.

95



5.3 Theoretical methods and results

Mass transfer from a single spherical drop falling under gravity through a stagnant
liquid may be described by a variety of models. The simplest is the two film theory,
discussed in Section 2.6 (equation 2-3). The rate of solute transfer through two films

in series may be expressed by

c
N =KA|¢~—= (5-1)

m

In this model N is the rate of mass transfer, X is the overall mass transfer coefficient,
A is the surface area of the drop, c, is the concentration of the dye in the dispersed
phase, c, is the dye concentration in the continuous phase and m is a partition
coefficient.

Equilibrium at the interface is assumed, so that the partition coefficient may be

expressed in terms of the interfacial concentrations as:

m==a (5-2)

where c, is the dye concentration in the continuous phase at the interface, and c,, is

the dye concentration in the dispersed phase at the interface.

K, the overall mass transfer coefficient, may be expressed in terms of the mass transfer

coefficients k, and &, , corresponding to the resistances in the continuous phase and
the dispersed phase respectively: [ It is conventional to neglect any interfacial
resistance due, in part, to the impracticality of measuring it ].

Hence,

1
[ — +— -
K mk, k (5-3)
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A mass balance on the dispersed phase drop gives

C
N=KA[C __ch_ o (5-4)
4 m dt

where V'is the drop volume. Assuming the drop is spherical, then

md? -
V= 5-5
g (5-5)
and
A=md® (5-6)
is the surface area of the spherical drop, where d is its diameter.
Thus, by substituting in equation 5-4
dc ¢ |
d d E €
—&—2-=Krg|c --= -
dat 6 a [ d mJ (5-7)
and rearranging,
d dcﬁr - c -
e e c ——£< -
s (c, m) (5-8)

Given the experimental design, i.e. the droplet contained a high concentration of dye

and the continuous liquid did not, the dye concentration in the continuous phase, c,,

can be assumed to be zero. Integrating
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= |—Li= bl 5-9
6c., c; d‘! 5
1. &, K

—InS£=-—¢ 5-10
6 = d ( )

Rearranging gives the overall mass transfer coefficient X

d. c
K=—In—2 -
6t ncd o-Lh)

Equation 5-11 was used to calculate K for all experiments. Results are plotted in
Figures 5-2 and 5-3 as mass transfer coefficient, K, against initial dye concentration
C,- Since it was not possible to form droplets with the 20% w/w solution, because the
low surface tension resulted in a jet rather than a drop, only results for the 25% and

30% w/w systems are shown.

In the absence of direct measurements of drop shape, an equivalent spherical diameter
was used. This was calculated (using equation 5-5) from the mean drop size (3.7mm,
3mm, and 2.8mm from the nozzles of diameters 1.2mm, 0.5mm, 0.2mm, respectively)
based on the total volume of dispersed phase used and the number of drops counted,
It was assumed that the concentration of dye in the continuous phase was negligible
throughout the experiments. This assumption may be tested using the following

equation:

Co—C;
100

J
S:van‘. (5-12)
1=1

where § is the amount of dye transferred to the continuous phase [g], p is the density
of the dispersed phase [g/ml], v is the volume [cm?®] of each drop, n, is the number of

drops counted in each batch of experiments using the same continuous phase, j is the
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number of batches using the same continuous phase, c, and ¢, are the initial and final

dye concentrations in the drop phase [Y%w/w].

To calculate the concentration of dye in the continuous phase at the end of each set of

experiments (the maximum value),

o=t 00— ibo (5-13)

© e T p? Hp,
4

where c, is the concentration of dye in the continuous phase [Yow/w], v, is the volume
of the continuous phase in the column, D is the diameter of the column, H, is the
height of the column and p, is the density of the continuous phase. The final
cc:nceritration of dye in the continuous phase at the end of each set of experiments, c_,

was thus about 2.0 x 10 %w/w, i.e. much lower than the typical dye concentration in

the dispersed phase (¢,= 0.1 %w/w). Hence Se canbe neglected, compared with c,, if
m

m is not too small (m>1).
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An experiment was conducted to measure the partition coefficient of dye in the PEG-
salt system. It was found that the dye partitioned to the top phase (PEG) and the
bottom phase (salt) appeared colourless. This suggested that the dye partitioned very
strongly to the top phase. The exact dye concentration in the salt phase is not known

since it was lower than the concentration measurable by the spectrophotometer. The

- .. c v e
partition coefficient is thus much greater than 1, so that ¢, ))—<. Thus neglecting —=
m m

in equation (5-8) is justified.
5.4 Discussion of the results

All the results of the mass transfer experiments show that K increased with dye
concentration in the dispersed phase (Figures 5.2 and 5.3). Theoretically, the partition
coefficient m is a function of dye concentration in both phases. However, since the
dye concentration in the continuous phase was very low (c,=2.0 * 10~ wt%) (see
previous section), it is reasonable to assume that m is a constant over the experimental
conditions (Coulson and Richardson, 1956). Therefore, the increase in X with dye
concentration in the dispersed phase must be due to other reasons; these are discussed

below.

1) Reaction N

Olander (1960) derived an equation to predict the effect of various chemical reactions
on the rate of liquid-phase mass transfer. The calculated mass transfer coefficients
were found to be a function of the concentration driving force, the precise form of the

dependence being controlled by the rate of reaction and equilibrium stoichiometry.
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2) Interfacial turbulence
As discussed in Chapter 2, interfacial turbulence or spontaneous interfacial convection
is known to substantially increase the mass transfer rates in the course of liquid-liquid

extraction.

Sternling and Scriven (1959) discussed the conditions under which a small fluctuation
in surface tension during mass transfer can build-up into a macroscopic eddy. This
process can enhance the mass transfer process, by producing eddy transport in addition

to molecular diffusion.

Sawistowski (1971) describes the formation of ordered convection cells which create
movement at the interface. This movement enhances the mass transfer and can be
shown to cause the mass transfer coefficient to increase as a function of the solute

concentration.

Golovin (1984) also found that the mass transfer coefficient in the presence of
interfacial turbulence greatly exceeds the value in the diffusion regime, and that it
depends upon the concentration driving force and the interfacial tension between the

phases.

3) Solubility

Application of the two-film model assumes that the dye is dissolved in the dispersed
phase (salt phase). However, if this assumption is not correct, for example if the dye
dissolves in the dispersed phase or is suspended as particulates, a new model may need

to be derived.
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4) Non-equilibrium and convection effect
Alternatively if the addition of solute shifts the equilibrium of the PEG/salt system, the

mass transfer will then be affected.

In order to confirm or eliminate each possible reason listed as 1 to 4 above a number of

further investigations were conducted.

1) Reaction
The first reason for the increase of mass transfer coefficient with the increase of solute
concentration is a possible reaction between the dye (Cibacron Blue 3 GA) and the

PEG solution.

Johansson (1984) describes the use of a Cibacron-PEG ligand complex to extract
proteins selectively. The complex was prepared by reacting PEG and dye in alkaline
solution (pH 10-11) at 80°C for two hours and the low yield of product was purified

by column chromatography (Johansson, 1984).

Although these conditions did not occur in the experiments described here, it was
considered necessary to confirm that there was no reaction between PEG and dye.

Thus an aqueous mixture of PEG (Molecular Weight 6000) and dye was prepared
| uﬁdér typical experimental conditions and a sample taken for mass spectrometric
analysis. Mass spectra were obtained from a standard procedure with a VG Zabspec
mass spectrometer using Liquid Secondary Ion Mass Spectrometry (LSIMS) as the
ionisation technique. Use of this technique provides accuracy and high result
resolution. Samples were dissolved in a small volume of m-nitrobenzyl alcohol which
had been previously coated onto a stainless steel probe. Spectra were obtained by

scanning in the positive-ion mode at a scan speed of 10 seconds per decade.
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Samples of a pure PEG solution and pure dye solution were also run, for comparison.
The results showed (Figure 5-4) that the PEG spectrum was observed in the mixed
sample but that there were no peaks at wave length >1500 nm, which is where any
reaction product, such as triazine dye-polyethylene glycol (Johannsson, 1984) should
appear. Thus no reaction appeared to have taken place between the dye (Cibacron

Blue 3 GA) and PEG.

Since a further possibility was that the reaction could be very slow, a further sample of
the PEG-dye mixture was left over a week at normal ambient conditions prior to
analysis. The results (Figure 5-5) also showed no sign of reaction between the dye and

PEG.

The evidence from the Mass Spectrometry tests confirmed that the increase in mass
transfer coefficient with dye concentration was not due to a reaction between the dye

and PEG.
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2) Interfacial turbulence

The second possibility is interfacial turbulence in the PEG/salt system. One criterion
for the existence of interfacial turbulence is that the interfacial tension is a function of
the solute concentration (Sawistowski, 1971).

Experiments were undertaken to measure the interfacial tension with different dye
concentrations in the PEG phase. The solutions for these experiments were initially
prepared as described in Chapter Three. The two phases were pre-equilibrated with
different amounts of dye, before the PEG phase was separated and the interfacial
tension measurements made.

The interfacial tension was then re-measured, as shown in Table 5-1, which gives

interfacial tension values versus dye concentration in the drop.

Table 5-1 Interfacial tension versus dye concentration at 24°C.

20 wt % phase system

¢, (Wt )% o (N/m)
0.01 1.43 x 10
0.1 1.28 x 104
0.2 1.07 x 10%

As can be seen, the interfacial tension decreased with the dye concentration in the
drop. According to Slater (1994) the relationship between interfacial tension and mass

transfer coefficient can be expressed by:

k c o (5-14)

Assuming that an analogous relationship exists between the interfacial tension and the

dye concentration in the drops for 25%w/w and 30%w/w phase systems, the maximum
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increase in mass transfer coefficient X due to the increase in the dye concentration in
the drop (from 0.01 to 0.1 % w/w) can thus be estimated as less than 20%. This

increase is not sufficient to explain the variation in K, as shown in Figures 5-2 and 5-3.

3) Insolubility of the dye in the salt phase

During storage, the dye was observed to be present in the salt phase as a very finely
dispersed solid, rather than in solution. This behaviour suggested that the dye may not
have been dissolved in the salt phase, but was simply well-dispersed as finei.e. <1 pm,
solid particles. Alternatively, the separation might have resulted from precipitation of

the dye due to temperature change.

An experiment was undertaken to investigate whether the dye precipitated because of
temperature changes. Using a water bath to control the temperature of the dye-salt
solution overnight at 24 °C , the dye was still observed to have settled to the bottom of
the flask. This indicated that the settling of the dye in the salt phase was not due to

temperature change.

The solubility of the dye in the salt solution was therefore investigated. An experiment
was undertaken to check the solubility of the dye. A sample of the solution after the
dye had settled under gravity was centrifuged for ten minutes at 19 000 RPM.
Virtually all the blue colour was seen to have separated to the bottom of the test tube.
This result indicates that the dye solubility in the salt solution was in fact very low, i.e.
below the limit of detection by eye.

The solubility results suggest that the dye was essentially undissolved in the salt
solution but formed particles of colloidal size, i.e. 10™ to 10°um, at the start of each
experiment.

The apparently uniform blue colour on mixing could only be due to the very fine solid

dye particles being evenly dispersed in the liquid.
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The simple two-film model of mass transfer may not be used to describe the overall
mass transfer process in this case, since the dye remains undissolved in the salt solution
and does not diffuse to the drop surface. Therefore an alternative model was

developed to describe the mass transfer process:

If the dye is in the form of uniformly-dispersed particles within the salt drop,

(o =%= ¥ (5-15)

d3

S
6

where ¢/, is the concentration of particles in the drop, N is the total number of particles

in the drop, and V is the drop volume assuming a spherical drop.

Mass transfer from the drops occurs by solid particles near the surface of the drop
coming into contact with the continuous phase and dissolving into it. Only particles
within a surface layer inside the drop are able to take part in this process. The
thickness of this layer may be assumed to be equal to the diameter of the solid
particles. The volume of this surface layer is thus approximately 7d” d, where d, is the

particle diameter and 7d*is the surface area of the drop.

Then, assufning that the particles are uniformly distributed throughout the droplet, the

number of particles in the surface layer is »,, given by
n=~nddc (5-16)

The total surface area of the particles in the surface layer of the drop is

a=nnrd =(rd*dc))nd}

5-17
= :fdfd’c; ( )
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where p, is the density of the solid particles, and p, is the density of the dispersed
phase.

In practice, not all the surface of the particles will be exposed to the continuous phase.
However, given a large number of particles it may be assumed that the active surface
area per particle is essentially constant. Thus the active surface area for mass transfer

may be written as:

a=w=%0- (5-18)

where k' = Girp—dfor the case where the whole of the surface of each particle is active.

The mass transfer process away from the drop surface can still be described by a film

model, so that

6 dt

. g, (c' - cc) (5-19)

In this case, ¢ is the solubility of the dye in the continuous phase, since the mass
transfer is occurring by dissolution of the solid dye particles at the surface of the drop.
The concentration relative to the dissolving solid is the solubility, assuming equilibrium

at the solid surface.

Thus
dc, kk'dc,(c"-c,)
TTdt T (3-20)
lOOEd’
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Equation (5-20) cannot be solved directly because it includes two variables:c,and c,.

Assuming as before that the concentration of the dye in the continuous phase ¢, =0,

then equation (5-20) gives

dc, _ 6kk'c,c’ _ K,

2 = —_—— 5-21
dt d d"* G2
where k; = Skk'y . Solving equation (5-21) gives
Tici:_.k_njd[
¢ cd : d 0
In<Z = --’i"—t
CD
d
k,=ZIn<e (5-22)
! s

This result is identical in form to the two-film model (equation 5-11) and predicts that
the apparent mass transfer coefficient &, for the particle model should be independent
of the dye concentration in the dispersed phase. Plots of ko are presented as a function

of dye concentration in Figures 5.7 and 5.8.

4) Non-equilibrium and Concentration Effects

Experiments were undertaken to measure the interfacial tension with different dye
concentrations in the PEG phase. The solutions for these experiments were initially
prepared as described in Chapter Three. The PEG phase was first separated, and a
known concentration of dye added before undertaking the interfacial tension

measurements. In the experiments, mass transfer was observed as the PEG drop was
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formed. Material from the continuous phase (salt phase) transferred to the drop which
contained PEG/dye; microscopic drops of the salt phase then formed inside the
PEG/dye drop. These small drops rapidly coalesced to form droplets visible to the
naked eye. A circulation flow was observed inside the PEG/dye drop, although it was
unclear whether this was a direct result of the transfer of salt, or was caused by the
internal salt phase drops falling to the base of the drop (Figure 5-6).

The circular motion inside the PEG/dye drop might be expected to enhance the dye

mass transfer by improving dye transport to the drop surface.

It was thought that the observed salt transfer might be caused by the presence of the
dye affecting the salt-PEG phase equilibrium. To eliminate this, the interfacial tension
experiments were repeated using PEG-dye and salt solutions which had previously

been stirred together to allow the dye to equilibrate between the salt and PEG phases.

Figure 5-6  Salt drops circulating inside (Dye/ PEG) drop.

The interfacial tension was then re-measured, the data being presented in Table 5-1.
No significant mass transfer was observed during the re-measurements. This
observation suggests that equilibrating the dye within the system reduces the mass
transfer from the bulk phase to the PEG/dye drop. It appears to confirm that the dye

had shifted the equilibrium of the PEG system.
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Further observations
Figures 5-7 and 5-8 also show that the largest drops (using the 1.2mm diameter
nozzle) resulted in a higher value for the apparent mass transfer coefficient than the

smallest ones by a factor of about five. This may be due to the following reasons.

Deformability of the larger drop

According to the theory proposed by Grace, Wairegi and Nguyen (1976), the shape of
drops can be predicted when they move freely under the action of gravity in liquids.
An attempt has been made to predict the shape of the drops in this system, which
shows that the largest drops (3.7mm in diameter) are in the ellipsoidal regime and the
smaller drops (2.8mm, 3mm in diameter) are in the spherical regime. It was observed
from the experimental work that the largest drops (3.7mm in diameter) were ellipsoidal
and the smaller drops spherical. The visual observations thus support the prediction.
When the large drops are deformed from the original spherical shape into an ellipsoidal

shape there is an increase in surface area, which may enhance the mass transfer rate.

Large drop internal motion and breakage

During the measurement of the mass transfer, the nozzle on which the drop formed
was placed about 3 mm above the surface of the continuous phase. On entering the
continuous phase, the drop had significant kinetic energy, which will largely be
converted to internal motion in the drop (Figure 5-9). Althbu gh the éifcﬁlation may be
damped by viscous forces at the interface, it will contribute to enhanced mass transfer

from the drop as mentioned in Section 2.6.1.

It was also observed that some of the large drops broke into two. The two drops
consisted of a large drop which left behind a smaller drop. The smaller drop either
accelerated and coalesced with the large drop (Figure 5-10a), if the smaller drop was in
the wake of the larger drop, or moved along with the large drop if they were outside

the wake region of the large drop (Figure 5-10b). This breakage of the large drops
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would increase the interfacial area and the interior of the resultant drops would initially
be turbulent, which leads to an increase in the rate of mass transfer. This observed
effect suggests that under the conditions of present study the mass transfer rate may be

expected to be higher for large drops than for smaller rigid drops.

Figure 5-9  Drop internal motion
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Figure 5-10 Droplet behaviour following break-up.
a) Smaller drop within influence of wake of remaining large drop

b) Smaller drop behaviour independent of remaining drop.
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6 Drop Size Distribution in an Agitated Vessel

6.1 Introduction

The behaviour of liquid-liquid dispersions in stirred tanks is of special interest in chemical
engineering practice. If two immiscible liquids are agitated, a dispersion is formed, in
which continuous break-up and, if the hold-up is sufficient, coalescence of droplets occur
simultaneously. If the agitation is continued over a sufficient period of time, a local
dynamic balance is established between break-up and coalescence. The average size of the
droplets at equilibrium will then depend on the conditions of agitation, physical properties

of the system, temperature of the system and the dispersed phase hold-up.

Drop size distributions are an important characteristic of liquid-liquid dispersions, since
the physical and chemical phenomena which occur in an agitated vessel depend largely on
the size of the dispersed droplets. For processes such as mass transfer, it is essential that
the size of the droplets can be estimated to enable the mass transfer area and hence the

rate to be predicted.

Several methods have been used previously for the measurement of drop size distribution,
e.g. the photographic technique, light transmission, conductivity (Coulter Electronic
Counter) and light diffraction. The photographic technique is based on use of a
microscopic camera to take a picture of the dispersion usually with back-illumination; the

number of drops collected are generally around 100. The actual determination of drop
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sizes by the photographic technique may, however, result in significant error, especially if
small drops cannot be distinguished very clearly, as described by Chatzi et al., 1989 &
1991 and Mlyneck and Resnick, 1972. Clearly droplets below the limit of detection
cannot be counted. Those which are partially-shielded, or out of the plane of focus, may
also be ignored. The Coulter Counter is an instrument for determining both the number
and size of the droplets as they pass through a small aperture between two electrodes.
The resistance between the electrodes changes as a particle goes through the aperture and
this change is converted to a voltage pulse in the instrument (Sprow, 1966). The
technique is only applicable to dispersions in a filtered electrolyte. Light diffraction
techniques offer a short measuring time and permit on-line analysis with minimal possible
instrumental, sampling and dispersion errors (Chatzi et al., 1991). The latter method was
employed in this research because of its accuracy, reproducibility, the ability of the
instrument to measure very small drops (~ 1 um ) in the dispersion and the feasibility of

on-line measurement.

A number of studies dealing with the experimental measurement of drop sizes in stirred
liquid-liquid systems have been reported in the literature (Chatzi, 1991, Chen and
Middleman, 1967, Shinnar and Church, 1960, Konno et, al., 1977, 1987, 1993).

However, most investigations refer to systems with a high interfacial tension, i.e. in the
range of 0.015 - 0.05 N/m. and with a high density difference between the phases i.e. in
the range of 116 - 300 kg/m’.

In the present study, the dispersion process has been examined essentially in the absence of

coalescence, by working at very small dispersed phase fractions, i.e. 0.03% v/v to 0.07%
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v/v. Drop size distributions were measured as a function of agitator speed, the physical
properties of the system and the dispersed phase hold-up. The temperature of the system
studied was kept constant throughout the investigation. A theoretical treatment based on

the theory of isotropic turbulence has been used to correlate the data.
6.2  Experimental investigation and equipment design
Two phase system

The two aqueous phase systems used possess a very low interfacial tension, i.e.<1.28x10™
N/m, a small density difference i.e. 27 kg/m’ and a low continuous phase viscosity, i.e.1.7

- Ns/m’. All these factors tend to result in very small drop size distributions.

The design of the experimental apparatus to investigate drop size distribution with such

systems is strongly dependent upon the method selected for measurement.
Farticle size determination with the Malvern analyser

Laser diffraction is a relatively recent technique for particl-e or drop size determination and
is based on the measurement and interpretation of the angular distribution of the light
diffracted by the particles or droplets. It is an extremely flexible measurement technique
that does not require calibration (because it is based on the theory of light diffraction of

particles) and can be used equally well for liquid and solid dispersions. Light scattering
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was chosen as the method of measurement because droplets formed in the system
investigated can be very small, e.g. 7um, and the Malvern Particle Size Analyser has a
detection range going down to 1.2um. A typical measurement is completed within

seconds, thus making the technique suitable for on-line size analysis (Chatzi et al., 1991).

The instrument uses a low-power laser transmitter to produce a parallel, monochromatic
beam of light that illuminates the droplets or particles flowing in the cell. The incident
light is diffracted by the illuminated particles, resulting in a stationary diffraction pattern
regardless of particle movement. As particles flow through the illuminated area, the
evolving diffraction pattern reflects the instantaneous size distribution in this area. Thus,
by using a continuous flux of particles through the illuminated area and by integrating over
a suitable time period, the final measured diffraction pattern is representative of the bulk
sample of the narticles. A Fourier transform lens focuses the diffraction pattern onto a
multi-element photoelectric detector, which produces an analogue signal proportional to
the incident light intensity. The detector consists of a concentric array of 32 semicircular

photodiodes, each representing a certain size band (Malvern Instrument Ltd., 1987).

Once the diffraction pattern of a sample has been obtained, the particle size data are
extracted by iterative non-linear least-square calculations. An initial size distribution is
assumed, either from raw data (model independent) or from some particular form of
distribution, e.g., Rosin-Rammler. The software supplied by Malvern Instruments Ltd.,
(1987) allows the user to specify the type of size distribution, either as a Rosin-Rammler,

normal or log-normal form. Alternatively a model-independent analysis can be selected; in
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the latter case, multimodal particle size distribution can be identified with high resolution

(Chatzi et al., 1991).

The on-line capability of the laser diffraction instrument is a very desirable feature in the
measurement of drop sizes in a liquid-liquid dispersion since any technique based upon the
withdrawal of a sample introduces inherent sampling errors, temperature changes, and the
possibility of drop fragmentation or coalescence. Samples can be scanned as they flow in
a cell, and a number of sweeps of the detector are used for data averaging (typically 1000)
in order to obtain representative and statistically meaningful drop size distributions

(Malvern Instruments Ltd., 1987).

Typical results generated by the instrument include cumulative size distribution, volume
fraction within each size band, and a listing of the main parameters of the distribution
including volume mean, median mean and Sauter mean diameters (Malvern Instruments
Ltd., 1987). Detailed results and examples are discussed in the results sectioﬁ.

At low phase concentrations, poor signal level and large random errors may exist, while at
high concentrations multiple scattering effects may introduce systematic errors ( Malvern
Instruments Ltd., 1987). Consequently, there are limitations on the range of hold-up that

can be used.

A major difficulty in using the Malvern Particle Size Analyser is that it normally requires a
30 ml sample to be withdrawn from the mixing vessel and transferred to the measurement

cell. Such a procedure could introduce coalescence and other problems noted earlier and
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hence lead to inaccurate results. Another potential difficulty is that of air entrainment,

which may limit system operation.

A special apparatus was designed to solve the above problems and to facilitate on-line
drop measurement. This apparatus consisted of a one litre vessel designed with a special
window to allow the laser beam to pass through the dispersion, enabling measurements

whilst the droplets were in motion. Details are given in the following section.

6.3 Equipment

6.3.1 Mixing vessel
All the drop size experiments were carried out in one litre cylindrical glass vessels,
of the type shown in Figure 6-1. The vessel diameter was 105 mm and the height to

diameter ratio was one.

6.3.1.1 Mixing vessel design I

The apparatus, as shown in photograph 1 and in Figure 6-1, was based on a one litre glass
vessel designed with a special window to allow passage of the laser beam. The design
allowed continuous on-line measurement of the drop sizes in the vessel without any
disturbance to the dispersion. However, some disadvantages were discovered during

operation.
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1. The windows were constructed from ordinary glass, which was not to the same
specification as the glass (anti-reflection coated) designed for the Malvern Particle Size
Analyser.

2. The special tube designed to accommodate the glass window obscured some of the
scattered light. This led to inaccurate measurement of the drop size.

A new design was therefore developed to resolve these problems.
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The vessel (4) had a flat bottom with rounded corners. It had spgc_i.a;lyflesignec_l windows
to allow the laser beam to pass through the dispersion (see photograph 6-1). Four
equally-spaced Perspex baffles (12), 1.05 x 107 wide and 10.5 x 10 ? long, were arranged
vertically at 90 degrees intervals inside the vessel. The baffles (12) were placed as close as
possible to the vessel wall. They were supported at the middle by a steel coil. A Perspex

ring (5) (photograph 6-2) supplied by VT Plastics Ltd. was inserted into the top of the
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vessel using an O-ring seal; this lid contained a port (8) for the agitator shaft (Photograph
6-3). There were two ports for addition of small quantities of the dispersed phase. The

lid was air and dust-tight to avoid any extraneous contamination from the atmosphere.

6.3.1.2 Mixing vessel design II

The improved design consisted of a one litre Perspex vessel (photograph 6-4 and
illustrated in Figure 6-2) with a stainless steel cell and glass window specified and supplied
by Malvern. The specification covered the use of specially-coated glass, the size of the
glass window (2cm in diameter) and the geometry of the cell. The cell was screwed into
the middle of the vessel, at the same level as the impeller to ensure good drop dispersion

throughout the cell.

Several important factors influenced design of the vessel.

1. The thickness of the vessel, the thickness of the jacket and the gap between the two
walls created a substantial distance, i.e. 3 cm, which could have influenced the flow of
the drops to the cell. Therefore, to minimise the distance, the mixing vessel was
placed off-centre relative to the water jacket, as shown in photograph 6-5. This design
did not significantly affect the performance of the water jacket, because of the large
surface area around the vessel.

2. The apparatus had to be constructed of Perspex (i.e. polymethyl methacrylate) because

of the complexity of the design.
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Photograph 6-2 Ring to accommodate the lid of the vessel.
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Photograph 6-3 Lid of the mixing vessel
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Figure 6-2  Mixing vessel Design II

The Perspex lid (8) was fixed to the ring with stainless steel screws (7). The stainless steel
shaft (10) was also sealed with a rubber bearing (9) supplied by HPC Drives Ltd. and

another air-tight O-ring rubber seal (11) supplied by Brunwell Ltd.
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The impeller (13) used for all experiments was a standard, six-bladed Rushton turbine.
The diameter of the impeller (13) was 2.25 x 10 2 m, the width of the blades was 1.05x10"
?'m, and the length of the blades was 1.31 x 10 2 m. These dimensions were within the
range determining standard tank configurations. The impeller was centred vertically and
axially in the vessel.

The vessel (4) was jacketed as shown. The water jacket (1) was served by a water-bath
supplied by Techne, Model C-400 ( range -20°C - 80°C) photograph 6-6; this enabled the
temperature to be controlled at T=20 + 0.1 °C. The vessel (4) was placed on an in-house
built rig with a variable speed motor ( range 50-2000 rpm) controlled by a voltage
regulator. The motor was supplied by Scientific Lab Supplies Ltd., model Eurostar, with
a digital speed indicator, which was calibrated in revolutions per minute. The impeller was
attached to a stainless steel shaft 6mm in diameter (10). A bellows (14), which acted as a

universal joint, was attached to the shaft (10).

6.3.2 Light scattering equipment

A Malvern 2600C Particle Size Analyser was used to measure the drop size distribution of
the dispersed phase. It was connected to a Personal Computer to run the software and a
printer. The vessel was modified to install a glass window, 2 x 107 in diameter, supplied
by Malvern Ltd. and designed to meet the measurement requirement, i.e. to allow the laser
beam to pass through the dispersion as shown in Figure 6-3. The vessel was placed in the
path of the laser beam, such that the beam travelled through the window of the vessel

(photograph 6-7).
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The vessel was supported by a stainless steel stand. The stirrer motor was mounted on

top of the stand.

Coolir® | K g
Heater

J | W]

He - Ne Laser

‘llens | Detector j

Printer

Figure 6-3 Equipment set-up.
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Photograph 6-6

Cooling-heating unit (Malvern monitor displaying distribution

in background.
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Photograph 6-7 Experimental set-up for the Laser diffraction, rig and the vessel.
(Emitter on left, mixing vessel, reciever on right; display on

monitor)



6.4  General procedure

6.4.1 Vessel preparation

Periodically, the mixing vessel, the baffles and impeller were removed and washed in a 2%
solution of ‘Decon 90’ detergent and then left overnight. Following this, they were
washed under running tap water for an hour, after which each item was rinsed three times
with deionised, distilled water. They were subsequently washed with a high purity

certified water (HPLC Water), then dried in an oven at 80 °C.

6.4.2 Preparation of the phases

The phases were prepared és described in Chapter Three. They were equilibrated at 20 °C
10.1 °C and then separated into clean sealed bottles. To ensure the phases were free of
impurities, they were then filtered through a 0.1um filter supplied by Gelmann Inc. This
was considered necessary to ensure that the laser beam would not detect any particles

below 0.15um.

6.4.3 Filling the vessel

Due to the nature of the design and the potential for ingress of air bubbles associated with
filling the vessel, extra care was taken to ensure no bubbles were present in the dispersion
prior to any measurements being made. The filling of the vessel was undertaken through
the inlet hole slowly and with extreme caution. The vessel was tilted several times during

filling to expel all of the air from the system.
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6.4.4 De-aeration

The presence of air in the system would have caused a major error in measuring drop size
with the Malvern Particle Size Analyser since it cannot distinguish between drops and
bubbles. The presence of cavitated air in the system was unavoidable. Therefore, the
system was first filled with the continuous phase and then the impeller was started at a low
stirrer speed, 1.€.200 rpm, to expel any cavitated air bubbles. The impeller was next
stopped and the air bubbles removed from the filling / draining holes. This procedure was
then repeated with a high stirrer speed, i.e. 1500 rpm, to ensure the system was bubble

free.

6.5  Experimental procedure

1 The volume of the vessel was determined by weighing the empty vessel, with
the Perspex lid and Rushton turbine in position, and then filling the vessel
completely with distilled water and reweighing.

2 The vessel was filled with the required volume of salt solution. A known 0.03%
by volume of the dispersed phase (PEG) was then added. The vessel was tilted at
an angle of about 45° to ensure that any air inside the vessel escaped through the
two ports. The screws in the lid were tightened to seal the vessel from the air.

3 The vessel was placed on the rig. The water jacket of the vessel was connected to
the cooler-heater unit, set to 20 °C, and circulation continued for one hour before

start-up.
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4 The Malvern was switched-on and the background reading measured using
the laser beam.

5 The stirrer motor was switched on and the impeller speed set to the desired value;
at the same time the stop-watch was activated.

6 Drop size distribution was measured at 15 minute intervals until a steady

drop size was obtained. The results of each measurement were then printed out.

6.6  Experimental programme

6.6.1 Determination of time to steady state.

The vessel was filled with the salt phase at a concentration of 20 % w/w. Sufficient PEG
phase from the 20 % w/w mixture was then added to give a 0.03% by volume dispersion
of the PEG phase in the salt. The stirrer was then started and measurements taken at
hourly intervals until a constant Sauter mean drop size (ds;) was obtained.

The time required to reach steady state was then used to set the sample time for parts

6.6.2 and 6.6.3 of the programme.

6.6.2 Determination of the effect of the stirrer speed.

The same mixture (20% w/w) was used in this part as in part 6.6.1. The sturer was
started at 300 rpm, and, after a start-up time as determined in part 6.6.1, measurements of

the drop size distribution were taken and analysed as in part 6.6.1. The stirrer speed was
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then increased by increments of 100 rpm and the process repeated, usually over the range

from 300-1000 rpm.

6.6.3 Determination of the effect of dispersed phase concentration.

New dispersions were prepared as in part 6.6.1. Concentrations of 0.03% to 0.07% by

volume of the PEG solution were used.

6.6.4 Determination of the effect of mixture composition

The above series of experiments was repeated using salt and PEG solutions of 25 % w/w

and 30 % w/w concentrations.



6.7  Experimental results:

6.7.1 Anoverview

The experimental results are presented in Figure 6-4. These show the effect of stirrer
speed, N, phase composition and dispersed phase hold-up upon drop size distribution, in

terms of the Sauter mean drop diameter.

Stirrer speed clearly had a significant influence on Sauter mean drop diameter, ds;. For
the 20 % w/w phase composition, ds, decreased linearly with N; the curve is steep. For
the 25 and 30 % w/w phase compositions, the effect of N on ds; is still roughly linear
within the range 600 rpm to 1000 rpm but the gradient is less steep. In the range of 400
rpm to 600 rpm the gradient of the curve matches that for the 20% w/w phase

composition.

The effect of dispersed phase hold-up upon ds; was relatively small, i.e. only + 10 %, over
the range studied (0.03 - 0.07 % v/v). The effect of phase composition on mean drop size,
d3z, was small in the case of the 25 % w/w and 30 % w/w dispersions, where the results
are comparable and follow the same pattern. At 20 % w/w, phase composition had a

marginally greater effect on the mean drop size ds, (see Figure 6-4).
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6.7.2 Drop size distribution

Typical results generated by the .Laser Diffraction Instrument include the cumulative size
distribution, the volume fraction within each size band, and a listing of the main
parameters of the distribution including the volume mean, median, and Sauter mean
diameter (Malvern Instruments Ltd., 1987). A typical example of the volume distribution
is given in Figure 6-5 (25% w/w phase composition, 0.04% v/v hold-up and 1000 rpm).

Volume distributions obtained for the liquid-liquid (Salt-PEG) system exhibited both
trimodal and bimodal forms: an example is presented as Figure 6.6 for 25% w/w phase
composition, 0.04% v/v dispersed phase hold-up at stirrer speeds of 400rpm and 1000rpm
at 20°C. In this case, at lower impeller speeds (300-400 rpm) trimodal distributions were
obtained, when the impeller speed exceeded 500 rpm, bimodal distributions were
recorded. The plots in Figure 6.7 also demonstrate how an increase in impeller speed not
only reduced droplet size, as would be expected, but also reduced the spread of the

distribution. The reduction in spread occurs only at the higher end of the distribution.
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6.7.3 Time to steady state

The minimum time required for the system to reach dynamic equilibrium, i.e. a stable drop
size distribution, was determined experimentally. This was done by measuring the drop
size and the change in drop size distribution from the start of the experiment. The
measurements were undertaken initially at 1 minute intervals over a period of 20 minutes
and then at 15 minute intervals. This was extended to 8 hours, and in some cases up .to 24
hours, to ensure no change in mean drop size or size distribution occurred. The stirrer
speed had a major effect on this parameter: the time required with a phase concentration
of 30%w/w at 300 rpm was about one hour; while at 1000 rpm the time required was

about 15 minutes.

The time required was also dependent upon the physical properties of the system. The
time required to reach steady state for a phase composition of 20% w/w, which had the
lowest interfacial tension, was about 45 minutes at a speed of 300 rpm compared to 10

minutes at a stirrer speed of 1000 rpm..

The minimum time required to reach a steady state at different conditions was found, as
might be expected, to depend on the Weber number N,.. An increase in the rate of
agitation or a decrease in the interfacial tension, caused a reduction in time to reach a

dynamic equilibrium.
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6.7.4 Reproducibility

The reproducibility of the laser diffraction method was tested by carrying out consecutive
measurements as the sample was flowing in the stirred vessel; this procedure was repeated
using new batches of the PEG-salt system of the same composition. The reproducibility

was considered to be satisfactory as illustrated in Figure 6-8
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Figure 6-8  Reproducibility of a 25 % w/w phase composition at 800 rpm.
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6.7.5 Nature of the distributions

The drop size distribution was mainly bimodal, with the large-size peak shifting from
about 50 pum to 15 pum as the agitation speed was increased; simultaneously the smaller-
size peak increased in height but with little change in the typical drop size of 7um. The
shape of the distribution was in some cases trimodal. At low agitation speeds (< 500 rpm)
it was always multimodal. An increase in the agitation speed caused the spread of the
distribution to shrink, and the bimodal distribution evolved as illustrated in Figure 6-9 (see

also Figure 6-7).
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Figure 6-9  Reduction of distribution as a result of the increase in agitation speed.
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6.7.6 Volume, surface and number density distribution:

Typical results generated by the software available with the Malvern instrument include
volume ,surface, diameter and number density distributions. The raw data were obtained
as a volume density distribution but could be transformed to any of the above density
distributions as illustrated in Figure 6-10.

It will be observed that the peak associated with the smaller drops moves from right to left
in a systematic manner as the basis for the distribution changes from a volume density to
number density distribution. The same is true of the distribution associated with the large

-drops.
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6.7.7 Limitations on the operating range

Limitations on the operating conditions were established at the time of the experimental
work. It was found necessary to operate the system designated mixing vessel design II
and discussed in Section 6.3 above a minimum speed to ensure representative sampling of
the main vessel flow: based on visual observations and drop size measurements, it was
found to be about 300 rpm. Previous upper limits for the impeller speed were overcome
by designing the vessel to be air-tight. This new design provided considerable flexibility
when measuring drop size and size distribution at high agitation speeds. By comparison
other workers (e.g. Chatzi et. al, 1991) were limited by bubble entrainment when running

their equipment at high impeller speeds, i.e. > 300 rpm.

The range of the dispersed phase hold-up studied (0.03 - 0.07% v/v) was limited. The
upper limit for the dispersed phase hold-up was dictated by the measurement technique.
Liquid drops ﬁnder high agitation speed break into numerous small drops, which, if the
fraction present is above a certain value, prevent the laser beam passing through the
measuring cell. Consequently, the maximum dispersed phase hold-up had to be restricted
to 0.07% v/v. The laser intensity (the beam passing through the cell and collected by the
lens) must also exceed a certain minimum level to yield an accurate reading; this
consideration limited the lower dispersed phase hold-up determined by the Laser Particle

Size Analyser to 0.03% v/v.
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6.8 Discussion of results

6.8.1 Sauter mean drop diameter

The results in Figure 6.4 show that the effect of stirrer speed, N, on Sauter mean diameter,
dyy, was, as expected, very strong. The plot for the 20% w/w system shows that the
steady state Sauter mean drop diameter, d;;, decreased approximately linearly with
increase in agitation speed. The 20% w/w system did not follow the same pattern as the
25% wiw and 30% w/w systems due to the significant difference in physical properties,

(see Table 3-1).

The bimodal distribution observed in the present work has previously been reported in the
literature (Ward and Knudsen,1967; Austgen et. al., 1991; Laso et al., 1987).

This may be attributed to the method of measurement (i.e., light scattering ), which
permits an accurate measurement of the size distribution. The spread of the distribution
shrank in size as the stirrer speed was increased. As illustrated in Figure 6-7, the two
peaks represented a mean drop diameter ds; of 7um for the 1* peak and 50 um for the g™
peak. As the stirrer speed was increased the 2™ peak shifted from 50pum to 15 pm; the 1%
peak was unchanged in terms of the mean drop diameter but grew in size. The 2™ peak
represents the larger drop sizes in the distribution, which naturally reduce in size as the
agitation speed is increased. The smaller peak represents the smallest population in the

dispersion and as the larger drops split into two or more drops, satellite drops derived
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from the split accumulate to represent the 1% peak. As the breakage process continues,
the number and volume of the satellite drops increased without their mean size changing

significantly.

Figures 6-11 and 6-12 provide complete sets of steady-state drop size distributions for

impeller speeds from 400-1000 rpm.

The effect of dispersed phase hold-up on the Sauter mean drop diameter is very small (+
10 %) within the range of concentration studied (0.03 - 0.07 % v/v). The majority of
workers ( Sprow, 1966, Chen and Middleman, 1967, Bouyatiotis and Thornton, 1967),
who have studied the breakage process, have worked with 1 to 10% v/v dispersed phase
hold-up. Unlike in the present study, therefore, interdrop coalescence was a factor and the
mean drop size showed a significant increase with hold-up, obviously due to the increased

frequency of droplet collisions.
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6.8.2 Data analysis

6.8.2.1 Correlations for the steady-state mean drop size
Shinnar and Church (1960) and Shinnar (1961) used Kolmogoroff's theory, as discussed
in Chapter Two section 2.7, of universal equilibrium assuming local isotropy to derive the

following equation for systems where the break-up process is the dominant mechanism:

d
- = Kwes 6-1

The term N’ D? is representative of power input per unit volume provided Re > 10,
Hence, for equivalent dispersion on scale-up, a general rule is to apply equivalent power

input per unit volume.

As was shown previously, the drop size in the system studied in the present work was
mainly determined by the breakage process. Also, since the Reynolds number for the

system studied was > 10°, the power number N; attained a constant value.
dn . . . .
Plot of log D vs. log N, in Figure 6-13 shows that, despite there being no allowance

for p,,Ap,u. and u,, a reasonable fit of the data is obtained The regression line

correlates the data in Figure 6-13 with a slope = -0.6 and intercept of K =0.11.
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The empirical correlation for the system can be written as:

D’; =011 We;** 6-2

Q,

158



Equation 6-2 was tested by plotting the experimental values of the Sauter mean drop

against the predicted values, as shown in Figure 6-14.
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Figure 6-15 provides a comparison between the experimental values for d;»/Dy and those
predicted from four correlations in the literature. The slopes are the same because of the
choice of -0.6 for the exponent on the Weber number. It is differences in the value of K

(see equation 6-1) that account for the higher values of ds, obtained in the present work.
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Figure 6-15  Comparison plot for the theoretical correlation and other workers

correlations.
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6.8.2.2 Time effects

Konno et. al., (1993) and Chatzi et. al., (1991) have both explored the effect of agitation
time on drop size distribution following changes in operating parameters. With their
systems ( kerosene / water, n-butanol / water, o-xylene / 0.01% PVA in water, o-xylene /
0.1% PVA in water and styrene / 0.1 PVA in water ) it took about an hour to approach
steady-state conditions. Chatzi et. al., (1991) proposed a correlation for estimating the

transition time, tmin, which indicates that

t, <We™? 6-3

This suggests that t., is very sensitive to We and , given the higher values of We explored
in the work of Chatzi et. al., (1991), predicted transition times are of the order of seconds
(2 seconds) rather than minutes. Experimentally determined transition times varied from
15 minutes to almost one hour as described in section 6.7.3.

It should be noted that droplet residence time in continuously operated extractors is
typically of the order of minutes (Chatzi et. al., 1991). Consequently, true steady-state

drop-size distributions may not always be achieved.
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6.8.2.3 dzand dpmax

Strictly speaking, theories of drop-break-up are concerned with the maximum stable drop
size, dmx. Nevertheless, most of the reported data is in terms of dsz; this is usually
justified on the grounds that ds; is linearly related t0 dmax. Brown and Pitt (1972) have
quoted ds; = 0.70 dmax, although lower values for the coefficient have also been reported.

In the case of multi-modal distributions, the choice of characteristic drop diameter is more
problematic. Because of the systematic trends in d3; values obtained in the present work
and the strong correlation between peak values and dj;, it is the Sauter mean drop

diameter, d;, diameter that has been used for purposes of correlation.

6.8.2.4 Range of We and Re numbers

It should be noted that the range of We number covered in this study was in the range 10*
to 10°. This is several orders of magnitude greater than the range used by other
researchers and is due to (a) the low interfacial tensions and (b) the relatively high values
of agitation speed and hence large agitator Reynolds numbers. This point is illustrated by
the plots in Figure 6-15; it should be noted that the published correlations have been

extrapolated beyond the range of We numbers studied experimentally.
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6.8.2.5 Drop size and scale of turbulence

As discussed in Chapter 2, correlations of the form

d_ . < We;** 6-4

are based on the assumption of isotropic turbulence coupled with the constrgint that d is
large with respect to the scale of energy dissipation eddies. The length of the primary
eddy is given approximately by the width of the impeller ( Shinnar and Church, 1960).
The dmax values observed in the present work were of the order of 100um; this is small
relative to the scale of large primary eddies in the region close to the agitator which are of
order 10mm. This shows that the drops are much smaller than the primary eddies and of a
scale where the assumption of isotropic turbulence will be applicable. An estimate of the

energy dissipation eddies can be made from the expression:

1
S
&i@lengm{[ﬁ‘] /a} 6-5

[

where ¢, is the power input per unit mass of liquid ( Appendix 7). For the range of
agitator speeds from 300 rpm to 1000 rpm, the estimated eddy length is from about 70um
to 25 um. The order of magnitude of this scale is close to that of the larger drop sizes and

nearly ten times that of the smaller drop sizes encountered in the present work. This



suggests that viscous as well as inertial forces will affect drop break-up for the PEG-salt
system. Konno et. al, (1993) have reached the same conclusion as a result of their
research with different systems.

In principle, another way of assessing the relative importance of inertial and viscous effects
is to examine the relationship between d;; and impeller speed N. Calbrese et. al., (1986)

have suggested that

dsz < N-O.?S 6-6

when dispersed phase viscosity, 4,, is the dominant property. An alternative relationship

which assumes interfacial tension is the factor rcsponsible for resulting drop break-up is

the familiar form

d;z oc N -1.2 6-7

Consequently, the experimental data of the present work have been plotted as log ds;
versus log N, as presented in Figure 6-16. Using linear regression, the values of the
exponent for N have been computed and the results are given in Table 6-1. Figure 6-16
shows that the exponent on N is near to, or greater than, -1.0, the range being from -1.0 to
-1.4; the latter figure is associated with the 20% w/w PEG-salt system and the value of
-1.0 with the 30% PEG-salt system. These results suggest that both inertial and viscous

forces can be expected to influence d;.
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Table 6-1 The effect of phase concentration on the slope of log ds; versus log N.

Phase Concentration (% w/w) Average Slope Accuracy (%)
20 -14 17
25 -1.2 +4
30 -1.0 +7

165



[ ]
(=
i

. RPM v 20% v.07%
Plot 1 Regr
I\ RPM v 20%.v.06%
B RPM v 20%v.05%
A RPWM v 20%v.04%
® RPMv25%v07%
/\ RPM v 25%v.06%
B RPM v 25%v.05%
A RPM v 25%v.04%
& RPMv25%v.03%
@ RPMV3I0%V.0T%
—— Plot 13 Regr
£\ RPM v 30%v.06%
B RPM v 30%.,v.05%
A RPM v 30% v 04%

a o v o
|]|l

32

Sauter M ean Drop D iam etepm

Loy}
i

100

Stirrer Speed (RPM)

Figure 6-16  Plots of log ds, vs. Log N

6.8.2.6 Relative influence of viscosity and interfacial tension

The relative magnitude of the viscosity and interfacial tension forces is given by the tank

viscosity group, Nyi. This has been defined by Wang and Calabrese (1986) as
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AND( p.)?
N =&———[£f-) 6-8

Vi
o \Pa

For the PEG-salt system, N,; values are of the order 50 suggesting that viscous forces play
a role in the drop break-up mechanism.
Wang and Calabrese (1986) suggested a relationship to account for both viscous and

interfacial forces:

1 1

d d 3 35
< -us 2l o 6-9
D 0.054We [1 +4.08( D ] V.:\

For high values of Ny;, this simplifies to

d ‘ 3/4
e 0.075(-"‘—] 6-10

: on inversion, this is seen to be an agitator Reynolds number

V:) o a Ha
— f:
(We is in fact ND'p,

based on dispersed phase physical properties. This predicts, as discussed earlier, that

d, < NP 6-11
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which is not the case for the present work.

d
The correlation of Wang and Calabrese (1986) also greatly over-predicts -D3—2 values and
I

so cannot be used with confidence for PEG-salt systems. Consequently, despite the high
values for N;, it appears that the interfacial tension (and the Weber number) have a
dominating effect.

Konno et. al.,, (1993) have reached similar conclusions as a result of their extensive
studies. Interestingly, Levich (1962) also suggests that a high viscosity cannot on its own
serve to stabilise the droplets; if, however, the viscosity is sufficiently high, then the time
required for deformation and fragmentation of the drop can be significant.

Finally, some comment is necessary about the smaller drops (~2-5um) in the system.
These drops are much smaller than the scale of energy dissipation eddies and, once
formed, are not likely to break-up further. Their formation is likely to be due to primary
droplet break-up, when because of the low interfacial tension, a number of small satellite
drops as well daughter drops will arise. This hypothesis receives support from the
experiments of Konno et. al., (1983) who found that three or more drops can be formed

during break-up near the agitator.
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Ts Conclusions

7.1  Basic conclusions

The Physical Properties of the PEG-salt System

The physical properties of the two-aqueous phase liquid-liquid system used were
determined for various PEG and salt concentrations. The viscosities of both phases
were found to increase as the phase composition was increased. The interfacial tension
between the phases was very low, i.e. 1.28 x 10%to 1.11 x 10® N/m. However, it
nicreased with an increase of phase composition. Further experiments in which the
system temperature was varied in the range of 15°C to 30°C indicated that the
temperature effect on the viscosities of the PEG and salt phases was negligible for the
salt phase. However, temperature change had a significant effect on the higher
concentration PEG phase (30% w/w), resulting in a 40 % reduction in viscosity over a

temperature range of 15°C to 30°C.

Dispersion Settling Times

The effect of phase composition and volume ratios on settling behaviour for two
aqueous phase systems indicated that separation was slow, with break-times of several
minutes. The rate of the separation process was limited by the recoalescence of drops

at the interface.

The rate of sedimentation increased with an increase in phase composition. It was
observed that, after reaching a clear interface, there was a haze (cloudiness) in both
layers, with a particularly intense haze in the bottom phase (salt-rich). The final
disappearance of this haze did not alter the height of the interface between the layers

after the haze had cleared. In reality the height would not be expected to alter
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because, despite their large numbers, the extremely small size drops will not constitute

a significant volume fraction as mentioned in Section 4.3.1.

Mass Transfer from Single Drops

Mass transfer between the two phases was studied. Detailed investigation revealed
that the solute (dye) used to study the mass transfer process was well dispersed, rather
than dissolved, in the salt phase and the overall mass transfer coefficient was found to
increase as a function of concentration. Interfacial tension between the phases was

found to decrease as a function of the concentration of dye solute.

Tests showed that the increase in mass transfer coefficient was not due to reaction of
the solute. However, the effect of the dye on interfacial tension (Marangoni effect)
and on the equilibrium between phases could have caused the observed increase. The
largest drops used in the tests (3.7mm in diameter) resulted in higher values for the
apparent mass transfer coefficient than the smallest ones (2.8mm) by a factor of about
five. This increase is believed to be due to the deformability and breakage of the large
drops during the mass transfer process. Such phenomena are well-established, e.g. as

" summarised in Section 2.6.

Drop Size Distribution in an Agitated Vessel

Drop size distribution and the mean Sauter diameter are important characteristics of
liquid-liquid dispersions. For processes such as mass transfer, it is essential that drop
size can be estimated to enable mass transfer rate to be predicted. Drop size and size
distribution were measured using a light diffraction technique. This technique proved

very accurate, reproducible, easy to operate, and fast measuring (~15 seconds), which
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makes it suitable for on-line measurement. A novel vessel was designed to facilitate
on-line measurements of the dispersion. The design of the vessel is unique providing an
air-tight system to avoid aeration, which allows high agitation speed, and the utilisation

of on-line measurement.

The Sauter mean drop diameter, diz, was used to express the drop size. As expected,
Sauter mean drop size was found to be a function of stirrer speed, N, but the volume
fraction had only a very small effect on drop size d;, within the limit studied. The
effect of the phase composition on drop size d;; was notable and greater with the 20%
w/w solutions than with the 25 and 30% w/w solutions.

The drop size distribution is a function of the stirrer speed N, and at the lowest stirrer
speed, i.e. 300 rpm, there was a wide spread and trimodal distribution. At high stirrer
speed, the drop size distribution became bimodal and the spread reduced.

The time to reach equilibrium drop size (steady state) depended upon the physical
properties of the system and agitation speed. The accuracy and the reproducibility of

the time for any one system was within 2 %.

d
The empirical correlation ﬁ =0.11 We;°® satisfactorily represented the experimental
I

data.
7.1.1 Development of experimental technique

Standard techniques were used for studying the physical properties, settling and mass
transfer. However a new improved technique was developed for measuring interfacial
tension.
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A new method was also developed for measuring drop size and size distribution for
liquid-liquid systems, containing small drops ( < 2pum) at low hold-ups (0.03% to 0.07

% v/v)
7.1.2  Significance of the work

This work has revealed several significant features relating to break-time, the

complexity involved in studying mass transfer and temperature effects.

A relatively short primary-break time, e.g. 10 minutes, was sufficient for the settling
process. The secondary haze was ignored, since it is reported as insignificant in

practical extractions because the fractional hold-up it represents is very small.

The various factors affecting mass transfer in a stirred vessel - for example the addition
of a solute shifts the equilibrium of the system, both diffusional and convective mass
transfer take place, and drop breakage and recoalescence may enhance the mass
transfer process - render practical mixer-settler extraction studies complex. Hence
given the wide range of liquid-liquid systems and operating variables, there is an

important gap to be covered between single drop studies and commercial operation.

Reports in the literature indicate that a temperature variation of +2°C would not affect
system behaviour. On the contrary, the present work shows that the temperature is
likely to have some effect on the physical properties, phase equilibrium, mass transfer,

and drop size and therefore drop size distribution.
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8. Application to Design

It follows from the above that in the future design of two aqueous phase liquid-liquid

separation processes consideration needs to be given to the following,

1) The interfacial tension between the phases is likely to be very low and the density
difference small. Therefore gravity settling will be slow and the rate of coalescence will
also be slow. This may impose a limit on volumetric throughput. An improvement might
be achieved by for example, increasing the density difference between the phases or the
use of a centrifuge, selected to separate the two phases at a speed which will not damage
the biologically active material. The settling process for the liquid-liquid system used here
was primary settling (where almost 99 % of the phases were separated) which took about
10 minutes whereas secondary settling required 1-2 days. In the design of a practical

process primary settling will probably be sufficient.

2) As discussed in Chapter 5, the addition of a solute to the system shifted its equilibrium.
Mass transfer rate was by a combination of diffusional and convective mass transfer. Mass
transfer rates for the specific solute and operating concentrations in the PEG/salt system

therefore need to be determined.

3) Determination of drop size and drop size distribution in a specific dispersion is essential
in order to estimate the interfacial area available for mass transfer. As summarised in

Section 2.6 the mass transfer film coefficients are also drop-size dependent. Drop size
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also controls the sedimentation and coalescence rates. In all cases the distribution may not
be adequately characterised by the mean size; this is particularly relevant to situations
where a bimodal distribution is generated. The experimental evidence shows that the
dispersed phase hold-up did not have a significant effect on the Sauter mean drop size.
The phase concentration also had only a small effect on the Sauter mean drop diameter.
However the agitation speed had a significant effect on the Sauter mean drop diameter and

would require careful selection, or provision of a variable drive, for a practical process.
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9. Suggestion for Future Work

9.1 Additional Studies

Further work should include comparative tests with other two- aqueous phase systems
e.g. PEG/dextran systems and other organic-aqueous systems with similar physical
properties. Studies using model biochemical solutes, e.g. proteins, are also required
since they strongly affect system physical properties, droplet behaviour and the settling

of the dispersion.

More research is needed on the effect of different solutes on mass transfer rate.
Consideration also needs to be given to how mass transfer models for swarms of drops

in such systems will differ from those for single drops.

The phenomena involved in the formation of multi-modal drop size distributions in
agitated vessels also need to be examined further. There is also scope for further

analysis of the experimental data acquired by the author.

9.2  Application of Techniques

o Interfacial tension measurement technique

The development of the interfacial tension technique will facilitate the measurement of

this property in virtually any liquid-liquid system. The technique could also be

extended to the measurement of surface tension for gas-liquid systems.
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e Vessel design for the use with the laser diffractor

The new vessel design facilitates the on-line measurement of drop size and size
distribution in liquid-liquid systems with the Malvern particle size analyser. The vessel
is of air-tight design which enables drop size to be studied at high agitation speed. The

new design can be used with liquid-liquid systems or suspensions of particles in liquid.
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endix 1

A

Constants for the calculation of the viscosity for the contraves Double-Gap

measuring system.
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Appendix 3

Density of water at various temperatures.(from Perry, 1994)

Temperature T, Density of Temperature T, Density of Temperature T, Density of
(.C} waer g yor, (QC) water p HOT, (°C) water
P HOT,
(g/ml) (g/ml) (g/ml)
15 0.99805 35 0.99298 5 0.98465
16 0.99789 36 0.99264 56 0.98416
17 0.99772 37 0.99228 57 0.98367
13 0.99754 38 0.99192 58 0.98317
19 0.99735 39 0.99155 59 0.98267
20 0.99715 40 0.99117 60 0.98217
21 0.99694 41 0.99079 61 0.98165
22 0.99672 42 0.99039 62 0.98113
23 0.99649 43 0.98999 63 0.98060
.24 0.99624 il 0.98958 64 0.98006
25 0.99599 T 45 0.98917 65 0.97952
' 26 0.99573 46 0.98874
27 0.99546 47 0.98832
28 0.99518 48 0.98788
29 0.99490 49 0.98744
30 0.99460 50 0.98699
31 0.99429 31 0.98654
32 0.99398 52 0.98607
- 33 0.993635 53 0.98561
34 0.99332 54 0.98513
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Appendix 4

Values of § = I/H, for the range of S from 0.33 to 0.66 (C. E. Stauffer, J Phys.
Chem., 69, 1933, 1965)

0.30  7.09837 7.03966 698161 6.92421 6386746 6.81135 6.75586 6.70099 6.64672 6.59306
031  6.53998 6.48748 6.43556 638421 6.33341 6.28317 6.23347 6.18431 6.13567 6.08756
032  6.03997 3.99288 5.94629 35.90019 5.85459 5.80946 5.76481 5.72063 S5.67690 5.22474
033 555082 5.54845 5.50651 5.46501 5.42393 538327 5.34303 530320 5.26377 $5.22474
034 3518611 5.14786 5.11000 5.07252 5.03542 4.99868 4.96231 4.92629 4.89061 4.85527

035  4.82029 478564 475134 4.71737 4.68374 4.65043 4.61745 4.58479 455245 4.52042
036  4.48870 445729 442617 439536 436484 433461 430467 427501 424564 4.21654
037 418771 4.15916 413087 4.1028.5 4.07509 4.04759 4.02034 399334 3.96660 3.94010
0.38 3.91384 3.88786 3.86212 3.83661 3.81133 3.78627 3.76143 3.73682 3.71242 3.69824
039  3.66427 3.64051 361696 3.59362 3.57047 3.54752 3.52478 3.50223 3.47987 3.45770

040 3.43572 3.41393 339232 3.37089 3.34965 3.32858 330769 3.28698 3.26643 3.24606
041 322582 3.20576 3.18587 3.16614 3.14657 3.12717 3.10794 3.09886 3.06994 3.05118
042  3.03258 3.01413 299583 297769 295969 2.94184 292415 290659 2.88918 2.87192
043  2.85479 283781 2.82097 2.80426 2.78769 2,77125 275496 273880 2.72277 12.70687
044 269110 267545 265992 2.64452 2.62924 261408 2.59904 2.58412 2.56932 2.55463

0.45  2.54005 2.52559 2.51124 249700 248287 2.46885 2.45494 244114 242743 2.41384
046 240034 238695 237366 236047 234738 233439 232150 230870 2.29600 2.28339
0.47 2.27088 225846 2.24613 223390 2.22176 2.20970 2.19773 2.18586 2.17407 2.16236
048  2.15074 213921 212276 2.11640 2.10511 2.09391 2.08279 2.07175. 2.06079 2.04991
049  2.03910 2.02838 2.01473 200715 1.99666 1.98623 197588 1.96561 1.95540 1.94527

0.50 193521 1.92522 1.91530 1.90545 189567 1.88596 1.87632 1.86674 185723 1.84778
0.51  1.83840 1.82909 1.81984 1.81065 1.80153 1.79247 1.78347 1.77453 176565 1.75683
0.52  1.74808 173938 173074 1.72216 1.71364 1.70517 1.69676 1.68841 1.68012 1.67188
0.53  1.66369 1.65556 164748 1.63946 1.63149 1.62357 1.61571 1.60790 1.60014 1.59242
0.54  1.58477 137716 156960 1.56209 1.55462 1.54721 1.53985 1.53253 1.52526 1.51804

0.55 1.51086 1.50373 149665 1.48961 148262 147567 1.46876 1.46190 1.45509 1.44831

0.56  1.44158 1.43489 142825 1.42164 141508 140856 - 1.40208 - 1.39564 - 1.38924 -1.38288 - -~

0.57 137656 1.37028 136404 1.35784 135168 134555 1.33946 133341 132740 132142
0.58 131549 1.30958 130372 1.29788 1.29209 1.28633 1.28060 1.27491 1.26926 1.26364
0.59 1.25805 1.25250 124698 124149 1.23603 1.23061 1.22522 121987 1.21454 1.20925

0.60  1.20399 119875 1.19356 1.18839 1.18325 1.17814 1.17306 1.16801 1.16300 1.15801
0.61 1.15305 1.14812 114322 113834 1.13350 1.12868 1.23389 1.11913 1.11440 1.10969
062  1.10501 1.10036 109574 1.09114 1.08656 1.08202 1.07750 1.07300 1.06853 1.06409
0.63 1.05967 1.05528 1.05091 1.04657 1.04225 1.03796 1.03368 1.02944 1.02522 1.02102
0.64 1.01684 1.01269 1.00856 1.00446 1.00037 0.99631 099227 098826 098427 0.98029

0.65 0.97635 0.97242 096851 0.96463 096077 095692 095310 0.94930 0.94552 0.94176
0.66  0.93803 0.93431 093061 0.92693 092327 091964 0.91602 0.91242 0.90884 0.90528
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Appendix 5

Value of S = 1/H, for the range of S from 0.66 to 1 (S. Fordham, Proc. Roy.
Soc. (London), 194, 1, 1948)

0.66 0.93828 0.93454 093082 092712 092345 091979 091616 091255 0.90895 0.90538
067 090183 0.89830 0.89478 0.89129 0.88782 0.88436 0.88092 0.87751 0.87411 0.87073
068  0.86737 0.86403 0.86070 0.85739 085410 0.85083 0.84758 0.84434 084112 0.83792
069 083473 0.83156 0.82841 0.82527 0.82215 081905 0.81596 0.8128% 0.80983 (0.80679
0.70  0.80376 0.80075 079776 0.79478 0.79182 0.78387 0.78594 0.78302 0.78011 0.77722

0.71  0.77435 0.77149 0.76864 0.76581 0.76300 0.76019 0.75741 0.754)3 0.75187 0.74912
072  0.74639 0.74367 0.74097 0.73828 0.73560 0.73293 0.73028 0.72764 0.72502 0.72240
0.73  0.71980 0.71722 071464 0.71208 0.70953 0.70700 0.70447 0.70196 0.69946 0.69697
0.74  0.69449 0.69202 0.68957 0.68713 0.68470 0.68228 0.67988 0.67748 0.67510 0.67273
0.75  0.67037 0.66803 0.66569 0.66337 0.66105 065875 0.65646 0.65418 0.65191 0.64965

0.76  0.64740 0.64516 0.64294 0.64072 0.63851 0.63632 0.63413 0.63195 0.62979 0.62763
0.77 0.62549 0.62335 0.62122 0.61911 0.61700 0.61490 0.61281 0.61074 0.60867 0.60661
0.78  0.60457 0.60253 0.60050 0.59848 0.59647 0.59447 0.59248 0.59049 0.58852 0.58656
0.79  0.58460 0.58265 0.58072 0.57879 0.57687 0.57496 0.57305 0.57116 0.56927 0.56739
030 0.56553 0.56366 0.56181 0.55997 0.55813 0.55630 0.55448 0.55266 0.55086 0.54906

0.81 0.54727 0.54549 054371 0.54195 0.54019 0.53844 0.53669 0.53496 0.53323 0.53151
0.82 0.52979 0.52808 0.52638 0.52469 0.52300 0.52132 0.51965 0.51799 051634 0.51469
0.83  0.51305 0.51142 0.50979 0.50817 0.50656 0.504%6 0.50336 0.50176 0.50018 0.49860
0.84  0.49703 0.49546 049390 0.49234 0.49090 0.48926 0.48772 0.48619 048367 0.48316
085 0.48165 0.48015 0.47865 0.47716 0.47567 0.47420 0.47272 0.47126 0.46980 0.46834

0.86  0.466%90 0.46545 0.46402 0.46259 0.46116 (0.45974 0.45833 0.45692 0.45552 0.45412
0.87 045273 0.45134 0.44996 0.44858 0.44721 044584 0.44448 0.44313 0.44178 0.44044
0.88  0.43910 0.43777 0.43644 0.43512 0.43380 0.43249 0.43118 0.42988 0.42858 0.42729
039  0.42600 0.42471 0.42344 0.42216 0.42089 0.41963 041837 041712 041587 0.41462
090 0.41338 0.41214 0.41091 0.40968 0.40846 0.40724 0.40602 0.40481 0.40360 0.40240

091  0.40121 0.40001 039832 0.39764 0.39646 0.39528 0.39411 0.39294 0.39177 0.39061
092  0.38946 0.38831 038716 0.38601 038487 0.38374 0.38260 0.38147 0.38035 0.37922
093 0.37810 0.37699 037588 0.37477 037366 037256 037146 037037 0.36928 0.36819
094 036711 036602 036494 0.36387 036280 036173 0.36066 035960 0.35854 0.35748
095 035643 035538 0.35433 0.35328 0.35224 -~ 035120 - 0.35016 0.34913 0.34809 0.34700

096  0.34604 0.34501 034399 0.34297 034195 0.34093 0.33992 0.3389%0 0.33789 0.33688
097  0.33388 0.33487 033387 033287 0.33186 033086 0.32987 0.32887 0.32787 0.32688
098 032588 032489 032389 032290 032191 032092 031992 031893 031794 031695
0.99  0.21595 0.31496 031396 031296 031196 031095 0.30994 0.30893 0.30792 0.306%90
1.00  0.30580 0.30484 0.30381 0.30276 - - - - - -
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Appendix 6

Drop size distributions for various phase compositions, volume fractions and

agitation speed.
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20% w/w and 0.03% v/v
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20% w/w and 0.04% v/v
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l 1.93 ol ] 7, 70 14,81 [——m————————
3,0 6.47 pa § Div,.80! 15.97
0(v,.90] 18.20 .
2,1 6§.34 pa | D{7,.99] 22.98 || Source =Data:p20v004
l} 2,0 5.50 2 Racord 10
a1 109
D(L,0)  4.77 pa § Uaif. 0.34

1598 oil 10459 / ¢/ 0/0.00/1.00/
20% 4/ salt Sola
Ioa 193 000000257



20% w/w and 0.05% v/v

194



MALUERN ~ "Series 2600 SB.20  Master Mode T 83 Har 1998 12:15 pm
166 ———rr ——— 19
i
il
- If r
Z SBr ,
/
/ !
C} bt LT o a
1 10 180 18@@
Particle size (um). -
1598 pil 1DR459 / @/ 6/8.86/1.86/
207 W/W salt Sgln
300 rpm 88c06E258
MALVZRY  Series 2500 §B.20  Master Node 03 Mar 1998 12:15 pa
E1gh Uader|5igh Hnd=r Zieh Undar (Hich Uader|{digh Under|{High Uader § Span
Size § |SiZe Size Y |Size % |Size % |Size % 1.02
183 100 [84.5 100 |38.0 98.1 |17.1 52.2]7.69 4.9{3.46 0.0 ] D[4,}]
175 100 [78.6 100 {35.4 97.6 [15.9 43.7{7.15 3.§5{3.21 0.0 § 17.55m
163 100 [73.1 9%.9(32.9 96.8 {14.8 136.716.65 2.5{2.%9 0.0
151 100 [63.0 99.9|30.6 95.5 |13.7 30.7(6.18 1.8{2.78 0.0 | D(3,2]
141 100 (83.2 99.9(28.4 93.4 |12.8 25.7(5.7% 1.3{2.59 0.0 ¢ 14.7lpm
131 100 {58.8 99.8{26.4 90.4 |11.9 21.5(5.35 0.812.40 0.0 [==
122 100 |54.7 99.6/24.6 86.6 |11.1 18.0(4.97 0.5j2.24 0.0 || D[v,0.9]
113 100 [50.8 99.5(22.9 82.2 10.] 14.84.62 0.32.08 0.0 { 26.22pm
105 100 [47.3 99.2(2L.3 77.3 {9.56 11.9{4.30 0.1{1.93 0.0 ==
97.8 100 f44.0 93.9119.8 170.9 |8.8% 9.1]4.00 0.1 0iv,0.1]
90.9 100 [40.9 98.5|18.4 61.8 {8.27 6.713.72 0.0 §.11mj
Source = Data: pZUvﬂﬂS 3e1n length = -14 3 ma|4odel iadg 0[v,0.5]
Record ¥a. Log. Oiif. = 4,992 ) 16,795
Pocal length = 100 an Ohscugatxgn = 0. 1130 Volume Conc. = 0.00411-——-—=j
Presestation = pil Volume distribution |Sp.5.A 0.4079 m?/cc.|Shape OFF
1598 pil 108459 / 0/ 0/0.00/1.00/
20% i{ﬁpsalt Soln
300 rom 000000258
MALVZRY  Series 2600 §3.20  Master Mode 03 Mar 1998 12:195 pa
' ﬂ Particle diametars Voluame pnrcentlle l Distribution Moments.
D(4,3) 17.55 pm } D{v,. [ Distha  Mean Stan.Dev. Skewness,
D{4,2) 16.07pa{ D v,. 11 53
D{4,1) 14.62 pa { D[v,.30] 13.62 § Voluze  17.55 1.76 2.47
D{4,0) 13.23 pa § D(v,.40] 15.33 | Surface 14.71 6.44 1.45
D{v,.50{ 16.79 { Length  12.11 5.61 1.17
D(3,2) 14.71 pm § O[v,.60] 18.14 § Numder $.30 .75 1.30
0{3,1) 13.35px§ Div,.70 13.§l [
D{3,0) 12.04 pm § D|v,.80] 22.09 ,
0{v,.90] 26.22
n{!,l 12.11 pa § D(v,.99] 44.92 | Source =Data:p20vl0S
D{2,0) 10.89 ja Racord 1
Span  1.02
0(1,0)  9.80 pm | Odif 0.32
e . —— — ———

1598 mlwuwfuluﬂnwlml
29% #/% salt Sola

00 ga 195

000000253



WALUERN ~~"Séries 2688 $B.20 Waster Mode 03 Mar 1998 2:07 pm

18, . = = 28
7 56
0} + e LU LU b e ot . - a
1 18 100 1666

Particle size (um). 4

1598 pil 1DR458 / B/ 6/0.06/1.88/
207 W/W salt Soln :
S8 rpn 00066UE259

MALVBRN  Series 2600 §3.20  Master Mcde 03 Mar 1398 2:07 pa

High Uader|Bigh Under|digh Under |High Under|igh Under|Sigh Under j Span
§ize % |[Size % |Size % |Size % |Size §ize % 1.01
188 100 [84.5 100 |38.0 99.9 |17.1 89.8{7.69 16.2{3.46 0.0 0[4,15
175 100 |78.6 100 [35.4 99.8 [15.9 86.1{7.15 11.4]1.21 0.0 § 11.33m
163 ~100 {73.1 100 |32.9 99.7 |14.8 82.2(6.65. 1.8{2.93 0.0 [=——— .
151 100 680 100 {30.6 93.5 {13.7 77.706.18 S.2{2.78 0.0 | D(3,2|
141 100 [63.2 100 [28.4 99.3 |12.8 72.7(S.75 1.4[2.5% 0.0 $.%4um
131 100 {58.8 100 [26.4 98.9 |11.9 67.2]5.35  2.3]2.40 0.0 =
122 100 [54.7 100 |24.6 98.5 {11.1 60.7|4.97 " 1.6{2.2¢ 0.0 § D[v,0.9]
113 100 [50.8 100 {22.9 97.7 [10.1 S2.5{4.62 1.1f2.08 0.0 f 17.l174m
105 100 [47.3 99.9)21.3 96.5 [9.56 41.9{4.30 0.6(1.93 0.0 ===
97.8 100 {44.0 99.9/19.8 94.9 [3.89 30.34.00 0.2 D{v,0,1]
90.9 100 [40.9 $9.9{18.4 92.7 |8.27 22.1}3.712 0.1 6.96p
Source = Data:p20v005 |Bean leug;h = 14.3 um|¥odel iadp D[v,0.5]
Record ¥o, = 4 Log. Diff. = 5.230 : 10.09p2
facal length = 100 ma|Obscuration = 0.4010 |7oluge Coac, = 0.0119% ==
Presentation = pil Volume distridution |[Sp.S.A 0.§035 m?/cc.|[Shape QFF

1598 pil 1DR459 / 0/ 0/0.00/1.00
gg% R/Hpsalt Sola AL

0 mpm 000000259
MALVERY  Series 2600 §B,20  Master Mode 03 Mar 1998 2:07 pu
| Particle diametarsj Volume percentiles‘ Distribution NMoments.
D(4,3] 11.33 pm E_;,.lﬂ T 6.96 | Distdba  Neam Stam.Dev. Skeuness
D(6,2) 106l pa ] D[v,.20] 8.0
] 4,1‘ 9.9 pm || Dlv,.30 §.87 o Voluze 11.11 {.59 .18
D{4,0) 9.41pm | D[v,.480] 9.45 | Surface 9.9¢ 371  1.80
D(v,.50] 10.09 { Lengta 8.8] 1.1 1.50
D(3,2] 9.94pa | D(v,.60] 10.97 f Sumder  7.88 2.74¢ 1.1
D(3,1 §.37 pm | Div,.70] 12.12 —_—————
0{3,0 8.85 ya § Dv,.80] 14.25
D{v,.90] 17.17 ’
U{Z.I! 8.83 pa | D[v,.99] 26.71 ] Source =Data:p20v003
0(2,0)  8.35 pa Record 4
Soan
0(1,0)  7.88 pm || URif. 0.32
_l_'"-_.."_ p— ]
1593 pil 10R459 / 0/ 0/0.00/1.00/
20% #/¥ salt Sola
e 196 000000259



20% w/w and 0.06% v/v

197



MALUERN ~ "~ “Series 26068 SB.20  Haster Mode T 85 Har 1998~ T12:32 pmn
o . > j 18
"ﬁ I
H A
/
7 sat i h
3 r"l 31 b 1
AL 1
1
0} e @
: § 10 160 1@3@
Particle size (um). Y |
1598 pil 1DR45S / B/ 8/0.86/1.686/
207 W/W salt Soln
308 rem 660006268
MALVERY  Series 2600 §3.20  Master Node 05 Mar 1998 12:37 pa
Bigh Under|figh Onder|Righ Under |Eigh Under|Eigh Onder|digh Under { Spaa
Size % |Size % |Size % |SiZe % |Size % §ize % 1 "L.28
188 100 (84.5 99.8/38.0 92.5 |17.1 34.3|7.69 7.803.45 0.0 4 0(4,3]
175 100 {78.6 99.7[35.4 89.8°(15.% 31.4/7.15 5.2{3.21 0.0 4 21.38m
163 100 {73.1 99.6{32.9 #86.4 [14.8 29.4]6.65 3.4(2.39 0.0 ==
151 100 168.0 99.4(30.6 82.0 |13.7 28.3(6.18 2.2{2.78 0.0 i Dll,lg
141 100 163.2 99.2(28.4 76.7 |12.8 27.6/5.7% 1.5f2.53 0.0 4 15.73xm
13r 99.9158.8 98.9/26.4 70.3.|11.3 26.7|5.35 1.042.40 0.0
122 . 39.9154.7 98.5(24.6 63.3 [11.1 25.4{4.97 0.7{2.2¢ 0.0 { D{v,0.9]
113 99.9(50.8 97.9(22.9 56.2 {10.3 23.1{4.62 0.4{2.08 0.0 | 35.51ym
105 99.9047.3 97.1)21.1 49.4 [9.56 '19.8{4.30 0.2{1.93 0.0 =
97.8 99.9[44.0 96.0(19.8 43.2 18.8% 15.6[4.00 (0.1 i Dlv,0.1]
90.9 99.8]40.9 94.9{18.4 1877 |8.27 1l.4(3.72 0.0 | 8.05:m
=¢ = —
Source = Data:p20v00§ Eeam 1en‘“ﬁ‘= 14.] ao|dodel indp D%v,ﬂ.&!
Record Fo. = 16 H = §5.618 1.41ym
Focal langth = 1uu an Ohscuratzcn s 0.4387 |Tolume Coze, = 0.0212% =——
Preseatatica = pil Voluze distributica |[Sp.S.A 0.3303 n‘/cc lShane 0FF
1598 uLl 1DR459 / 0/ 0/0.00/1.00/
208 4/ salt Soln Al
300 rpo 000000260
MALVSRN  Series 2600 §3.20  Master Mede 05 ¥ar 1998 12:32 pu
Particle diaaeters“ Volume percentiles Distridution Momeals.
D{4,3] 21.88 pm | Dfv,.10 §.05 [__gistbn Mean Staa.Dev. §ksuness
D(¢,2) 18.57um || D{v,.20] 9.53 [= -
Di4,1) 15.69 pm § Div,.30 15.17 §f Volume  21.88 12.28 2.01
D{4,0) 13.50 pa | D{v,.40) 18.96 § Surface 15.73 9.83 1.53
D(v,.50 21.41 | Leaath 11.21 7.14 2.04
0(3,2) 15.75 gm | D{v,.60{ 23.77 { Yumper 8.61 .13 .87
D{3,1) 13.29 ym § D{v,.70] 26.34
D(3,0) 11.50 pm § D{v,.80f 23.70 .
D{v,.90} 35.51
2,1] 11.21 pa | D{v,.99] 60.30 } Source -Data: 0207006
0{2,0 9.82 pa Record 16
Spaa  1.28
D(1,0) 8.6l pa || Uaif. 0.42
93 pil 108459 / 0/ 0/0.00/1.00/
.{/:l salt Soln 198
o 000000283



MALUERN ~~“Series 2600 $B.20  Master Mode T 04 Har 1998 T 11:23 am
100 o 28
7 S FE‘“
" Ly . (0]
10 1lﬂ@
Particle size (um). «
1598 pil 1DR459 / 8/ 6/86.80/1.66/

207 W/W salt Soln

400 ren 000EUE261
Saries 2600 SB.20  Master Mcda 04 Mar 1993 11:21 aa

§ize

175
163

Record K

figh End;r

188 -

100
100
100
100
100

100

100
100
100

- 100

100

No.

Zocal length s 1
Presentation = pil

(= =3
OO
.- .

wn

s el LN LAV LN SOy —3 —3
= e L =1 X - Ty~

" * s ® 3 » ® & =

A € et D0 3 OO D €3 4 T
AT LD A D D WD WD D

D LD D D D D D D

High Under|(digh Under ngh Onder
t |Size ¢ [S1ze %
318.0 9%.2 |17.1 13.1
15.4 98.4 [15.9 16.2
32.9 97.3 {14.8 M.1
J9130.6 96.0 {13.7 12.6
91284 94.3 (12,8 1L
J9126.4 91.2 |1L.9 29.9
124,06 8401 (111 28.3
J9122.9 74,7 [10.3 26.3
91211 64.3 19.56 23.7
819,84 53.4 18.89 20.7
6118.4 44.0 [8.27 11.7

Source = Data: gzuvgus Bean lnnﬁth + 14,3 m0

iff. = 5.286

100 an[Obscutation = 0.845¢

Yolume distribution

r|igh Qader
}

¥ Siza

[
—

.
==t

Led e P o o LY A ON O —3 —3
R
—d O d Oy D L = O S Oy
B3 £ €5 Fo3 —3 LN LN OO LN WO
i R e R
e €0 ALY OO O s bl 4 b= e od

e P ) P D e e
O £ e e LY ] D e o
e OO o €2 L0 OO VO Oy
o= Jo= === =F—F =70 _F ]
* s s = = = 3+ * %
[=F =TT =—T=71 NF= LT =} =1]

‘.

¥odel indp

Yoluge Ceac. = 0.0521% =z
5. 0.4998 1/ce.

1598 pil 1DE§59 / 0/ 0/0.00/1.00/

20% 4/% salt Sola
400

rpa 000000261
MALVBRN  Series 2600 5B.20  Master Mede 04 Mar 1994
| Particla diametars) Volume percentiiegu Distridution Mcmeats.
(4,3 D{v,.10 §.62 | Distba  Nesn Staa.Dev.
D 4,2 D{v,.20 8.73
D{4,1 D{v, .30 11.94 § Volume 17.52 8.26 0.30
D{4,0 D[7,.40] 17.4] § Surface 12.00 .14 0.72
D{v,.50 19.30 { Length 1.15 §.89 1.93
D(3,2) 12. D(v,.60] 20.66 § Numder 1 1.1 3.63
3 1 i Div,.70{ 22.10
> Div,.80] 23.7%
Div,.90] 26.04
{ ¢ Div,.99] 37.32 || Source =Data:p207005
0(2,0 f2cord 12
Scan  1.06
D(1,0) foif. 0.34
1598 pil m;se /0] 0/0.00/1.00/ 199

20% %/ salt Sola

100 rpm



MALUERN ~ " “Series 2680 SB.20  Haster Mode B4 Mar 1998 11:58 am
100 = 29
[
7 SBt }
@ bt - 8
1 168 1668
Particle size (um). + B3
1598 pil 1DR459 / 8/ 8/0.86/1.86/ '
207 W/W salt Soln
S68  rpns 200606262
MALVERY  Series 2600 $B.20  Master Ncda 04 Mar 1998 11:50 an
Bigh Under(Righ Under|Bigh Under |Bigh Undar|High Uader|Eigh Under § Spaa
§ize ¢ (Size Size ¢ |Size % |Size % [Size % 1.01
188 100 |86.5 100 [38.0 $9.8 |10.1 66.67.68 22.1]3.46 4.7 D[4,3]
175 100 )78.6 100 {35.4 99.8 [15.9 56.5|7.15 19.2{3.21 3.7 13.8po
163 100 [73.1 100°{32.9 99.8 |14.8 48.0(6.65 16.4(2.99 2.9 p=——m=
151100 [68.0 100 130.6 99.6 [13.7 4L.6(6.18 14.042.78 2.2 D[J,!B
141 100 |63.2 100 [28.4 99.0 [12.8 138.2/5.75 12.042.5% 1.8 9.5y
131 100 |58.8 100 [26.4 98.1 |11.9 36.05.35 10.5{2.40 1.2
122100 [S4.7 100 [24.6 96.7 {11.1 34.114.97 9.3|2.24 0.9 | D[v,0.9]
113 100 [50.8 100 (22.9 94.7 |10.3 32.2|4.62 8.3{2.08 0.7 ] 20.4lym
105 100 [47.3 99.9(21.3 92.0 (9.56 30.1/4.30 7.5(1.93 0.6 | -
97.8 100 [44.0 99.5[19.8 87.3 |3.89 27.7[4.00 4.6 D{v,0.1]
90.3 100 [40.9 99.9(18.4 177.7 ]8.27 25.0j3.712 .7 5.19;m
Source = Data:p20v006 |Beam leagth = 14.) mm|Nedel indp D(v,0.5]
Record No. = 3 Log. Diff. = ¢.893 15.06p
Pocal length = 100 am|Obscufation = 0.9251 [Volume Conc, = 0.0579%
Presentation = pil Volume distributionm |Sp.S.A 0.6254 @?/cc.[[Shape 0F7
1593 pil 1DR459 / 0/ 0/0.00/1.00
20% H/Hpsalt Sola .00
500 rpm _ 000000262
MALVBRY  Series 2600 §B.20  Master Mode 04 Nar 1998 11:50 an
—Earticlérdiametersu Volume perceatilss| Distribution ¥oments.
0{4,]] 13.83 pm | D(v,.10 §.19 | Distbn  Mean Stam.Dev. Skewness
D{4,2) 11.52 pm | D[v,.20 1.29
(4,1 §.67 um § Div,.30 9.53 ¥ Voluyme  11.8] §.30 0.41
D(4,0 §.15 ga | Div,.40] 13.38 |j Surface  9.59 6.38 0.6
(v, .50 15.06 | Leagth 4.91 4.30 1.74
(3,2 9.59 pm } Div,.60] 16.32 | Numder  2.20 .44 1,69
D{3,1 §.86 ym | D[v,.70] 17.49
0{3,0 4,69 um { D[v,.80} 18.67 ‘
Div,.30] 20.41
Di2.ll 491 ya || Dlv,.99] 23.34 || Source =Data:p20v00§
D{Z,0)  3.28 pm 2acord 3
Ssan 1,01
D{1,0)  2.20 »xm | Uaif. 0.34
1598 oil 10R459 / 0/ 0/0.00/1.00/
0% A/7 salt Soln
$00 rpa 000000282



1998 pil IDR4S9 / 0/ 0/0.00/1.00
20% H[Hpsalt Soln AL
§00 rTa 000000263

MALVBRY  Serieg 2600 §B.20  Master Mode 04 Mar 1998 12:15 pa

Particla dzamete*s“ Voluma percentxles" Distribution Haments E
D(4,3) 9.84yu [ Dfv,.10] 3.86 | Disthn  Neam Stan.Dev. Skewness
D(4,2 §.21 pu D v,.m 5.43 e
Df4,1 §.15 pa | Dfv,.30 7.80 { Volume 9.84 §.40 0.53
Di4,0 4.43 pa ) Div,.40 9 19 § Surfacs  6.88 4.51 0.58
D(v,.50] 10.28 | Length 1.44 1.4 1.12
0(3,2 6.8 pa § D[v,.80/ 11.13 i Numder 1.64 1.12 1.93
0(3,1} 487 { D[v,.70] 11.9§ [————=
pid,o 1.40 ja | Div,.80) 12.99
: D{v,.90} 15.02
3{2,1] 1.4 pu | D{v,.99] 20.61 [ Source =Cata:p20v006
0{2,0 2,19 im Record 7
Spaz  1.09
P(1,0)  1.66 pm | Onif. 0.13

1598 pil lJ'HS? [ 0/ 0/0.00/1.00/

20% #/7 salt Sola
600 rom 201 000000263

MALUERN " “Series 2608  $B.28  Master Mode 04 Mar 1998  12:15 pm
18@ 29
7 St
1
0} EEEREIRRLSH : S —_— M a
1 10 160 IEIGEI
Particle size (um). 4 -
1598 pil 1DR459 / B/ 8/0.686/1.00/
207 W/W4 salt Soln
668 rpn 0000EE263
MALVERY  Series 2600 S3.20  Mastar Xoda 04 Mar 1998 12:15 pa
digh Onder|Bich Under|Bigh Under |Bigh Under(digh Underidich Oader || Span
ﬁze t |Size % (Size ¥ |[Size % |Size % |Size % 1.09
188 100 {84.5 100 [38.0 100 |17.1 95.4|7.63 29.3]3.46 7.8 ) D(4,3]
175 100 |78.6 100 {35.4 99.9 (15.9 93.2|7.15 25.8{3.21 6.8 934;
163 100 {73.1 100 (32.9 99.9 {14.8 89.1(6.65 -25.2{2.9% 5.8 [—=
151 100 (3.0 100 |30.6 99.9 [13.7 84.4]6.18 23.7(2.78 4.7 || D(3,2]
B e s L
121 100 (34,1 100 (206 895 |11 s9.1(e.97 171(12 2.3 [0lv,09]
113 100 [50.8 100 |22.9 99.3 [10.] 'S0.0[4.62 14.8(2.08 2.3 | 15.02ym
105 100 [47.3 100 {21.3 99.2 [9.56 43.1[4.30 12.7|L.93 1.9 —xrei
97.8 100 [44.0 100 |19.8 98.7 [8.89 137.6]4.00 10.8 D(v,0.1)
90.9 100 }40.9 100 {18.4 97.8 18.27 131.0§3.12 3.2 1.86pm
Source = Data: pzuvuus Beam lenﬂth 14.3 ma|¥odel iadp D[v,0.5]
Record No. Log 4.417 ‘ 10.282
focal length m om |Obscutation = 0 9794 |Volume Coac. = 0.0622% ===
Prasentatlon = pil Tolume distributioam |Sp.S.A 0.8717 m?/cc.[jShape OFF



20% w/w and 0.07% v/v

202



MALUERN ~ " “Series 2600 SB.20  Master Mode T 85 Mar 1998 1:52 pm
188 —- -+ 19
N S
]
/
Z 56 K
1
1
8 - e g - 8
1 10 100 1@@@
Particle size (um). -
1598 pil 1DR459 / 6/ 6/0.06/1.867
207 W/W salt Soln
368 rpm _ 0B6E0E264
WALVIRN  Series 2600 S53.20  Mastar Mod2 05 Mar 1398 1:52 pa
Bigh Under|Eigh Under|High Undﬂr Bigh Under|Hiqh Tadar{3igh Onder J Span
§ize Y [Size % |Si2s §ize % [S1za % |Size % 1.20 3
188 100 [84.5 99.8133.0 94.1 {17.1 30.6{7.6% 4.3j3.46 0.0 {4 3l
175 100 {78.6 99.8{35.4 91.9 {15.9 27.617.15 3.313.21 0.0 1.6810
163 100 {73.1 99.7(32.9 89.0 (14.8 25.3(6.65 2.2{2.39 0.0 f==————x -
151 100 (68.0 99.6{30.6 85.0 (13.7 23.4(6.18 1.212.78 0.0 | D(3,2]
141 100 {63.2 99.4{28.4 80.1 {12.8 22.2{5.75 0.642.5% 0.0 & 16.5opa
131 100 |53.8 99.1{26.4 74.3 {119 21.315.35 0.312.40 0.0
122 99.9|54.7 98.8[2¢.6 67.1 |11.1 20.3(4.97 0.2{2.2¢ 0.0 | D[v,0.9]
113 99.90%0.8 98.4[22.9 §9.2 |10.1 18.7(4.62 0.1[2.08 0.0 ) 33.6ly3] .
105 99.9147.3 97.821.3 50.9 }9.56 16.2{4.30 (0.111.91 0.0 =——r= .
97.9 99.9)44.0 97.0/19.8 42.5 |3.89 12 8)4.00 Q.0 D[v 0.1] 5
20.9 99.9{40.9 95.8)18.4 135.0 [8.27 9.3}3.712 0.0 §.39,0] —
Source = Data: plﬂvﬂﬂ? Beam length = 14,3 gm|Nodel izdp Div,0.51f .
Record o, ] Log, Diff. = §.567 21,0930
Focal length = 100 mm{Qbscuration = 0.2875 |Voluze Came, = 0.0131%=
resentation = pil Toluze distribution {Sp.S5.1 0.3624 @?/cc. fShape QFF
1598 pil 10R4S9 / 0/ 0/0.00/1.00
20% Hlipsalt Sola L /
00 rpm 000000264
MALVRRY  Series 2600 S3.20  Master Mode 05 ¥ar 1398 1:52 po
. Particle dxameters{ Yoluze percentlleid Distribution Moments.
D(4,3) 21.68 pa |} D{v,.10 8.9 | Distha  Nesn Stam.Dev. Skewmess
D{4,2) 18.94 gn || Dyv,.20 10.90
D(4,1) 16.40 ym || D|v,.30] 16.86 § Volyme  21.63 11.04 1.1]
D{4,0) 1431 pa § Div, .40 19.33 § Surface 14.5q 9.1 1.34
Div,.50{ 21.09 § Leagth  12.28 1.25 1.63
D(3,2) 16.56 pm || D(v,.60 23.07 || Nuafer 9.51 5.11 2.18
0 3,1 14,26 pm § D(v,.70 25.2%
D{3,0) 12.46 pm § D(v,.80] 28.40
D(v,.90 11.61
D(2,1] 12.28 pa { D{v,.99] 956.75 } Source =Dati:320v007
0{2,0) 10.8! pa Record 3
Scan  1.20
D(1,0)  9.51 pm | Uaif 0.37
1598 pil 1DR459 / 0/ 0/0.00/1.00/
20% A/ salt Sola 203
300 rpm 100000254




MALUERN ~"Series 2688 SB.20°  Master Mode 05 Mar 13998  2:55 pm

180 v - ‘ 29

/ Eﬁ1; ?WH

0} =SadRFUTEREUN e e + ettt @8
1 10 100 1@@@
Particle size (um). + B

1598 pil 1DR459 / B/ 6/0.06/1.68/7
207 W/W salt Saln
408 rpn 0006680265

MALVERY  Series 2600 $3.20  Master Mede 05 ¥ar 1998 2:55 pu

High Under High Onder|3igh Under |Eigh Under|Righ Under|Eigh Jnder § Span
§ize % [Size % |Size % |Size % |Size. ¥ |Siza % 0.99
188 100 [84.5 100 [38.0 99.0 [17.1 39.1|7.6% 13.5/3.46 0.0 § D(4,3]
175 100 [78.6 100 |35.4 98.3 [15.9 35.6)7 1§ 11,113.21 0.0 f 17.72pm
163 100 |73.1 99.9(32.9 97.3 {14.8 133.2]6.65 * 9.0{2.99 0.0 [——==
151 100 [68.0 99.9/30.6 96.0 |13.7 31.5(6.18 7.2{2.78 0.0 § D(3,2]
141 100 163.2 99.9[28.4 94.4 [12.8 30.1(5.75 §.4[2.59 0.0 (| 13.43pm
131 100 {58.8 99.9/26.4 91.4 [11.9 28.8(5.35 .3.3(2.40 0.0

122 100 {54.7 99.8)24.6 85.2 {1l1.1 27.2{4.97. 2.4f2.2¢ 0.0 | D[v,0.9]
113 100 {50.8 99.8)22.9 76.7 {10.3 25.3]4.62 1.112.08 0.0 | 25.90ym
105 100 |47.3 99.8)21.3 66.5 [9.56 22.7({4.30 0.6[1.33 0.0

97.8 100 [44.0 93.7{19.8 <55.1 |8.8% 19.5{4.00 0.2]~ D(v,0.1]
90.9 100 [40.9 99.5/18.4 44.7 18.27 16.4|3.1270.1 §.89:m
Source = Data:p20v007 |3eam leagth = 14.3 mm(Model 11dp D{v,0.5]
Record §o. = § Log. Diff. = §5.477 19.13ym
Pocal length « 100 am{Obscuration = 0.6151 |[Volume Conc, = 0.0300%=—=
Presentation = pil Tolume distribution |[Sp.S.A4 0.4452 a?/cc.||Shape CFF

1598 pil 1DR4S9 / o/ 0/0.00/1.00/
20% ﬁ/dpsalt Soln / /
400 rpa : 000000265

MALVERN  Series 2600 §B.20  Master Mode 05 Mar 1398 2:55 pa

—— - T
H Particle diameters" Volume percentiles Distribution Momeats.

D(4,3) 17.72 ym | Dfv,.10 §.89 [ Distbn  Mean Staa.Dev. Skewness
D(4,2) 15.46 pm | D(v,.20 §.98 =
D{4,1) 13,22 pa § DB[v,.30] 12.71 § Volume 17.72 7.95 0.67
D(4,0) 1l.41 ym §f D{v,.40] 17.39 § Surface 13.43 71.58 0.75

D(v,.50] 19.11 J Length 9.63 6.06 1.51
D(3,2) 13.48 pm § D(v,.80] 20.39 | Numder 1.32 4.18 .58
D(3,1) 11.42pm | D{v,.70] 21.78
D{3,0 9.85 pu j§ D(v,.80} 23.48

Div,.30] 25.90
0(2,1) 9 68 ym | D(v,.99] 38.00 § Sourca =Data:p20v0(?
D(2,0) 8.42 ja Record §

Soan  0.99
D(1,00  7.32 pa || Uaif. 0.32

1598 pil 1DR459 / 0/ 0/0.00/1.00
20% J/ﬂgsalt Sol nl Fufa.00/1.00/ 204
400 rpa 0000300253



MALUERN ~“Series 2600 SB8.20°  Haster Mode " 85 Mar 1998 3:18 pnm
198 ——> s 29
. |
7 SOr
@ e SRS ERE R 0}
1 10 1668 1@@@
Particle size (um). 4 -
1598 pil 1DR458 / 0/ 8/0.80/1.88/
207 W/W salt Soln
5688 rem 0B60ER266
LVERY  Series 2600 SB.20  Master Mede 05 ¥ar 1998 1:10 pan
ngh Under|Rich Onder|High Under |Hich Under|High Under|High Under | Span
§ize % [Size % |Siza ¢ |SiZe % |Size % |Size % 1.07
183 100 |84.5 100 [38.0 99.7 [17.1 S4.9]7.69 20.6(3.46 4.4 | D[4,]]
175 100 |78.6 100 35.4 99.7 j15.9 48.5(7.15 17.9)3.21 2.9} 14.78m
163 100 {73.1 1I00 |32.9 99.7 |14.8 43.5(6.65 15:512.93 1.6
151 100 (63.0 100 [30.6 99.4 [13.7 38.5!6.18 11.6(2.78 0.7 D[],Z&
141 100 163.2 100 [28.4 98.5 [12.8 35.5(5.75 12.012.59 0.3 4 10.4m
131 100 |58.8 100.[26.4 96.9 |11.9 31.5/5.35 10.8{2.40 0.1
122 100 [54.7 99.9[24.6 94.4 {11.1 32.0)4.97 9.9{2.2¢ 0.0 || D[v,0.9]
113 100 (50.8 *99.9(22.9 91.0 (10.3 30.9(4.62 9.1{2.08 0.0 § 22.4%m
105 100 |47.3 99.9)21.3 '86.7 |9.56 29.2]4.30 §8.2/1.93 0.0
97.8 100 [44.0 99.8[19.& 79.5 (8.89 26.6/4.00 7.2 D(v,0.1]
90.9 100 [40.9 9977)18.4 66.2 |8.27 23.6)3.72 5.3 §.02ua
Source = lata: pZUvﬂﬂT"Beam length = 14.3 mm|Yodel indp 0(v,0.51]
Racord No. = Log. Diff. = 5.060 16.23um
Pocal length = 100 am{Obscutation = 0.8129 |Volume Conc, = 0.0407%
Presentation = pil Volume distributiom |[$p.S.& 0.5753 a?/cc. Shape QFF
1598 pil 1DR4S9 / 0/ 0/0.00/1.00
20% W/Hpsalt Soln (7 ALY
500 rpa 000000266
MALVZRY  Series 2600 SB.20  Master Mode 05 ¥ar 1998  3:10 pm
| Particle diageters) Volume gercentiles[ Distribution Momaats. T
D(¢,3) 14.78 pm || D{v,.10 5.02 | Distha  Mean Sta:z.Dev. Skewness
D(4,2) 12.41 ym || D(v,.20 1.56 === — —
D{4,1) 10.01 p2 ) D{v,.30 9.85 ) Volume 14.78 §.87 0.34
D(4,0 §.14 yu § Dfv,. 40 14.08 I Surface 10.42 6.74 0.71
Div,.50! 1§.23 || Length §.51 §5.05 1.1
D(3,2) 10.42 gu § D{v,.60] 17.75 |} Numder  ¢.13 .05
D(3,1) 8.24 ga | D[v,.70] 18.75
0{3,0 6.67 ym i Dv,.80) 13.84
Div, .90 22 .45
D(2,1) 6.5t pa | D[v,.99] 29.31 | Source =Data:p20v(07
D(2,0) §.34pm Recard 8
span  1.07
D(1,0)  4.38 pa | Onif. 0.4
1593 pil 1DR4S9 / 0/ 0/0.00/1.00/
204 .i/iipsalt Sola A 205
500 rpa 000000268



MALUERN "~ “Series 2606 $B.28  Master Mode T 85 Mar 1398~ 3:38 pn
100 28
3
7 Sot ﬂ
r \
n ~waaffRiN]] ali Ll l p—tet 0]
1 18 108 1@@@
Particle size (um). 4 -
1598 pil 1DR459 / 8/ 0/0.06/1.00/
207 W/W salt Saln
6608 rpn 80BB6U267
YALVSRY  Series 2600 SB.20  Master Mode 05 Mar 1398 3:18 po
High Under figh Under|High Uader |Eigh Under{High Undar|High Under § Span
§ize §ize % |S1ze ¥ (Size % |Size %t |Size % 1.01
- 188 100 [84.5 100 [38.0 100 |17.1 95.1]7.63 28.6/3.46 7.3 § D[4,3i
. 175 100 178.6 100 135.4¢ 99.9 |15.9 92.6{7.15 26.3(3.21 6.3 % 10.2um
163 100 |73.1 100 132.9 99.9 [14.8 88.3/6.65 24.5(2.99 5.4 =—=——
151 100 [68.0 100 (30.6 99.9 [11.7 82.216.18 22.7{2.78 4.6 D{],2£
141 100 |63.2 100 f28.4 99.8 [12.8 72.8/5.75 20.5)2.59 3.3 1.1
131 100 |58.8 100 (26.4 99.8 [11.9 62.05.15 18.1|2.40 1.2
122 100 (54.7 100 {24.6 99.7 |11.1 52.204.97 15.6{2.2¢ 2.7 {| D(v,0.9]
113 100 (50.8 100 [22.9 99.4 [10.] 44.5[4.62 13.4{2.08 2.2 § 15.03m
105 100 147.3 100 |21.3 98.8 [9.56 39.1(4.30 11.5{1.93 1.8
_ 2 97.8 100 |44.0 100 (19.8 98.G [8.39 35.004.00 9.9 0(v,0.1]
- Lfy! 9 100 }40.9 100 |18.4 96.9 {8.27 131.6|3.72 8.5 §.01ym
T Source = Data: p20v007 |3eam lengtn = 14,3 on|Model indp D[v 0.5]
Record Bo. = 13 Log. Diff. = 4.768 0.86ym
Pocal 1enath = 100 mm{Obscuration = 0.9719 |[Volume Conc. = 0.0592% —=
Presentation = pil Volume distribution |[Sp.S.A 0.8431 @?/cc.iShape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00/
20% Hlipsalt Soln
§00 rpn 000000267
MALVERY  Series 2600 $3.20  Master Node 05 ¥ar 199§  3:38 pu
_ Particla diameters| Voluae percaatiles "~ Distribution Moments.
D(4,3) 10.22 pm | D{v,.10 4.01 | Distba  ¥ean Stan.Dev. Skewness
D(4,2 §.53 ym | D[v,.20 .68
D(4,1 6.32 pm | D{v,.30 7.97 § Voluze  10.22 ¢.52 u 42
D{4,0 4.52 pu § Dfv, .40 9.70 § Suriace 1.12 £.70
D[v,.50{ 10.86 { Lenqth 1.48 1.56 1 75
(3,2 7.12 pm | D{v,.50] 11.72 { Numder 1.63 1.74 §.08
0{3,1)  4.98 ym | D(v,.70] 12.5¢ —_— ]
D{3,0 344 pm | Dv,.80] 13.49 .
Dfv,.90] 15.0]
(2,1 3.43 ym § D(v,.99] 21.63 || Source =Data:p20v007
0{2,0 1.39 pa Record 13
Span  1.01
D(1,0)  1.65 pm § Oaif 0.3
1598 pil 103459 0/ 0/0.00/1.00/
20% A/ salt Sol Forl
600 rpa 000000267



WALUERN " “Series 2680 $B.200  Haster Mode 05 Mar 1998  4:32 pm
108 y - — 28

7 50t

+ +L e + = e + + — g
1 10 108 iﬂ@@
Particle size (um). 3 -

159C pil IDR459 / 6/ 6/8.08/1.00/
207 W/W salt Soln
700 rpn 0000365

MALVERN  Series 2600 SB.20  Mastar Nede 05 Mar 1998 4:12 pn

Bigh Under|High Under{High Under |Righ Under|(Righ Czder|3igh Under § Span
Size % |Size % |Size % |Size % [Size % (Size % 0.86
_— e ———————

188 100 [84.5 10C 38.0 100 ([17.1 99.9(7.63 88.1(3.46 18.) || D[4,3]
175 100 {78.6 100 {35.4 100 (15.%9 99.9{7.15 79.0(3.21 16.3 5.71m
163 100 |73.1 100 132.9 100 |14.8 99.9/6.65. 65.4[2.99 .l f==——=
151 100 |68.0 100 [30.6 100 (12,7 9% 9{6.18 S1.2[2.78 11.9 { D(3, 2&
141 100 |63.2 100 [28.4 100 [12.8 99.9(5.79 39.8/2.59 9.9 ] 4.35um
131 100 |58.8 100 [26.4 160 [11.9 99.9{5.35 132.7j2.40 8.1

122100 {54.7 100 ;24.6 100 11.1 99.9(4.97 28.112.2¢ 6.7 § D[v,0.9]
113 100 {50.8 100 |22.9 100 |10.3 99.6[4.62 24.7(2.08 5.5 7.86p0
105 100 [47.3 100 [21.3 100 |9.56 98.4[4.30 23.0{1.93 4.5

97.8 100 1440 100 |19.8 100 [8.89 96.014.00 21.7 D[V,D.ll
90. 9 100 {40.9 100 [18.4 100 8.27 93.0y5.72 20.2 2,60
Source = Data, pEUvﬂUT Beam leagth = 14.3 mm|Mcdel iadp D[v 0.5)
Record No. = Log. Diff. = 5.133 : 6.14p0
Pocal length = 100 nmlQbscuration = 0.9900 |Voluze Comc. = 0.0467% f=—on
Presentation = pil  |Volume distribetion [Sp.S.A  1.3791 mi/cc.|[Shape OFF

1598 pil lDR459 [ 0/ 0/0.00/1.00/

20% /W salt
700 rpa 000000365
MALVERN  Series 2600 §B.20  Master Mode 05 Mar 1998 4:32 po
Particle diameters” Volume percentiles Distribution Moments.
5.71 pa | Dv,.10 2.60 [ Distbn  Mean Stan.Dev, Skewness
$.99 ya § D{v,.20 3.69
4,00 pa f| Div,.30 5.13 |f Volume 5.11 2.08 0.26
3.13 ja | Div,.40 5.76 I Surface  4.35 1.44 0.08
D{v,.50 6.14 | Length 2.53 2.14 1.19
3,2 4,35 pm | Dv, .60 6.47 { Number 1.50 1.27 3.00
D 3,1 3.35 p §f D[v,.70 §.80
D{3,0 2.56 pm || Dfv,.80 7.20
Div,.90 1.86
Diz,li 2.58 ym i D([v,.99 9.84 | Source =Data:p23v00?
0{2,0 1.97 yn Record 15
Span  0.86
D(1,0)  1.50 pm | Unif.  0.26

1598 pil 10&459 0/ 0/0.00/1.00
20% H/Hpsa Sol F0 R0
700 rpm 207 000000365



25% w/w and 0.04% v/v

208



MALUERN ~"Series 26008 SB.20  Master Mode 11 Feb 1998 — 6:52 pm
169 18
1 +
7 5o |

2

100 16860
Particle size (um). 2
1598 pil IDR459 / 0/ 0/0.88/1.88/
257 w/w salt soln
400 rpm UEEO0BE0E0R366

MALVERN  Series 2600 S$B.20  Master Mode 11 Peb 1998 6:52 pu

High Under|HEigh Under Elgh Under (High Onder|(digh Under({High Under | Span “

Size % [Size ¥ [Size ¥ |Size % (Size % [Size ¢t 1,45
——— e e e e———— e ——————————

188 100 |84.5 98.0(38.0 53.0 [17.1 29.1|7.69 13.913.46 0.2 || D[4,3]

175 99.9178.6 97.5[35.4 47.4 (15.9 27.07.15 11.713.21 0.1 [ 3§ | 35.28;m)

163 99.8(73.1 96.5(32.9 42.8 |14.8 24.4/6.65 9.1(2.99 0.0 ——=)

151 99.7(68.0 94.9130.6 29.1 [13.7 21.8(6.18 6.7[2.78 0.0 [ D[3 ,2{

141 59.6163.2 92.4128.4 36.3 |12.8 19.6/5.75 4.9]2.59 0.0 | 18.51m

131 59.4/58.8 89.2(26.4 34.5 [11.9 18.3]5.35 3.6[2.40 0.0 [=——=

122 §9.3[84.7 85.124.6 333 {111 17.504.87 2.7/2.2¢ .0 { D(v,0.9]]

113 99.1/50.8 79.6122.9 32.5 (10,3 17.1(4.62 2.0(2.08 0.0 [ 59.7%m

105 98.9147.3 73.2121.3 32.0 (9.56 16.8/4.30 1.3|1.93 0.0

97.8 98.70144.0 66.3{19.8 31.4 8.8 16.4/4.00 0.8 D(v,0.1]
[ 90.9 98.4[40.9 59.5[18.4 30.6 [8.27 15.5(3.72 0.4 6.82ym
— —
Source = Data: p25v004 Beam lenH 2.2 ma|Model indp D[v,0.5
Record No. = = 5.026 36.61pm
Pocal length = 100 ] Obscuratlon 0.1629 |Volume Conc, = 0.0500%
Presentation = pil Volume distribution Sp.S.A 0. 121 ai/ce. {Shage 0r?

1598 p11 1ua459 / 0/ 0/0.00/1.6¢/
25% w/v salt soln

400 rpn 0000000000366
MALVERY  Series 2600 SB.20  Master Mode 11 Peb 1998 6:52 pn
Particle diameters| Volume percentiles Distribution Moments.
D(4,3) 35.28 pm | D(v,.10 §.82 || Distbn  Mean Stan.Dev. Skewness
D{4,2) 25.56 pm | D[v,.20] 12.97
18.12 pm ff Dfv,.30] 17.81 § Volume  35.28  22.68 1.22
13.89 ym | D{v,.40] 31.17 [ Surface 18.51  17.62 1.64
D(v,.50] 36.61 | Length 9.10 9.26 3.60
(3,2 13.51 pya || Div,.60 41.11 | NumDer 6.24 4.2 §.27
D{3,1) 12.98 pa || D{v,.70] 45.69
D(3,0) 20.17 ga § Div,.80] 51.08
D(v,.90] §9.79
D[!,l 9.10 ya | D[v,.99] 109.86 § Source =Data:p25v004
(2,0 1.53 pa Racord 1
Span 1.45
D(1,00  6.24 pa | Unif.  0.48
1598 pil 1DR459 / 0/ 0/0.00/1.00/
25% ¥/v salt soln 0
00 rpa 209 0000000000366



WALUERN ~~Series 2668 SB.28  Haster Hode 11 Feb 1998  7:40 pn

108 , e 13
J
| / \ 1
s fr\ +
7 SBr S |
r -
I
[
0] + ey FEEEREURRILIRIRILE _ FIRUEASAT (v e et} 6]
1 1@ 1600 ' 10066
Particle size (um). +

1598 pil IDR453 / @/ 0/08.06/1.66/
257, w/u salt soln
458 rpnm 6000B0EEEE2693

MALVIRN  Series 2600 §B.20  Master Node 11 Peb 1998  "7:40 ta

Eigh Uoder|figh Under|High Under [High Under|Xigh lader|Eigh Under § Spaa
§ize ¥ |Size % |Size % |Size % |Size % |Size % 1.54
188 100 |84.5 99.0138.0 66.4 [17.1 35.5/7.69 1§.0{3.46 0.1 }0(4,3]
179 100 (78.6 97.9{35.4 60.0 (15.9 32.917.15 13.313.21 0.0 | 29.9%m
183100 |13.1 96.7|32.9 S54.3 [14.8 29.7(6.63 10.2;2.93 0.0 ]
151 100 [68.0 95.4[30.6 50.2 (13.7 26.4(6.18 7.4[2.78 0.0 D[l,il
141 100 |63.2 94.0)28.4 46.8 |12.8 23.6/5.75 5.2(2.59 0.0 | 16.43m
131 100 {58.8 92.5(26.4 44.2 {11.9 21.815.35 1L.7[2.40 0.0 |=—=—
120 100 |54.7 90.7/24.6 42.4 |11.1 20.7[4.97 2.€{2.2¢ 0.0 § D[v,0.9]
113 190 [50.8 83.4(22.9 40.9 (10.3 20.0(4.62 1.812.08 0.0 | 53.40pm
105 100 [47.3 84.8{21.3 39.5 |9.56 19.6(4.30 1.1]1.93 0.0
97.8 16 [44.0 72.2119.8 38.4 :8.89 15.uj4.00 0.6 I Dtv,0.1]
90.9 99.7140.9 72.9}18.4 137.2./8.27 17.9)3.12 0.3 - §.61pm
Source = Data:p2Sv004 [8ean lemgth = 2,2 mp|¥edel iadp - D[v,0.5]
Record No. = § Log. Diff. = 5.11§ 30.45ym
focal length = 100 mm|Obscuration = 0.1744 |Volume Conc, = 0.0477% —
Presentation = pil Volume distridution [Sp.S.A 0.3651 m?/cc.jShape OFF

1598 pil 1DR4S9 / 0/ 0/0.00/1.00
25% v/wpsalt soln 81 of0.00/1.00f
450 rpo 0000000000263

MALVERNY  Series 2600 SB.20  Master Xode 11 Feh 199§ 7:40 pa

Particle diameters( Volume percentiles[ Distribution Moments.
D(4,3) 29.94 ya § D{v,.10 §.61 I Distba  Mean Stan.Dev. Skawmess
D{4,2) 22.18 pm [ D{v,.20] 10.2] e
D{4,1}) 16.45pm § Dfv,.30] 14.88 § Volume  29.94  19.32 0.63
0(¢,0) 13.04 pm | D{v,.40f 21.84 | Surfacs 16.41 14.90 1.66
Di{v,.50] 30.45 { Length 9.04 8.18 3.47
0(3,2) 16.43 pa § D{v,.50] 35.35 f Numder §.50 4.06 5.50
D3, 1 12.19 pa D{v,.70 I ——————
D(3,0 9.89 pm | D(v,.80] 44.38
Div,.90} 53.40
D[Z,l 9.04 pa || D{v,.99] 84.53 || Source =Data:p2§7004
(2,0 7.67 12 Racord §
§san 1.54
0(1,00  6.50 pa § Uaif. 0.52

1598 oil 1DR439 / 0 0/1.00/1.00/
25% @/ salt soin Hof 210
430 1p0 0000000300263



MALUERN " "Series 2630 SB.28  Master Mode 1 Feb 1998 8:47 pm
80 = 18
7. 56t
\
at | L] ]
1 10 " 1008
Particle size (um). 4+
1598 pil 1DR459 / 6/ 8/0.60/1.60/
25/ w/u salt soln
S6@ rpm 00000EE0EE270
MALVRRN  Series 2600 8,20  Master Mede 11 Fah 1998 §:47 pu
High Under|High Under‘ﬂigh Under [High Onder|digh Under|digh Uader § Sgan
Size §ize %t |Size %t |Size % |Size % |Size % 1.47
18 100 [84.5 99.4)38.0 77.1 |17.1 36.5[7.69 17.2]3.46 0.1 ] D[4,]]
175 100 (78.6 98.8435.4 T71.1 {15.9 34.117.15 14.4{3.21 0.0 3 26.77ym
163 100 {73.1 93.1{32.9 64.7 |14.8 31.3{5.65 11.212.3% 00 =—cn== °
151 100 [68.0 97.4(30.6 58.4 |13.7 28.4|6.18 8.2(2.78 0.0 ¥ D(3,2]
141 100 163.2 96.6(28.4 52.9 [12.8 25.9(5.75 5.8{2.59 0.0} 15.4dzm
131 100 [s8.8 95.8(26.4 48.8 |11.9 28.1[5.35 4.1|2:40 0.0 f=——xs
122 100 [54.7 94.7|24.6 45.4 |11.1 22.84.97 2.9{2.24 0.0  D[v,0.9]
113 100 [S0.8 93.3(22.9 42.8 [10.3 21.914.62 1.9{2.08 0.0 % 46.2%m
105 100 {47.1 91.0/21.3 41.0 [9.56 21.2]4.30 1.2{1.91 0.0 —=
97.8 100 [44.0 87.2119.8 39.6 |8.89 20.94.00 0.6 Div,0.1]
90.9 99.8(40.9 82.5|18.4 138.2 |3.27 19.3[3.712 0.2 6.47pa
source = Data: p‘SVUUl Beaa lenﬂth 3 2 2 nn|¥odel indp D{v,0.5]
Record ¥o. = = 5,063 17.07sm
Focal length = 100 il Chscuratmn > 0.1817 " |Tolume Conc. = 0.0453% —r—
Presentation = pil yolume discribution |[9p.S.4  0.382¢ m?/cc.{Shape 0PF
1593 pil 113&459 / 0/ 0/0.00/1.00/
t ¥/v salt soln
Ion 0000000000270
MALVERN  Series 2600 SB.20  Mastar Mode 11 Feb 1998 §:47 pa
Particle diametersf Voluze percentiles[ Distribution Memants.
D(4,3) 26.77 pa | Dfv,.10 §.47 | Distba  Meaa Stan.Dev. Skawness
D(4,2) 2033 ga | D[v,.20] 8.5%
D 4,1t 15,44 ga | Dv,.30] 1430 {f Tolume 2677  16.98  0.84
D(4,00 12.42 pm | D(v,.40 20.22 |f Surfaca 15.44 13.23 1.61
D{w,.50 27.07 § Length §.90 1.6] 1.19
D(3,2) 15.44 ym | D{v,.60] 3L.15 | Nuader 6.48 3.96 5.06
D(3,1 11.712 p D{v,.70 RN ———————————_|
0{3,0) 9.62 3| D[v,.80] 19.48
Div,.90] 46.22
D{Z,l §.90 ya {f D(v,.9%] 80.48 | Source =Data:p257004
0{2,0 7.5% yn Rscord 6
Scan  1.47
D(1,0) 6.43 ym | Uaif.  0.51

1598 pil 1DR459 / 6/ 0/0.00/1.00/
%33 v!apsalt sola

g

211

0047000900270



HALUERN * " “Series 2680 S$B.20 Master Mode 11 Feb 1998  §:20 pm
108 10
7 56t
0} . O LU L 18T AL b 0}
1 10 100 1068

Particle size (um). Y - |

1598 pil 1DR459 / 0/ B/0.60/1. @0/
257 w/u salt soln
608 rpm 00000EEERE271

MALVBRY  Scries 2600 §3.20  Master Mode 11 Feb 1998 §:20 tm

Hiqh Under Elgh Under|Bigh Uuder ngh Undar ngh Uodar [Bigh Uuder Span
S§ize % |Size % |SiZe §ize Size t |Size 1.1
188 100 [84.5 99.6]38.0 90.1 [17.1 46.7/7.69 22.2(3.46 0.2 | D{4,3]
175 100 178.6 99.5(35.4 87.1 [15.9 44.2(7.15 18.3(3.21 0.1 || 20.66pm
163 100 [73.1 99.3(32.9 83.4 [14.8 41.9(6.65 14.212.99 0.0

151 100 (63.0 99.0130.6 79.1 [13.7 139.7/6.18 10.5{2.78 0.0 § G[3,2]
141 100 |63.2 93.7/28.4 74.5 [12.8 137.715.75 7.7{2.89 0.0 | 12.56yam
131100 |58.8 98.2126.4 69.6 f11.9 35.8[5.35 5.5(2.40 0.0

122 99.9154.7 97.6(24.6 64.7 [11.1 34.004.97 3.9[2.2¢ 0.0 D;v,ﬂ.gl
113 99.9150.8 98.8[22.9 0.1 |10.3 32.204.62 2.7{2.08 0.0 7.8Tum
i05 99.9(47.3 ¢5.8]21.3 55.9 9.5 30.3{4.30 1.711.93 0.0 [=

37.8 99.8(44.0 94.4/19.8 52.3 [8.89 28.2(4.00 1.0 D(v,0.1]
90.9 99.7]40.9 92.6)18.4 49.4 {8.27 25.5(3.72 0.5 6.114m
Source = Data p!Sv004 Beax length = 2.2 ma|¥odel indp D{v,0.5]
Record ¥ : Log. Diff. = 4.955 18,63
Pocal leafr‘.u z ;00 ma|Qbscuration = B 2350° |ualume Cone, = 0.0510% ===
Presentation = pil Yolume distribution Sp.5.A  0.4776 m’/cc Shape 0P¥|

1598 pil 13&459 [ 0/ 0/0.00/1.00/
25% w/v salt soln
600 rpa 0000000000271

MALVZRY  Series 2600 $3.20  Master Mode 11 Peb 1998 9:20 pu

Particla diametersl lume ¢ Distribution Moments.
D({4,3] 20.66 ym | D(v,.10 6.11 | Distba  Mean Stan.Dev., Skewness
0(4,2) 16.11 pa{§ Dyv,.20 7.38
D{4,1) 12.86 pm § Div,.30 9.44 )t Volume  20.66  14.39 1.61
D{4,0) 10.77 pm § D{v,.40 131.88 §| Surface 12.53 10 09 2.09
D{v,.50; 18.69 [| Leagth 8.19 5.98 31.25
D{],! 12,56 pm § D{v,.60] 22.84 | Numder §.34 1.4] 4.12
D{3, 1} 1W.M4gaf D(7,. 70 26.58 f———m—————————————————i
Di3,0 8.87 pm @ Dv,.80; 31.01
0(v,.90] 37.87
0(2,1 8.19 ga } D(v,.99] 67.20 |j Source =Data:p2S7004
0{2,0 7.20 pa Racord 7
Sscaa 1.70
D(1,0) 6.3 pa | UAif. 0.59

1398 il 1DR4S9 / ¢/ 0/0.00/1.00
25% /v salt solo [ / 212
e 0000000000271



MALUERN ~ Series 2608 SB.20  Master Mode T 11 Feb 1958 T 779:33 pm
0@ - , — 18
7 S@f ™
fl
Y
i
Ui
{3y I reurEEsEIE B, - -
1 10 160 16668
Particle size (um), +
1598 pil 1IDR459 / G/ 8/8.00/1.080/
257 w/w salt soln
7680 rpm fOOEEEEEEE272
MALVERY  Series 2600 SB.20  Mastar Nede 11 225 1994 9:33 pa
Bigh Under|Bigh Under|Eigh Under |High Under|Zich Under|High Under I Span
S§lze % [Size & |Size % |[Size % [Size % [Size % 1,15
188 100 184.5 99.8]38.0 94.9 |17.1 §6.5 7759 26.313.46 0.3 #D[4,1]
175 100 178.6 99.8]35.4 93.2 |15.9 53.007.15 21.5{3.21 0.1 § 17.29:m
163 100 [73.1 99.7(32.9 91.0 [14.8 49.8(6.65 15.5(2.9% 0.0
151 100 |68.0 99.6(30.6 83.4 [13.7 46.9]6.18 12.2(2.78 0.0 I 0(3,2]
141 100 163.2 99.4{28.4 85.1 |12.8, 44.4{5.75 8.9/2.59 0.0 [ 11.1%m
131 100 |58.8 99.1026.4 81.4 [11.9 42.1[5.)5 6.%4[2.40 0.0
122 99.9(54.7 98.8[24.6 77.2 [11.1 40.1[4.97 4.712.2¢ 0.0 DJ?,O.?]
113 99.9(50.8 98.4122.9 72.8 |10.] 34.1]4.62 1.3[2.08 0.0 1.9
105 99.9(47.3 97.9y2i.3 8.4 [9.56 3&.C14.30 2.2{1.93 0.0
97.8 99.9144.0 97.2|19.8 4.2 [8.89 133.5{4.00 1.3 0{v,0.1]
90.9 99.9140.9 96.2[18.4 0.2°(8.27 130.313.72 0.7 5.9l
Source = Data:p25v004 |3eam length = 2.2 mm|Model iadp D(v,0.5]
Record No.. = 8 Log. Diff, = 4.866 14.86pm
Pocal leagth = 100 am|Obscufation = 0.2762 |Volume Come. = 0.0547% i—o==zx=
Presentation = pil Yolume distribution (Sp.S.3 0.5367 m?/cc.||Skape 07

1598 pil 1DR4S9 / 0/ 0/0.00/1.00
25% w/vpsalt soln 0] o0.00/.00]

700 rpa 0000000000272
MALVERN  Series 2600 §3.20  Master Mode 11 720 1998 9:33 po
———— — m——
Particle diameters” Volunea gercentilesﬂ Distribution Momeats.
0(4,3) 17.29 = | Ofv,.10 5.91 |f Distbn  Meaa Stam.Dev. Skewness
D{4,2) 13,90 ym || D(v,.20 6.99 —
D{4,1)  11.48 pm {| D(v,.30 8.22 f Volume 17.29 12.13 2.20
0{4,0 9.85 pm § D[v,.40] 11.02 | Surface 11.13 8.217 2.30
D{v,.50} 14.86 | Leagth  7.32  S5.12  1.10
0(3,2) 11.18 pa | D{v,.80] 18.32 § Numder §.21 3.1% i
0{3,1 $.35 g | Dlv,.70] 21.83 |
03,0 8.16 pu || D{v,.30] 25.80
D(v,.90] 31.92
0(2,1)  7.82 gm §f D(v,.99] 56.85 | Source =Data:p23v004
0{z,0) 6.98 s Racord 8
Soam 1.7§
D(1,0)  6.22 pa || Uaif, 0.61
1598 pil 1DR4S9 / 0/ 0/0.00/1.00/ 213
25% 1/1psalt soln
700 rpa 0000000000272



MALUERN ~~ Series 2608 SB.280  Master Mode 11 Feb 1998 4:45 pm
18@ - 18
4
7 S50t
|
J
@ 5 =afl ‘ B b a
 § 10 160 18@@
Particle size (um). 4 -
1598 pil 1DR459 / 8/ 0/0.86/1.68/
257 w/u salt soln
860 rpm (0006EEEEE273
MALVSRY  Seriss 2600 $8.20  Master Node 11 Feh 193§ 9:45 pa
quh Under(High Under(Bich Under (Kigh Under|Eigh Under|High Undar Span
§ize % [Size % |Siza ¥ (Size % |Size % |Size 1.59
188 100 [84.5 99.9(38.0 97.3 [17.1 63.5]7.69 27.7(3.46 0.4 | D(4,3] |
175 100 |78.6 99.9)35.4 96.3 |15.9 58.9)7.15 22.7(3.21 0.1 § 15.3%m
163 100 {73.1 99.8{32.9 95.1 [14.8 54.5{6.65 17.5{2.99 0.1
151 100 |68.0 99.8(30.6 93.4 [13.7 50.5/6.18 12.8(2.78 0.0 0[1,2&
141 100 |63.2 99.7)28.4 91.2 |12.8 47.005.75 9.212.59 0.0 § 10.63pa2
131 100 |58.8 99.6/26.4 88.5 |11.9 44.215.35 6.§(2.40 0.0
122 100 |54.7 99.4]24.6 B85.3 |1l.1 41.8/4.97 4.7/2.24 0.0 § D[v,0.9]
113 100 50.8 99.2|22.9 81.5 |10.3 19.6]4.62 3.3j2.08 0.0 )| 27.45p2
105 100 147.3 98.9121.3 77.4 (9.56 37 5(4.30 2.Z2{1.51 0.0 m—m—=
97.8 99.9(44.0 93.5/19.8 72.9 (8.89 135.0/4.00 1.4 D(v,0.1] =
90.9 93.9140.9 98.018.4 68.23.27 31.8{3.2 0.7 §.85ua] .
Source = Data: pZSvu{H Eeam-ﬁﬁ= 2.2 ma|Model indp D(v,0.5] ‘
Record No. = Log. Diff. = 4.879 13.62pa
Zocal length = 100 am|Obscuration = 0.3337 |Volume Conc. = 0.0654%———=
Presentation = pil Volume distridbution |$p.S.A 0.5643 m?/cc.|Shape QFF
1598 pll 1D2459 / 0/ 0/0.00/1.00/
5% w/¥ salt soln
ﬂ rpn 0000000000273
WALVERY  Series 2600 §3.20  Master Mode 11 Peb 1998 9:45 pn
| Particle diagetersj Volume percentiles" Distribution Xomeats.
D(4,3) 15.39 pm | D{v,.10 5.85 § Disthn  MNean Stanm.Dev. Skewness
D{4,2} 12.79 pa || D{v,.20 §.48 —
D{d,1] 10.84 ;m D{v,.30 7.99 § Volume  15.33  10.11 2.36
Di4,0 9,45 pm | D{v,.40/ 10.41 § Surface 10.61 7.11 2,20
Dlv,.50] 13.62 { Leaqth 1.19 4.71 2.1
0(3,2) 10.63 pu § Dfv,.60/ 16.18 f Numder §.26 3.09 .
Di3,1 9.10 ym | Div,.70] 18.89
D{3,0 8.03 ym § D(v,.80] 22.28
D(r,.30] 27.45
(2,1 7.79 pu || Dlv,.99] 43.29 § Source =Data:pl57004
D(2,0 .98 pu Record 9§
Soaa  1.59
0(1,00) 6.26 pm | Oaif. 0.55
1598 pil 1DR459 / 0/ 0/0.00/1.00/
25% wl:psalt soln 214
rpe 0000000000273



MALUERN ~““Series 2608 $B.20  Haster Mode 12 Feb 1358  4:14 pm

188 18
7 5ot F { \
I
[ /
: 4}
i [
0] e . s e it i 0]
1 10 160 plolol]
Particle size (um). Y
1598 pil IDR459 / 8/ 08/8.60/1.668/
257 w/u salt soln
948 rpm £EBECOGERE274
MALVERY  Series 2600 §3.20  Master Mode 12 Feh 1998 i:14 pa
Bigh Under|igh Under|Eigh Under {Righ Under|{High Undar{figh Under | Span
§ize % |Size % |Size % |Size % |Size % |S1ze % 1.2§
188 100 [94.5 100 [38.0 99.3 [17.1 71.5(7.69 3L.1[3.46 0.5 [ D[¢,3]
175 100 |78.6 100 {35.4 99.0 [15.9 65.17.15 2§.2/3.21 0.2 ) 13.3%n3
163 100 [73.1 100 (32,9 98.5 [14.8 53.3(6.65 13.812.9% 0.0
151 100 (68.0 99.9/30.6 97.8 |13.7 ©S2.1(6.18 13.042.78 0.0 D[I,Zg |
141 100 163.2 99.9(28.4 96.7 |12.8 47.7|5.75 4.812.59 0.0 § 10.Lis
131 100 [58.8 99.9[26.4 95.2 [11.9 44.415.35 6.2]12.40 (0.0 ===
122100 {54.7 99.9j24.6 93.1 |11.1 42.0)4.97 4.6]2.2¢ 0.0 § D[v,0.3]]
113 100 (S0.8 99.8(22.9 90.3 (10.] 40.6(4.62 3.312.08 0.0 } 22.70;3|
105 100 147.3 99.8]21.1 86.8 [9.56 39.4)4.30 2.4]1.93 0.0
97.8 100 |44.0 99.7(19.8 §2.5 [8.89 37.714.00 IL.6f. ~~° D(v,0.1]
90,9 100 [40.9 99.5|18.4 77.4 |8.27 35.4)3.72 1.0 §5.8¢13)
Source = Data:p25v004 |Beam leuggh = 2.2 an(Nodel indp 0(v,0.5i
Record ¥o. = 13 Log. Diff. = 4.799 13.3342:
Pocal lergth = 100 mm|Obscuzation = 0.4263 |Volume Cenc. = (.0852%———
Presentation = pil Yoluze distribution [Sp.S.A  0.5925 m?/cc.|Saage C#?
1598 pil 1DR459 / 0/ 0/0.00/1.00
25% w/vpsalt soln L /
900 rpa 0000000000274
MALVERY  Series 2600 S3.20  Master Node 12 Feb 1998 4:14 pa
Particle diaﬁetarsl Tolume percentiles Distribution Momeats. |
D(4, 13.59 pm § DJv,.10 §.89 I Distha  Mean Stan.Dev. Skawness
0{4,2] 11.73 pm | D(v,.20] 6.7 :
D(4,1) 10.20 pa | D{v,.30 7.58 § Volume  11.59 7.44 1.44 ;
D{4,0 9.03 pa | Div,.40 9.8 § Surface 10.13 §.92 1.57 |
D(v,.50{ 13.33 | Leagth 1.1 .31 .14
D(3,2) 10.13 ga | D{v,.60} 15.05 § Number 6.27 3.01 1.68
03,1 8§.84 yu { D{v,.70] 16.80
D{3,0 7.88 pa | D[v,.80] 19.06
Div,.30{ 22.70
D{2,1)  7.11 pm | D(v,.99] 35.55 || Source =Data:p2Sv004
0(2,0]  6.96 ya Racord 11
Seaa  1.2%
D(L,0)  6.27 pm |} Odif. 0.44

1598 pil 10R459 / 0/ 0/0.00/1.00/
5% v/wpsalt soln e 215

$00 rpa 1000000000274



MALUERN ~Series 2600 SB.28  Master Mode 12 Feb 1998  4:37 pm

188, " ~ M " 19
o |
! J
. - /
Z Sot fs(] J
ﬁ N
jl
A
A
.
0} > . 0 i . et 0]
1 10 160 1@@@
Particle size (um). 4 -

1598 pil IDR459 / G/ 6/8.60/1.686/
257 w/u salt soln
10800 rem BOREEBREOE27S

MALVIRY  Series 2600 §3.20  Master ¥eds 12 Peb 1398 4:17 pu

Bigh Under|Righ Under|dich Undﬂr ngh Under figh Under|8igh Ender Span
§ize ¥ [{Size % |[SiZe §ize §ize ¥ |SiZe 1.16
188 100 [84.5 100 |38.0 99.6 |L7.1 79.8]7.6% 30.3|3.46 0.4 § D(4,3]
175 100. [78.6 100 [3S.4 99.4 [15.9 73.0{7.15 25.5{3.21 0.2 § 12.62pu
163 100 {73.1 100 |32.3 99.2 |14.8 65.4/6.65 20.2{2.99 0.0
R R e e T
. . . . 518, .5 . 6y
131 100 [S8.8 99.9]2674 97.3 [11.9 45.7|5.35 '1.8(2.40 0.0 p=—mx=
122100 154.7 99.9124.6 96.0 {11.1 43.504.97 §5.412.24 0.0 ng,u.il
113 100 [50.8 99.9{22.9 94.4 {10.] 41.0{4.62 3.6(2.08 (0.0 0.23um
105 100 [47.3 99.9J21.3 92.1 [9.56 1R.914.30 2.4{1.93 (0.0 ———
97.8 100 [44.0 99.8/19.8 88.9 [3.89 16.83[4.00 1.5 D{v,0.1]
90.9 100 |40.9 99.7)18.4 84.8 3.2? 34.113.712 0.9 §.63p
ource = Data: pzsvﬂﬂi |Beaz Ienath s 2.2 am|Medel iadp D{v,0.5]
Record No. = 1§ .z 4,661 12.53um
Focal length = 100 o Obscuratlan = 0.4788 |Voluze Conc. = 0.096)%——==x
Preseata.xon = pil - |Volume distribution |[Sp.S.A  0.6145 m/cc. |[Shape UF?H

1598 pil IDRQSB / 9/ 0/0.00/1.00/

25% w/v salt
1000 rpm 0000000000275
MALVBRN  Series 2600 §B.20  Master Node 12 Peb 1998 ¢:17 pn
Particle dzametersw Voluma percentllﬂsﬂ D1syr1huglon doments.
D{4,3) 12.62 pa 10 §.63 || Distba  Nean Stan Dev. Skewness
D{4,2) 11.10 jo n v,.zo s 6 |
D(4,1 9.79 pm | D{v,.30 7.63 { Volume  12.52 6.41 1.4
D{4,0 8.75 pn § Div,.40 9.96 || Surfaca  9.76 5.28 1.4
0(v,.50] 12.5] { Length 1.62 ¢.04 1.87
D/3,2 9.76 ym f D{v,.60] 14.05 || Nualer §.24 2.91 2.38
D{3,1 §.63 pa | D|v,.70] 5.4 ==
D{3,0 7.75 ya | Dlv,.80} 17.14 _
D(v,.90] 20.2}
0{2,1 7.62 pm § Div,.99] 31.67 | Source =Data:p25v004
D(2,0 .90 pa Record 15
§qaa L.17
0(1,00) 6.24d gn g UOaif. 0.40
S ———

1398 le 10K439 / 0/ 0/0.00/1.00/ 216
263 1/: salt sola
1000 T 0000000000273



25% w/w and 0.05% v/v

217



WALUERN ~ " "Series 2608 SB.20  Haster Mode 13 Feb 1998  4:49 pm

180, —————— , — 19

1

J

AN

7 56 4 |

- — et Ly ,.‘F Ll TERTRREATET JRT A ——— Q9
1 10 160 1@9@
Particle size (um). _ +

1598 pil 1DR459 / €/ 6/0.00/1.668/
257 w/u salt soln
400 rem 0BEEEEO6EE276

MALVRRY  Series 2600 §B.20  Master Mcde 13 Feb 1998 4:49 pa

ngh Uader|High Under Bigh Under Hiqh Under|High Under|High Under | Span

§iza  t [Siie Sizs §ize Y |Size % (Size % 1.81
——— — — |

188 100 {84.5 95.3138.0 63.9 {17.1 29.3{7.§9 14.7{3.46 1.2 || D{4,}]

175 99.9{78.6 94.1)35.4 S58.1 |15.9 27.547.15 .12.8]3.21" 0.8 § 33.%4yn
163 99.8173.1 92.7{32.9 52.7 |14.8 25.5)6.65 10.6|2.99 0.4

151 99.7168.0 §1.3{30.6 47.7 {13.7 23.6(6.18 8.5(2.78- 0.2 D[S,!l

141 99.5163.2 89.8/28.4 43.5 |12.8 21.8(5.75 6.9J2.5% 0.1 (1 16.73ym
131 99.2198.8 §8.2{26.4 40.0 j11.3 20.5{5.)5 §.5)2.40 0.0

122 98.9(54.7 86.3{24.6 37.4 |11.1 19.414.97 4.5(2.2¢ 0.0 027,0.9]
113 98.4(50.8 84.122.9 35.3 |10.3 18.6(4.62 1.7]2.08 0.0 3.89m
105 97.8(47.3 80.7(2L.3 13.6 {9.56 17.9{¢.30 1.0{1.93 0.0 [——=
97.8 97.1]44.0 75.6(19.8 32.2 [8.89 17.2]4.00 2.3 D(v,0.1]
90.9 96.3)40.9 69.8|18.4 30.8 |8.27 16.2}3.12 1.7 6.51m
Source = Data: pZSvﬂOS Beaa lena;h = 2.2 am{Model indp ' D{v,0.5]
Racord §o. = Log. Diff. = 4.667 . J1.65m
Rocal length = IDU mm|Obscufation = 0.1095 |Volume Conc. = 0.02%4%|=——
Presentation = pil Volume distribution |[Sp.S.2 0.3586 m?/cc.|[Shape OFF

1598 pil 1DR4S9 / 0/ 0/0.00/1.00
25% l/wpsalt soln [0 of0.00j.00f

400 rpu 0000000000276
MALVERY  Series 2600 $3.20  Master Mode 13 Feb 1998 §:49 pn
Particla dlametera Voluze percentllesﬂ Distribution !oments
D(4,3) 233.94 pm | D(v,.10 .51 | Disthn  Mean  Stan. Dev Skeuness
0{4,2) 23.83pm | D 7730 11035 |
D(4,1) 16.44 pa | D(v,.30[ 17.68 { Volume  33.3¢  25.26 1.63
0{4,0 12,17 ym | D{v,.40] 26.41 § Surface 13.7} 15.97 2.21
D{v,.50 11.65 [ Length 1.82 §.15 4.00
0(3,2) 16.73 pm § D(v,.60] 36.20 || Number 4,94 .1 5.86
D(3,1) 11.44pm || Div,.70] 40.97 fr————= = e
{30 8.65 pm § Div,.80] 4a.77 :
D(v,.90] 63.8%
(2,1 7.82 pm § D[v,.99] 124.73 § Source =Data:p257003
D{2,0 6.22 pa Record 2
Spaz  1.41
D(1,0)  4.94 pa § ORif. 0.57

1593 p11 102459 {0/ 0/0.00/1.00/ 218
2% 4/4 salt sola
400 e 0000000000276



HALUERN ~~“Series 26008 $8.20  Haster Mode 13 Feb 1998  7:01 pm
100 - e 10
/
i
7 sof rif
@G ol L L T o 8
1 10 108 1006
Particle size (um). + 0
1598 pil IDR4S9 / 8/ 6/0.08/1.00/
257. w/u salt soln
508 ren 06660EBEEE277
WALVSRY  Series 2600 $B.20  Master Mode 13 Peh 1998 7:01 pu
Bigh Under|{High Under|High Under {High OUnder|Eigh Under|High Under | Span
Size t (Size % |SiZe Size §ize Size % I
188 100 |84.5 99.6138.0 83.0 |17.1 32.8|7.69 17.7|3.46 0.1 | D[4,3]
175 100 |78.6 99.3(35.4 76.7 {15.9 131.2|7.15 14.6(3.21 0.0 § 25.6ly1
163 100 [73.1 98.9/32.9 69.6 [14.8 29.4]6.65 11.2/2.9% 0.0 |
151 100 |68.0 98.5(30.6 62.4 [13.7 27.5]6.18 8.112.78 0.0 D[l.z;
141 100 |63.2 98.0/28.4 6§5.§ J12.8 25.8/5.75 5.7[2.59 0.0 [ 15.37;1
131 100 [58.8 97.4[26.4 49.4 [11.9 24.5(5.35 4.112.40 0.0
122100 (54.7 96.9(24.6 44.4 |11.1 23.4]4.97 2.9[2.2¢ 0.0 [ D(v,0.9]
113 100 |50.8 96.0422.9 40.8 {10.] 22.7]4.62 2.1(2.08 0.0 § 42.45p2
105 190 [47.3 94.1{21.3 37.8 |9.56 22.1(4.30 1.311.93 0.0
97.8 99.9144.0 91.5/19.8 135.7 |8.89 21.3[4.00 0.7 D[v,0.1]
90.9 99.8140.9 88.0)18.4 34.2 |8.27 19.9)3.712 03 _f 643
Source = Data:p25v005 |Beam lanB:h = 2.2 mm|Model iadp D(v,0.5]
Record ¥o. = 4 Log. Diff. = §.002 25.6413]
Pocal leagth = 100 mm|Qbscufation = 0.1451 |[Voluae Conc. = 0.0365% | ———o—=
Preseatation = pil Volume distributiom |[Sp.S.3 0.3904 @?/cc.|[Shape 0F2
1598 pil 1DR459 / 0/ 0/0.00/1.00/
25% ¥/1psalt sola A
500 rpm 0000000000277
MALVERY  Series 2600 $B.20  Master Mode 13 Peb 1998 7:01 pa
Particle diametars| Volume percantiles| Distribution Momeats.
D(4,3) 25.61 pm § Dfv,.10 6.49 | Distba  Mean Stan.Dev. Skeuness)
D{4,2) 19.84 pm § D{v,.20 8.29
D{4,1) 15.19 pa f D{v, .30 15.15 || Volume  25.61  15.12 0.74
D(4,0] 12,25 pa | D{v,.40f 22.44 § Surface 15.17  11.%% 1.7
D{v,.50f 26.64 || Length 8.90 7.59 2.99
D(3,2) 15.37 pa } D{v,.60| 29.81 |f Numder §.44 3.98 4.83
p{3,1} 1169 pa | Div,.70} 132.9% == = =
0{3,00  "9.53 gm | Dfv,.80] 36.69
D(v,.90 42.45
D[Z,li 8.90 gm | D{v,.99] 74.47 || Source =Data:p25v005
D{2,0 7.57 pa Record 4
Span 1.3
D(1,0)  6.44 pn || Unif 0.45
1598 pil 1DR459 / 0/ 0/0.00/1.00/
5% % wpsalt soinl ol 219
500 rra 0000000900277



MALUERN ~““Series 2600 $B.20 Master Mode 13 Feb 1998  7:46 pm
ag - 18
L
7 S@f
!
Ell_ _——_ FERRESSES] Ly ——t—— — +—+ B
1 10 108 1660
Particle size (um). 4
1598 pil 1DR459 / B8/ 8/0.06/1.68/
257 w/w salt soln
608 rem £0EEEEEEEE278
- MALVERN  Series 2600 SB.20  Mastar Meda 13 Peb 1998 T:4s pu
Bigh Under|Bigh Under|Zigh Under |Eigh Undnr HBigh Uadar|3igh Uader | Span
§ize ¥ [Size t (Size ¥ |[Size §ize % [Siza 1.46
(138 100 [34.5 99.9[38.0 93.7 [17.1 45.1[1.69 23.2[3.46 0.2 [ D[4,3]
175 100 (78.6 99.9(35.4 91.1 }15.9 42.647.15 "13.4)3.21 0.0 || 19.64pm
163 100 {73.1 99.9(32.9 87.9 |14.8 40.2/6.65 14.112.99 0.0
-1 151 100 (8.0 99.9)30.6 83.7 |13.7 38.116.18 13.0]2.73 0.0 § D(},2
A 141 100 {63.2 99.8{28.¢ 78.2 |12.8 136.4(5.75 -7.2{2.53 0.0 § 12.43pm
131 100 158.8 99.5)26.4 72.2 |11.9 34.915.)5 5.312.40 0.0
122 100 (54.7 99.0024.5 66.2 |[11.1 33.6[4.97 4.042.2¢ 0.0 D[v,0.9]
113 100 (50.8 98.3122.9 60.5 {10.3 32.4{4.62 3.0{2.08 0.0 4 34.32m
105 100 {47.3 97.3121.3 55.4 [9.56 31.1/4.30 2.0[L.33 0.0
97.8 99.9(44.0 96.1119.4 S51.2 [8.89 29.114.00 1.1 Dtvuu
90.9 99.9}140.9 95.1|18.4 47.9 |8.27 26.8(3.72 0.5 §.18;m
‘[Source = Data: ngVnus 3ean length = 2.2 mm|Medsl izdy D(v,0.5]
Record §o, = 0g. Diff. = 4,927 19.27pm
Pocal length = lﬂﬂ ma|Qbscuration = 0.2968 |[Voluyas Cea¢. = 0.06653% [ ——=——
Presentation = pil Volume distridution |Sp.5.1 0.4309 a?/cc.|Shape QFF
1598 pil lDR459 / 0/ 0/0.00/1.00/
25% w/¥ salt soln
Ira 0000000000278
MALVERN  Series 2600 S§B.20  Master Mode 13 735 1993 T:46 po
_Eifticlgqaiametersﬂ Volume percentiles Distzibutioa Momeats.
'Efi.: 19.64 ym | Dfv,.10 6,18 1 Distbn  Meza Stanm.Dev, Skewness
D{4,2) 15.65 pm || D{v,.20 7.29
D{4,1) 12.62 pm § D{v,.30 9.12 § Volume  19.64 12.21 1.1l
Di4,0) 10.62 pm § D{v,.40{ 14.68 | Surface 12.43 9.46 1.64
D(v,.50] 19.27 § Length 8.29 5.92 2.87
0(3,2) 12.48 gpm § D{v,.60] 22.72 || Numder §.33 1.4 .13
D{3,1) 10.12 pa | D{v,.70] 25.7% =
D{3,0 §.65 pa {f Div,.80] 29.07
Div,.90 34.32
Dlz,ll §.20 pm |f D(v,.99] 54.53 | Source =Data:z2s7)93
0{2,0)  7.20 pm Record 6
Spaa  1.46
D(1,0)  6.33 ym §f U2if 0.51
1598 pil 1DR459 / 0/ 0/0.00/1.00/ 220
5% «/w salt sola
§00 roa 0000000000278



MALUERN ~ Series 2688 SB.20°  Master Mode 137Feb 1398 8:01 pm
18@ o 19
7 SBt
0] « . i 8
1 18 108 1060
Particle size (um). «
1598 pil 1DR459 / B/ 0/8.060/1.687
257 w/u salt soln
708 rpn B0GBEEBEEEZ79
WALVERY  Series 2600 $B.20  Master Mods 13 Peb 1998 §:01 pm
High Uader Elgh Under High Under Bigh Under|High Uader(Eigh Under || Span
Size t [Size Size Size ¢ |Size % |Size % 1.10
188 100 [84.5 99.8[38.0 94.8 [17.1 54.2[7.69 21.3[3.46 0.5 | D[4,]]
175 100 [78.6 99.8135.4 93.0 |15.9 50.9|7.15 22.7(3.21 0.2 || 17.52pm
16 100 |73.1 99.7{32.9 90.8 [14.8 48.0(6.65 17.712.99 0.1
151 100 168.0 99.6(30.6 87.9 [13.7 45.5(6.18 13.3{2.78 0.0 D[],ll
41100 163.2 99.4/28.4 84.5 |12.8 43.515.75 9.812.59 0.0 | 1Ll
131 100 {58.8 99.2{26.4 80.4 [11.9 41.6]5.35 7.2{2.40 0.0
122 99.9(54.7 98.9{24.6 75.9 [11.1 40.004.97 G§5.4|2.24 0.0 DE?,U 9]
113 99.9(50.8 98.5{22.9 71.2 {10.3 38.3]|4.62 1.9(2.08 0.0} 32. l9nm
105 99.9147.3 97.9]21.3 66.5 |9.56 36.5(4.30 2.6{1.93 0.0 m—=
97.8 99.9(44.0 97.2113.8 62.0 |8.89 J4.2{4.00 1.7 D[ v,0.1]}- -~
90.9 99.9140.9 96.2{18.4 57.9 [8.27 31.3}3.712 0.9 5.1
source = Data: p25v005 Seau length = 2.2 mm|¥odel indp T olw 03] (v, 0,51
Racord No. = 7 Log. Diff. = 4.764 15.57ym
Jocal length = 100 mm|Obscuration = 0.3683 [Voluze Cenc. = 0.0774}j—=
Presentation = pil Volume distributiom [$p.S.A  0.539S m*lcc.|$hape 0??”
1598 p11 1DR459 / 0/ 0/0.00/1.00/
5% v/ salt soln
Ipn 0000000000279
MALVERY  Series 2600 $3.20  Master Mode 13 Peb 1998 §:01 pa
Particle diametars|| Volume percentilesl Distribution Momeats.
D(4,3) 17.52sm || D[v,.10] 5.78 | Distbn  Meza Stan.Dev. Skewmess
D{4,2) 13.96 pa | D(v,.20 6.47
D(4,1) 11.41pm | D[v,.30]  8.06 § Volume 17.52 12,21 2.0
D{4,0 9.72 pu | D{v,.40] 11.08 § Surface 11.12 §.44 1.20
D v,.Su 15.57 { Length 1.62 5.16 .14
D(3,2) 11.12 pm § D{v,.60] 19.09 { Numder §.00 .1 3.48
D{1,1 9.21 pa | D[v,.70] 22.45
D{3,0) 7.98 pm | D[v,.80] 25.24
Div,.90) 32.19
0{2,1 7.62 pa § D(7,.99] 56.26 | Sourcs =Data:p25v05
D(2,0 §.76 ya Racord 7
Spaa  L.70
D(1,0)  6.00 pa || Oaif 0.
1599 pil 10ReS9 [ 0/ 0/0.00/1.00/
25% w/xpsalt soln 221
00 rpa 0000000000278



MALUERN =~ Series 2600 S$B.20  Haster Mode T 13 Feb 1998  8:15 pmn
109 - - ~ 8
L 1
.
7 56 L%
F \.
[
!
@ < - ——- - +—- 0]
1 10 160 113@@
Particle size (um). Y |
1598 pil IDR459 / 8/ 0/0.686/1.06/
257 w/u salt soln
868 rpm 00GBEUBUBLZEE
MALVERY  Series 2600 SB.20  Master Mcde 13 Peb 1998 §:15 pu
Bigh Under 'Eiqh Onder ngh Under Ihgh Under ngh Uudﬂr ngh Under Span
§ize t |Size % |Size t |Size Size Size 1.5¢
188 100 (84.5 99.938.0 97.6 |17.1 64.1j7.69 28.7)3.46 0.5  D(4,1]
175 100 |78.6 99.9{35.4 96.7 |15.9 5§9.2/7.15 24.0{3.21 0.2 ) 15.1%m
161 100 {73.1 99.9132.9 95.6 |14.8 S54.5/6.65 18.812.99 (.1
151 100 |68.0 99.8{30.6 94.1 |13.7 50.3]6.18 14.112.78 0.0 D[J,zg
141 100 163.2 99.7j28.4 92.1 }12.8 46.8)5.75 10.4)2.59 0.0 ) 10.43pm
131 100 |58.8 99.6(26.4  89.6 |11.9 44.0]5.35 7.5)2.40 0.0 -
122 100 |54.7 99.5{24.6 86.5 |11.1 41.7(4.97 §5.4{2.24¢ 0.0 [ D[v,0.9]
113 100 {50.8 99.3122.9 82.9 {10.3 39.7]4.62 3.8f2.08 0.0} 26.73m
105 100 (47,3 99.0)21. 78.7 19.56 17.814.10 "2.6]1.91 (0.0 fm=—2=—
35'3 %DU 44.0 98.7119.8 74.1 [8.89 15.6 d.ﬂg 4 I'E D[g,gdll
9 99.9140.9 98.2j18.4 63.1 18.27 12%)1.12 1. 10pa
source = Data:p25v005 |Beam lex th = 2.2.um|¥odel indp D(v,0.5]
Record No. = 8 Log. : 4,815 13,6642
Focal length = 100 am Ohscuratlon = 0.4707 " |Volume Conc, = 0.1007% ==
Prasentatlon = pil Volume dlstrlhucmn Sp.S.4  0.5741 m?/cc.}Shape 0FF
1598 p11 lDRm /[ 0/ 0/0.00/1.00/
25% w/v salt sola
800 rpm 0000000000280
MALVERY  Series 2600 §8.20  Master Node 13 Peb 1998  8:15 pa
Particle diasetars| Voluze percentilesn Distribution Momeats. _:
D(4,3) 15.12 pa || D[v,.10 §5.70 { Distbn  Mean Stam.Dev. Skeuness
D{¢,2) 12.57 ga | D[v,.20] 6.76
D(4,1) 10. 6] pa [| Dfv,.30 7.86 | Voluze  15.12 9.81  2.3%
{4, 9.25 pu [| Dlv,.30] 10.39 [ Surface 10.45 §.98 .13
D(v,.50] 131.66 { Length 1.61 4.65 2.66
0(3,2] 10.45 ga | Dlv,.60{ 16.10 § Numper  6.08 3.05 11§
D(3,1 8§.92 pu | Div,.70] 18.62 [=—= =
D(3,0 7.85 pa | D{v,.80] 21.73
D{v,.90] 26.73
D(2,1)  7.61 pa || D(v,.99] 46.71 { Source =Data:pi5vl0s
0(2,0) 6.80 pa Record §
Scan  1.34
D(1,0)  6.08 gz { Oaif.  0.53
1598 pil 108459 / 0/ 0/0.00/1.00/
25% /4 :psa 1t soln 222
800 rom 0000900000230



25% w/w and 0.06% v/v




— e —— —— —— —

MALUERN ~Series 2638  $8.28  Master Mcde 16 Feo 1598 7:25 pm

106 - 13
7
I
|" p
1
7 s@
L
!
|
4 Al RS
1 10 1660
Particle size (um). 4

1598 pil IDR4S9 / @/ B/8.66/1.86/
257 w/u salt soln
SO0 rpm fE0EEaEEEE292

MALVIRY  Serias 2600 83.20  Mastar Mede 15 723 1994 7:25 pa

Bigh Uoder|digh Under|digh Under |Zigh Uadar|Zigh Uuéar|9ich Tadar § Spas
Size % |Size % |Sizz t |(Size ¥ |Sizz ¥ |Sizz % 1.1§
188 100 |84.5 94.6]38.0 79.8 |I17.1 10.5)7.6% 1i7.3)3.48 0.2 JD(4,1]
175 100 {79.6 98.2/35.4 72.5 |15.9 29.3|7.1§ 15.0(3.2t 0.1 (| 27.46ye
163 100 |73.1 97.8]12.9 64.5 |14.8 27.8}6.63 1L.9(2.93 0.0

151 99.9163.0 97.1{30.6 §7.2 |1].7 26.2/6.18 4.112.74 (0.0 D[],?;
41 99.9/631.2 96.7{28.4 S1.0 112.8 24.705.75 6.3[2.59 0.0 § 15.63um
131 99.8(58.4 946.1/25.4 45.8 (11,9 21.6/5.15 S.1|2.40 0.0 =

122 99.7]54.7 99.5[24.6 4L1.4 [11.1 22.7(4.97 1.3]2.2¢ 0.0 E[?,G;SI
1L] 99.6(50.8 94.5022.9 17.6 |10.3 22.004.62 2.7(2.08 0.0 | 44.4ap2

, 105 99 4(47.3 92.5)21.3 34.5 |9.56 21.4)4.30 1.811.93 0.0 :
4 97.8 99.2|44.0 89.5(19.3 (32.5 |8.89 120.7)4.00 1.0 D(w,0.1]

90.9 98.9/40.9 85.6}L8.4 J1.4 |8.27 13.5(3.72 0.5 6,344
Source = Data:pl p25v006 |32a3 length = 2.2 am|¥edel iadp D(v,0.5]
Rscord Yo. 2§ Log. Diff. = 4.852 18061
7ocal length = 100 mm|Qbscufation = 0.2§03 |Tolume Cemc. = 0.0730%———
Preseatation = pil Toluae distrisution |[Sp.S.4 0.J338 3!/cc.||Shape 079

1598 pil 108459 / 0/ 0/0.00/1.00/
5% 9/v salt sola
500 rpa 0000000000292

MALTRRY  Series 2600 S3.20  Mastar Hede 15 7ab 1998 7:25 pa

Darticle diametars| vcme gercaatilas Distrisation Memaats.
D(4,3) 27.46 gu | O(v,.10 §.34 || Disthn  Mean Stan.Der. GSkevmess
0(4,2) 20,72 pa || D{v,.20 §.46
0{4,1 15.42 g3 {| Ofv,.30| 16.99 § Tolume  27.4§ 17.84 1.6§
0{4,0] 12.21 pa 0fr,.40 23.97 p Suriaca 15.63 11.64 1.1
D7, .50 28.06 || Length 8.54 7.7 3.1
0(3,2] 15.6) pm § O[v, .80 1L.43 || Yumder §.07 1.33 5.1
0(3,1) 1l.S6pall D[v,.70] 14.57
D(3,0 9.32 ya | D[v,.80{ 13.10
Dfv,.00] 4446
0(2,1) a.5¢ua |l D(r,.9¢] 92.44 || Scurcs =Dati:plS7d05
(2,0 7.20 1 lecord §
Soan  L.Jg
(1,00 §.07 g2 || Gaii.  0.46

1594 pil 1DR4S9 / 0/ 0/0.00/1.00/
1% t/fpsa . so::/ / 224
500 roa 1300230000212



MALUERN ~~“Series 2600 $B.2@  Master Mode 16 Feb 1998  7:55 pm

100— —— 18
. ,,/

| ﬂ }Ww\
- V| -
@t # L } e - bt 3]
1 10 100 1@@@

Particle size (um). 4 -

1598 pil IDR459 / 8/ 0/6.86/1.00/
257 w/w salt soln
608 rpm £0OBEEOEBE283

MALVBRY  Series 2600 S$B.20  Master Ncde 15 P2b 1998 7:55 pu

mgh Under|Zigh Under|High Under |Bigh Under High Ocdar|digh Onder || Span
Size % |Size % (Size % |Size §ize % [Size % 1.42
188 100 [84.5 99.8(38.0 92.0 [17.1 42.4{7.6% 23.8(3.46 0.5 j D[4,]]
175 100 {78.6 99.8)35.4 89.4 |15.9 40.6)7.15 19.913.21 0.1 § 20.63pm
163 100 {73.1 99.8(32.9 85.1 {14.8 38.9(6.65 15.72.99 0.0 [=—r=
151 100 {68.0 99.8{30.6 79.6 {13.7 37.3{6.18 12.1{2.78 0.0 { D(3,2]
141 100 |63.2 99.7)28.4 73.4 |12.8 35.9{5.75 9.3]2.5% 0.0} 12.4lm
131 99.9(58.8 99.3[26.4 67.0 (11,9 34,7(5.15 1.212.40 0.0 f—m——=
122 99.954.7 98.7)24.6 60.8 |I1.1 33.6]4.97 S5.7]2.2¢ 0.0 | D[v,0.9]
113 99.9150.8 97.8{22.9 55.2 {10.3 32.4[4.62 4.3]2.08 0.0} 35.7%m
105 99.9147.3 96.6121.3 50.5 |9.56 31.004.30 3.0|1.93 0.0
97.8 99.9/44.0 95.2/19.8 47.2 |8.89 29.1]4.00 1.9 D{v,0.1]
90.9 99.8140.9 93.7)18.4 d44.6 {8.27 27.0)3.712 1.0 §5.87um
Source = Data: p25v006 Beam leagth = 2.2 am|Model indp D{v,0.5]4
Record Yo. 2 Log. Diff. = 4.636 21.05pa|
Pocal length = 100 ma|[Obscuration = 0.4163 [Voluze Conc. = 0.10M}=——r=x=
Presantation = pil Volume distributiom {Sp.S.A 0.4314 m?/cc. |Shape UFEA

1598 pil 1DR4S9 / 0/ 0/0.00/1.00 .
25% w/vpsalt sola Il [1.00f _
rpa 0000000000283

MALVERY  Series 2600 S§3.20  Master Node 16 Psd 1998 7:55 pu

m—

Particla diametars| Voluae perceatilas| Distridution Moments. —1
D(4,3) 20.69 gm D(w,.10 5.37 | Distba  M¥eaa Stan.Dev. Skewuess!
D(4:2) 16.02 yn | D[v,.20] 7.1 ——m——————————————
D{4,1) 12.56 gm | D{v,.30 9.12 § Volume  20.6%  11.37 1.41
D{4,0) 10.37 pm | D[v,.40] 15.53 | Surface 12.41  10.1} 1.1
Div,.50] 21.05 | Length 1.11 6.02 1.1]
D(3,2) 12.41 pm { D{v,.60f 24.34 | Numder 5.83 1.1 4.6
D{3,1 $.74 ga | D{v,.70{ 27.18
0(3,0 8.2 pm § Div,.80] 30.73
D(7,.90] 35.7%
0(2,1) 1.71pa | Dlv,.93] §6.33 [ Sourcs =Data:p25v006
D{2,0)  6.71 pm Record 8
Spaz 142
0(1,0)  5.83 pa | Uail (.51

1593 pil 102459 / 0/ 0/0.00/1.00/
25% w/wpsalt sola 225
§00 rom 0000000000281



MALUERN ~~"Series 2600 $8.28  Master Mode 16 Feb 1998  8:01 pm

188 - 13

7. SIH: - f'r\g

1 ) 10 ' 160 "~ 1000
Particle size (um). +H

1598 pil IDR453 / 06/ 6/8.66/1.686/
257 w/u salt soln
7080 rem 000006EEEE284

MALVZRN  Series 2600 $3.20  Master Mode 16 72b 1998 8:01 pu

Bigh Under|High Onder{digh Under |High Under Bigh Onder{3igh Und=r Spaa
12¢ % (Size % (Size 1 |Size Size t [S1z¢ 1.4
188 100 [84.5 99.6(38.0 92.2 |17.1 49.4|7.69 27.3|3.46 1.0 | D[4,]]
175 100 |78.6 99.5035.4 89.7 |15.9 47.047.15 23.313.21 0.5 § 19.23y2
163 100 |73.1 99.3(32.9 86.6 |14:8:44.916.65 19.2(12.39 0.2
151 100 [68.0 99.1(30.6 82.9 |13.7 43.0/6.18 15.3{2.78 0.1 D[),I!
141 100 {63.2 98.9]28.4 78.7 [12.8 41.4(5.79 12.002.59 0.0 § 1l.23m
131 99.9(58.8 98.5)26.4 74.0 [11.9 40.05.]5 9.412.40 0.0
122 99.9(54.7 93.0{24.6 6€9.0 {11.1 33.6[4.97 7.2{2.2¢ 0.0 § Dfv,0.9]
113 99.9(50.8 97.5(22.9 64.1 (10.3 37.1(4.62 §5.4{2.08 0.0 8 35.66yn
105 99.8{47.3 96.7|21.3 959.6 {9.56 35.4]4.30 3.9]1.93 0.0 _
97.8 99.8|44.0 95.6/19.8 55.6 |8.89 31.3(4.00 2.7 D{v,0.1)
90.9 99.7(40.9 94.1)18.4 52,3 |8.27 10.§3.12 1.7 5.45p
Source = Data:p2sv006 |Beam length : 2.2 on|Model indp D(v,0.5]
Record No. = 9§ Log. Diff. = 4.436 17.374a
Focal length = 100 mm|Obscuration = 0.4645 |Volume Conc. = 0.1062% ===
Preseatation = pil Yolume distribution {Sp.S.A  0.5344 m?/cc. |Shape 0

1598 pil 1DR4S9 / 0/ 0/0.00/1.00
25% vlvpsalt sola # RGN

700 rpa 0000000000284
MALVERY  Series 2600 §3.20  Master ¥ode 16 72h 1998 8:01 pa
Particla diametars‘ Volyze percentilesu Distribution Moments.
D{4,3) 19.23 pm | Dfv,.10 §.45 | Distba  Mean Stam.Dev. Skewness
D(4,2) 14.69 pm | D[v,.20] 6.7S =
D{4,1) 11.56 pm § D{v,.30 §.15 § Volume  13.2]  14.20 2.02
0{4,0 9.59 pm § D{7,.40] 11.89 j§ Surface 11.23 §.43 1:31
D[v,.50] 17.37 {§ Leagth 1.14 5.40 1.5
0(3,2) 11.23 pm § D(v,.60{ 21.41 § Numper 5.48 1.04 4.45
0(3,1) 8.7 pm§ D[v,.70] 24.95
03,0 7.6L pa § D{v,.80] 29.06
0(v,.90] 15.66
D{2,1 7.16 pa | D{v,.99] 63.36 § Source =Data:p2s70ds
0{2,0 §.26 2 Record 9
Sean  1.T4
D(1,0)  5.48 gz | Uaif. 0.62

1599 pil 1pR4S3 / 0/ 0/0.00/1. 00/
25% 'J/xpsalt soln 226
100 rpa 0000000000234



MALUERN ~ " “Series 26000 $B.28  Master Hode T16 Feb 1998 5:58 pm
18@ - = 19
7 S0r
r J
0] —_— nauNEl NSRS ] i et o 0]
1 18 106 1@@@
Particle size (um). < -
1598 pil 1DR459 / 6/ 8/0.066/1.66/
257 w/u salt soln
888 rpm 0006E00EE6281
MALVERY  Series 2600 98.20  Master ¥ode 16 Peb 1398 5:50 pa
High Onder|Bigh Under|Bigh Under [Eigh Uader|figh Uadar|3igh Uader § Span
§ize ¢t Sige t Sige i ige t Sige $ Sige t Pz.a?
180 100 {84.5 92.8(38.0 66.9 [17.1 30.4(7.63 15.2]3.46 0.2 { D(4,]]
175 99.5(78.6 91.8{35.4 1.5 |15.9 28.5(7.15 12.7{3.21 Q.1 Q0 35.35sm
16] +98.9(73.1 90.8{32.9 56.1 (14.8 26.3(6.65 9.8]2.99 0.0 ==
151 98.4(68.0 89.8130.6 5L.1 (13.7 24.106.19 7.112.78 0.0 § D{3,2]
P p e R e e
122 96.6/5¢.7 86.1{24.6 39.8 f11.1 19.3(4.97 2.712.2¢ 0.0 aév,u.sl
113 95.9950.8 84.3}22.9 37.3 (10.3 19.314.62 2.0j2.08 Q.0 9.00p2
105 95.2[47.3 81.6)21.3 35.3 |9.56 13.8]4.30 1.4]1.93 (0.0 [=———==
97.8 94.4(44.0 77.3119.8 31,7 [8.89 18.2[4.00 0.8 D(v,0.1]
90.9 93.6j40.9 72.3|18.4 32.2 18.27 17.0{3.72 0.5 6.69p2
Source = Data: p25vﬂﬂs Beam leaqth = 2.2 mm|Model iadp D[v,0.5]
Record No, 1 og, Diff, = 5.197 30,09
Zocal length = 100 ma Obscuration = 0.1609 |Voluze Conc, = 0.0456%|=———=
resentation = pil Voiume distribution |Sp.S.A4 0.3497 m?/cc.|Shape 0F7?
1598 pil 1DR4S9 / 0/ 0/0.00/1.00
25% w/wpsalt sola h .00/
800 rpm 0000000000241
MALVERY  Series 2600 S3.20  Master Mode 16 Feb 1998 5:50 po
] Particle diametaers| Volume percentiles{ Distribution Moments.
0{4,3) 353542 Dfv,.10 §.69 § Distha  Mean Stam.Dev. Skewness;
D{4,2) 24.6] pa Div,.20 11.12 e
Di4,1} 17.56 pm § D{v,.30} 16.80 j Volume  35.35  31.17 .17
D{4,0) 13.98 pm D{v,.40 24.74 9 Surfacea 17.16  17.67 3.08
Dfv,.50] 30.09  Lengtd §.94 §.57 4.15
D(3,2) 17.16 gm § D|v,.60] 34.65 | Numder §.24 £.10 §5.78
03,1l 12.18 pm D(v,.70 19.83 fmmm—m—m—m———————
D{3,0 9.85 pm § D{v,.80] 45.93
D{v,.90] §9.00
D(2,1 8.94 g2 o D(v,.99] 164.36 | Source =Data:p25v00§
(2,0 7.47 ja Racord 1
Soan  2.07
0(1,00 6.2 pm | Oadif 0.§7
1598 pil DFUS? | 0] 0/a.00/1.00/
25% /4 salt soln 227
890 rom 0000000000231



25% w/w and 0.07% v/v

228



HALUERN ~ “Series 2600 SB.28  Master Mode 17 Feb 1998 5:28 pm

195 - + y T ——r - - - ¥ ~—— 1@
4 HH
f( -+
'ﬂf |
7. S0t ! 1
@ . SEARPRARUARAARINGIEY ’hﬁmvm ' s ]
1 18 ' 188 1660

Particle size (um). 4

1598 pil 1DR459 / 0/ 6/8.668/1.60/
25/ w/u salt soln
S00 rpm fR060006800285

MALVERY  Serias 2600 §3.20  Master Neds 17 Feb 1998 §:28 pau

Elgh Onder|Bigh Under|High Under ngh Under |Bigh Tzder Elqh Ouder § Span
§ize ¢ |Size % |Size % (Size % (SiZa ¥ (Size % 1.2
188 100 |84.5 99.6(38.0 76.6-|17.1 28.27.63 15.4|3.46 0.5 § D[4,]]
175 100 |78.6 99.1135.4 68.2 |15.9 27.217.153 i4.6]3.21 0.2 | 28.25pm
163 "100 (73,1 98.5(32.9 S9.I {14.8 25.7(6.65 12.4(2.99 0.1 ——o—
151 100 [68.0 98.0(30.6 51.2 |113.7 23.9(6.13 1J.1]12.78 0.0 D[l,ls
141 100 [63.2 97.3|28.4 45.0 {12.8°-22.3(5.75 3.112.89 0.0 | 16.03ua
131 100 {58.8 96.6/26.4 40.4-|11.9 -21.0(5.15 4.4(2.40 0.0 [=—
122 100 |S4.7 95.6/24.6 3.7 [11.1 20.0(4.97 4.8{2.2¢ 0.0 § D[v,0.9]
113 100 {50.8 94.4122.9 33.6 [10.3.19.314.62 1.612.08 0.0 | 45.08ym
105 100 (47.3 92.3{21.3 31.1 (9.56 18.8(4.30 2.5(1.93 (0.2
97.8 100 |44.0 88.5(19.8 29.6.(8.8% 13.4]4.00 L.§ D[v,0.1]
90.9 99.9]40.9 83.3|18.4 28.% |8.27 17.7|3.12 1.0 s.xsumJ
Source = Data:p25v007 |Beam ledgth = 2.2 mm|Nodel ixdp D[v,0.5]
ecord ¥o. = 2 Log. Diff. = 4.513 30.20pm
focal length = 100 mm(Obscuration = 0.3433  [Voluza Come, = 0.1027%—=
Presentation = pil Volume distributioam |Sp.S.A 0.3729 m?/cc.|{Shape OFF

1593 pil lEEASS [ 8/ 0/0.00/1.00/
25% v/¥ salt sola

500 rpm 0000000000285
MALVBIN  Series 2600 $B.20  Master Mods 17 2eb 1998 5:28 pa
Particla diametars| Volume perceatiles ,..;rlhntlcn Noments.
D(4,3) 28.25 pm ff Dfv,.10 6.16 [_ Disthn  ¥emn Stan.Der. Skewness
D{4,2) 2.32pa | D[v,.20] 1.0 —m—————
15.50 pa | Dfv,.30} 20.25 || Volume  23.25 15.%4 0.52
12.01 pa Div,.40] 26.25 § Surface 13.09 13.9 1.1
D(v,.50] 30.20 | Length 3.20 8.04 1.04
0(3,2) 16.09 gm | Dfv,.60] 33.11 | Numder 3.58 1.82 5.70
0(3,1) 1.4y pm | D{v,.70] 15.88 —= —— ==
9.03 pa § D{v,.80] 19.36
Dfv,.90) 45.08
02,1 .20 pm || D(v,.%9] 77.52 || Source =Dati:325v007
D{2,0 §.77 pa Record 2

D(1,0) 5.5 pm | Uaif. 0.4

- —
e ——le—eaeSE

1598 pil 10R459 / 0/ 0/0.00/1.00/ ;
25% w/4 salt soln 229
500 roa 0000000000235



MALUERN ~ " “Series 2688 S$B.200  Haster Mode 17 Feb 1998  6:15 pm

109 - ' : - ; - 18

7 56t \

B - Ll Ay b « Y + +
1 10 168 1000
Particle size (um). + 13

1598 pil 1DR459 / @/ 0/8.080/1.86/7
257 w/u salt soln

688 rem 8EEEEEO0RE286
MALVERY  Series 2600 $8.20  Master ¥ede 17 Feb 1998 §:15 pa

High Under|Righ Under|High Under |High Under|High Under|High Under | Spaz
§ize % |Size ¥ |Size % |Size % |Size % |Size % 1.54
183 100 |84.5 99.6(38.0 86.8 |17.1 37.4|7.69 23.9)3.46 1.0 |f D(4,3]
175 99.9178.6 99.6]35.4 83.5 [15.9 135.9{7.15 20.8(3.21 0.5 1].1?ym
16 99.8(73.1 99.5{32.9 78.6 [14.8 34.8(6.65 17.4(2.99 0.1 [——
151 99.8168.0 99.4|30.6 72.6 [13.7 34.0(6.18 14.1/12.78 0.1 ﬂ[3.2;
141 99.7163.2 98.9]28.4 66.0 [12.8 33.3]5.75 11.3]2.59 0.0 | 12.6%pm
131 99.6(58.8 98.2)26.4 59.1 [11.9 -32.6/5.35 8.9|2.40 0.0
122 99.6(54.7 97.1124.6 52.7 |il.1 31.8(4.97 6.9{2.2¢ 0.0 § D(v,0.9]
113 99.6150.8 95.6(22.9 48.3 |10.3 30.9(4.62 5.2{2.08 0.0 § 41.87jm
105 99.6[47.3 §3.7121.3 44.6 [9.56 29.8]4.30 3.§({L.93 0.0 [m—=—x
97.9 99.6(44.0 91.5/19.3 41.7 |8.89 28.4[4.00 2.6 D{v,0.1]
90.9 99.6140.9 89.3)18.4 39.3 18.27 26.5]3.12 1.7 §.53m
Source = Data:p25vQQ7 |Beam lenﬂth = J.2m ﬁodel indp D(v,0.5]
Record Ho. = 4 Log. Diff. = 4.430 23.59m
Pocal length = 100 mm|Obscufation = 0.4566 |Voluae Conc. = 0.117M2% ——=
Presentation = pil Volume distribution ($p.S.A4 0.4726 m?/cc.||Shape OFF

1598 pil 1DR§59 [ 0/ 0/0.00/1.00/
25% v/v salt soln 5
600 Ipm 0000000000286

MALVERY  Serieg 2600 §3.20  Master Mode 17 Feb 1998  6:15 pu

rEarticle diametars“ Volume percentilesﬂ Distridution Momeats.
D(4,3) 23.17gm | Dfv,.10 §.5 || Distda  Mean Stam.Dev. Sk2waess
Bl¢;2) 17.15pm § Div,.20] 7.0} —m——m———————————————
D 4,1' 12.86 pa | Div,.30 9.67 ¥ Volume  23.17  16.5% 2.40
D(4,0) 10.31pm |y D{v,.40] 18.80 } Surface 12.63  11.53 2.09
Div,.50} 23.59 {| Laagth 1.2] 6.29 3.59
D{3,2) 12.69 pu | D{v,.60] 26.70 Yumder 5.32 1.19 5.40
D(3,1 9.5 pm |f D[v,.70 29.689
(3,0} 7.87pa{ Div,.80] 33.50
D(v,.90] 41.87
D[Z,l 7.2 gm § D(v,.99] 63.68 | Source =Data:p25v007
D(2,0 §.20 pa Recard 4
Span  1.54
D(L,0)  5.32 pm | UBif. 0.52

230

1598 pil 1DR459 / 0/ 0/0.00/1.00/
25% w/w salt sola
§00 rzm (000000030286



30% w/w and 0.04% v/v

231



WALUERN ~~“Series 2600 SB.28  Master Mode 24 Feb 1998  1:02 pm

166 + - +— - —r — ———t——r— - -~ + e 1@
7 st it
[
1] b sl L L L \ Ly 4 ettt o]
1 168 1pe 1060

Particle size (um). 2 .

1598 pil 1DR459 / 6/ 68/0.00/1.80/
307 W/W salt Soln :
568 rem 0BOOEE368

MALVBRN  Series 2600 SB.20  Master Mode 24 7eb 1938 1:02 pu

High Under|High Under |High Under |High Under|High Under|High Under Spanaa
§ize % [Size % [Size ¥ |Size t {Size =_i__91ze t 1.

564 100 (254 99.9114 97.2 (S1.3 63.4]23.1 29.8/10.4 17.8 § D[4,3]
524 100 [236 99.9)106 96.2 |47.7 59.0)21.4 27.719.64 16.2 || 43.70pm
488 100 {219 99.9(98.6 94.9 [44.4 54.9(19.9 26.0]8.37 14.5

45¢ 100 |204 99.8(91.7 93.2 [41.2 S51.3|18.5 24.6(8.34 13.0 [ D[3,2]
422 100 [190 99.7(85.3 91.1 {38.4 48.0[17.2 23.5|7.76 1L.5 | 17.4Tpm
392 100 (176  99.6]79.3 88.5 [35.7 45.0(16.0 22.8/7.21 9.9

365 100 (164 99.4(73.8 85.4 {33.2 42.2{14.9 22.216.71 8.5 {| D[v,0.9]
339 100 f153 99.2168.6 81.8 (30.8 39.6[13.9 21.7)6.24 7.0 f 82.50um
315 100 (142 98.9(63.8 77.6 [28.7 37.0{12.9 21.1]5.80 5.7 =

293 99.9)132 - 98.5)59.3 73.0 126.7 34.5)12.0 20.] D{v,0.1]
273 99.91123  97.9055.2 68.2 [24.8 32.1|11.2 19.2 7.23m
Source = Data:p30v004r|Bean length = 2.2 mm|Model indp D(v,0.5]
Record No. = 1 Log. Diff. = 4.082 40.14)mn
Pocal length = 300 mm{Obscuration = 0.2677 |{Volume Conc, = 0.0825%
Presentation = pil Volume distribution |[Sp.S.A  0.3434 m?/cc. Shape OFF

1598 pil 103459 / 0/ 0/0.00/1.00
0% H/Hpsait Sola Y0008
500 rpn 000000368

MALVERY  Series 2600 SB.20  Master Mode 24 Peb 1998 1:02 pu

Particle diameters| Volume percentilesu Distribution Moments.
D(4,3) 43.70 gm § D[v,.10 1.23 4 Distbn  Mean Stan.Dev. Skewnmess
Di4,2 27.63 pa | D{v,.20 1175 =
D{4,1) 16.65 pm | D(v,.30{ 23.22 || Volume  43.70  32.84 1.85
D(4,0) 11.46 ym § D{v,.40] 31.22 | Surface 17.47 21.41 2.13
Div,.50 40.14 || Length 6.04 8.3l 5.47
D(3,2) 17.47 pa | D|v,.60f 48.50 || Number in 2.94 9.69
D{I,l 10.28 ym § D|v,.70] 56.68
D3,0) 7.3 pm | Div,.80] 66.44
Dv,.90 82.50
(2,1 6.04 ym § Div,.99] 145.9¢ | Source =Data:pl0v004r
D{2,0 4,75 ja Record 1
Span 1.88
D(1,0)  3.73 pa § UOnif. 0.62
1598 pil 1DR459 / 0/ 0/0.00/1.00/
30t #/7 salt Sola 232
300 rpa 000000368



MALUERN ~~ Series 2608 $B8.20  Master Mode T 24 Feb 1998 T 1:35 pn
180 10
9
7 56t _
g - bl T - a
1 10 100 1660
Particle size (um). 2R
1598 pil 1DR459 / 6/ 6/8.06/1.60/
307 W/W salt Saln
600 rpm 000068363
MALVERN  Series 2600 §B.20  Master Node 24 Feb 1998 1:35 pn
High Under|High Under|Bigh Under [High Under|Bigh Under}3igh Under || Span
§ize Size ¥ |Size t (Size % |Size % |Size 1.1
S64 100 [254 100 114 99.0 [S1.3 76.0[23.1 37.3[10.4 21.7 J D[4,3]
524 100 1236 100 (106 98.6 (47.7 70.9]21.4 35.5(3.64 19.6 | 35.48;m -
488 100 {219 99.9198.6 98.0 [44.4 65.7/19.9 13.3/5.97 17.5 | ]
454 100 1204 99.9(91.7 97.2 [41.2 60.6/18.5 32.2{3.34 15.5 § D(3,2]
422100 [190 99.9185.3 96.3 [38.4 55.9|17.2 130.9{7.76 13.6 § 15.04pm
392100 1176 99.9{79.3 95.1 |35.7 SL.9{16.0 29.7)7.21 11.8
365 100 164 99.8(73.8 93.5 133.2 48.5(14.9 28.6/5.71 10.0 D!v,ﬂ.&l
339100 {153 99.8{68.6 91.3 (30.8 45.6/13.9 27.6/5.24 8.3 6.10xm
315100 [142  99.7(63.8 88.5 (28.7 43.1[12.9 26.5(3.80 6.6
291100 1132 99.50%9.3 85.0 [26.7 41.1[12.0 25.2 D[v,C.1]
273 100 {123 99.3(55.2 80.8 |24.8 39.2{11.2 23.¢ 6.71m T
Source = Data:pJUvﬂd;; Beaiﬁibnggh = 2,2 ma|Model indp D(v,0.5] e
Record No. = 6 Log. Diff. = 3.788] - 34.31m !
Pocal length = 300 mm|Qbscuration = 0.3132 |[Volume Conc. = 0.0857%
Presentation = pil Volume distribution [Sp.S.A 0.3388 m?/cc.|[Shape OFF
1598 pil 1DR4S9 / 0/ 0/0.00/1.00/
30% H/Hpsalt Soln
600 rpa 000000369
MALVERN  Series 2600 §B.20  Master Mode 24 P2b 1998 1:35 pan
Particle diameters| Voluze percentiles| Distritztion Moments.
D(4,3) 35.48 ym § Dfv,.10 §.71 L_pisthn Mean Stan.Dev. Skewness
D(¢,2) 23.10 ym § D{v,.20]  9.78
D{4,1) 14,65 pm | D{v,.30 16.38 § Volume  35.48  25.86 1.27
D(4,0 10.43 gm || Dv,.40 25.63 || Surface 15.04  17.54 2.17
Div,.50] 34.31 || Length 5.89 1.34 5.02
D(3,2) 15.04 ym § D{v,.60] 40.90 |f Number 31.76 2.83 8.36
D(3,1 9.42 pa Div,.70 47.10 — ]
D{3,0 .94 ym | D[v,.80] 954.49
D[v,.90] 66.10
Diz,ll 5.89 ym § Div,.99] 114.22 { Source =Data:p3d+304r
(2,0 ¢.71 o Record 6
Spaa  1.73
D(1,0)  3.76 pm [ Uaif.  0.59
1598 pil 1DR4S9 / 0/ 0/0.00/1.00/
30% W/W salt Soln 233
600 rpa 000000369



MALUERN ~~Series 2680 SB.20  Haster Mode 24 Feb 1998 2:04 pm

168 . ~ —————— 18

;’. 5@" ~ I AY

1 Y ' 100 ' 1000
Particle size (um). 2

1598 pil 1DR459 / B/ 6/0.668/1.06/
367 W/W salt Soln ‘
700 rem 806060370

MALVERY  Series 2600 SB.20  Master Mode 24 Teb 1998 2:04 pu

High Under|Bigh Under|Bigh Under (High Under|Bigh Under|High Under { Span

Size %t (Size % |Size % |Size % |Size % |Size % 1.61
364 100 1254 100 (114 100 |S1.3 92.2(23.1 45.5(10.4 23.3 054.3]
524 100 1236 100 (106 100 |47.7 88.3{21.4 43.1]9.64 20.7 6.99m
488 100 1219. 100 (98.6 99.9 [44.4 83.3/19.9 40.5(8.97 13.71 [=——=|
45¢ 100 204 100 (91.7 99.9 [41.2 77.7|18.5 38.1(8.34 17.5 || D[3,2]
422 100 190 100 (85.3 99.8 [38.4 71.8]17.2 36.3(7.76 16.6 [ 12.45um
392100 (176 100 |79.3 99.6 |35.7 €5.7{16.0 34.9|7.21 15.5 |
365 100 (164 ~ 100 [73.8 99.3 |33.2 60.1|14.9 33.6/6.71 14.0 | D{v,0.9]
339 100 153 100 |68.6 98.9 {30.8 55.4[13.9 32.2(6.24 12.0 §j 49.0%m
315100 (142 100 [63.8 98.2 [28.7 S52.1{12.9 130.5/5.80 .10.0

293 100 [132 100 [59.3 96.8 |26.7 43.712.0 28.5| D(v,0.1]
273 100 |123 100 |55.2 94.8 [24.8 47.6|11.2 26.0 5.81m
Source = Data:p30v004r|Bean lenﬁ;h = 2.2 mu|Nodel indp- D[v,0.5
Record No. = - 7 Log. Diff. = 3,313 ) 26.89m
Pocal length = 300 mm|Obscuration = 0.3633 |{Volume Conc. = 0.0852%f—o=
Presentation = pil Voluze distribution {Sp.S.A 0.4818 a?/cc. [|Shape OFF

1598 pil 1DR4S9 / 0/ 0/0.00/1.00
10% ﬁ/Hpsalt Solnl U0 Y

700 rpa 000000370
MALVERN  Series 2600 §B.20  Master Mode 24 Feb 1998 2:04 pn
Particle diameters| Volume percentiles Distribution Moments. 1
D(4,3) 26.99 pa { Dfv,.10 5.81 I Distbn  Mean Stan.Dev. Skewness
D{4,2) 18.33 pm | Div,.20 9.4]
D{4,1) 12,10 pm || D|v,.30] 12.6 | Volume  26.99  17.47 0.45
D(4,0 8.90 pm || D{v,.40] 19.67 [ Surface 12.45  13.45 1.712
D(v,.50] 26.89 | Lenqth §.21 6.15 §.41
D(3,2) 12.45 pa | D{v,.60] 33.12 § Number 3.9 2.47 §.13
(3,1}  8.10 ga § D[v,.70] 37.36
D(3,0 6.15 ym i Dv,.80] 42.46
D{v,.90] 49.09
D[Z,l 5.27 ym § D{v,.99] 69.28 | Source =Data:pliv004r
D{2,0 .33 o Record 7
Span  1.61
D(1,0)  3.55 pm | Unif. 0.55

1598 pil IDR459 / 0/ 0/0.00/1.00/
30% W/¥ salt Soln 234
700 rpa 000000370



HWALUERN ~~ "Series 2600 SB.200  Master Mode 24 Feb 1998  2:38 pm

106 . — - — 10
-
-II_F
7 Str .
\ l
6] ¥ et L L 4 “ e w— (]
1 10 1060 1666
Particle size (um). 2

1598 pil 1DR459 / 6/ 0/0.06/1.68/
367 W/W salt Soln
800 rem 00E6EE371

MALVERN  Series 2600 §B.20  Master Mode - 24 Feb 1998 2:38 pu

Bigh Under|High Under Elgh Under |Eigh Under|High Under|{Bigh Under || Span
§ize Y |Size Y |Size % (Size % [Size % [Size % 1.49
564 100 (254 100 |14 100 |51.3 96.8/23.1 47.7|10.4 28.1 §D[4,3]
524 100 [236 100 |106 100 (47,7 95.1121.4 45.009.64 24.2 | 2).1m
488 100 1219 100 {98.6 99.9 [44.4 92.6[19.9 43.2]8.97 21.0 | L
454 100 1204 100 {91.7 99.9 [41.2 §9.2{18.5 41.98.14 18.9 DEJ,ZL
422 100 {130 100 (85.3 99.8 [38.4 85.0(17.2 41.0{7.76 17.4 1.7)m
392 100 {176 100 |79.3 99.8 |35.7 79.4{16.0 40.4[7.21 15.8 [———
365 100 [164¢ 100 [73:8 99.7 [33.2 73.1(14.9 39.6]6.71 14.0 || D(v,0.9]
339 100 [153 100 |68.6 99.5 |30.8 66.8[13.9 38.7(6.24 11.8 | 41.93m
315 100 142 100 °{63.8 99.2 128.7 60.9(12.9 37.2]5.80 9.5
293 100 {132 100 [59.3 98,6 [26.7 SS5.6{12.0 135.0 D(v,0.1]
213100 (123 100 [35.2 979 [24.8 §51.2{11.2 31.8 5.89um
Source = Data:p30v00dr Beam length = 2.2 mam|Model ind D[v,0.5]
Record No. =p 9 iff, = 3.716 ! 14,.23m
Focal leugth = 300 om Ubscuratlon = 0 4138 |Volume Comc. = 0.0348% f——=
Presentation = pil Volume distribution (Sp.S.A  0.5120 m!/cc. Shape QFF

1598 pil 1DR459 / 0/ 0/0.00/1.00
30% H/Hpsalt Soln P BRI
800 rpa 000000371

MALVERN  Series 2600 SB.20  Master Mode 24 Feb 1998 2:38 pm

Particle diameters| Volume percentiles" Distribution Momeats.
D(4,3) 23.32 pa | D[v,.10 5.89 || Distbn  Mean Stanm.Dev. Skewnmess
D(4,2 16.53 ﬁm D(v,.20 8.7
D(4,1] 11.44 ya § Dv,.30] 10.75 || Volume  23.32  15.06 0.63
D(4,0 8.62 ym § D|v,.40 15.44 | Surface 11.72  11.66 1.67
Div,.50] 24.2) y Lenqth §5.48 5.85 3.86
D(3,2) 11.72 pa {§ Di{v,.60] 28.35 || Number 1.68 2.58 6.64
D{3,1 8.02 pa | Dv,.70 32.02
D{3,0 6.18 ya § D[v,.80] 35.92
D{v,.90] 41.9)
0[2,1; 5.4 pm || D[v,.99] 62.18 | Source =Data: p]ﬂvﬂﬂir
0(2,0 .49 o Record 9
Span  1.49
D(1,0)  3.68 ym || UBif. 0.52
1598 pll 1nn459 / 0/ 0/0.00/1.00/
30% W/W salt Soln 235
800 rpm 000000371



MALUERN ~~“Series 2680 $B.20  Master Mode " 24 Feb 1998 2:57 pm
108 18
i it
7 S6r
S lllr
[t - Hll e A 0}
1 10 168 1006
Particle size (um). 2
1598 pil IDR459 / @/ 8/0.80/1.08/
307 W/W salt Soln
908 rpm 0068606372
MALVEBRN  Series 2600 §B.20  Master ¥ode 14 Peb 1998 2:57 pa
Bigh Under|High Under|High Under |Hich Under|High Usder|High Under | Span
‘ §ize % [Size % [Size % (SiZe % |SiZe Size % L7
\ R R P
- 524 100 1236 100 1106 100 [47.7 $9.0{21.4 S0.6(9.64 28.7 { 19.82pm
488 100 (219 100 [98.6 100 [44.4 98.3({19.9 47.6(8.97 23.0 .
454 100 (204 100 |91.7 100 ([41.2 97.1]18.5 45.5(8.3¢ 20.3 D[].Zg
422 100 (190 100 |85.3 100 |38.4 94.7(17.2 44.7)7.76 18.2 10.75,m
392 100 [176 160 [79.3 100 |35.7 91.2]16.0 44.4{7.21 1.} |=====
365 100 164 100 [73.8 100 (33.2 86.9{14.9 44.416.71 15.2 | D{v,0.9]
339100 (153 100 [68.6 99.9 [30.8 80.8[13.9 44.2/6.24 12.9 34,88
315 100 (142 100 [63.8 99.9 |28.7 72.9[12.9 43.5{5.80 10.2
40293 100 1132 100 |59.2 99.8 [26.7 64.7(12.0 41.9 Dlv,0.1]
- 173100 123 100 |55.2 99.6 {24.8 58.7/11.2 139.0 5.77um
o~ Source = Data: p30v004r (Bean leugth = 2,2 mm|Model indp D[v,0.5]
Record No. = 11 Log. Diff. = 3.747 .18
focal length = 300 mm|Obscuration = 0.4629 |Volume Conc. = 0.1013% =
Presentation = pil Yolume distribution $p.S.4  0.5579 m?/cc, i.hape OFV"
1598 pil 1DR459 / 0/ 0/0.00/1.00/
30% H/Hpsalt Soln
900 rpa 000000372
MALVBRY  Series 2600 SB.20  Master Mode 24 Peb 1998 2:57 pm
Particle diameters| Volume perceatiles Distribution Moments.
D(4,3) 19.82 ym || D[v,.10 5.77 | Distbn  Meanm Stan.Dev. Skewness
D(4,2) 14.60 ym || D[v,.20]  8.26
D(4,1) 10.52 pm D(v,.30 9.77 | Volyme  19.82  12.14 0.37
D{4,0 8.12 ya | D[v,.40] 11.42 || Surface 10.75 9.87 1.48
D{v,.50 21.18 |f Length §5.417 5.38 .40
D(3,2) 10.75 pm | D{v,.60] 25.29 | Numder n 2.55 5.13
D{3,1 7.67 pm f Div,.70] 21.97
D{3,0 6.03 po | Div,.80] 30.59
D(v,.90] 34.88
D[Z,l] 5.47 pm | Dlv,.99] 47.84 | Source =Data:p30v004r
(2,0 .52 pn Record 11
Span 1.7
D{1,0)  3.73 ym | Oaif. 0.50
I S
1598 pil 10&459 / 0/ 0/0.00/1.00/
30% A/W salt Soln 236
900 rpn 000000372



MALUERN ~“Series 2608 $B.28  HMaster Mode 24 Feb 1998  3:52 pm

100 19
Z St | |
@ L -I-L g e a
1 16 160 1060
Particle size (um). 2 .
1598 pil 1DR459 / 6/ G/6.86/1.68/
307 /4 salt Soln '
1606 rem 008EEe373
MALVERN  Series 2600 $3.20  Master MNode 24 Feb 1999 3:52 pn
Bigh Under|Eigh Under|High Under |High Under(Hich Uader|High Under { Spaa
Size §ize t |Size % |Size % |Size §ize % 02
se4 100 [254 100 [114 100 |S1.3 100 [23.1 59.9[10.4 42.7 [ D[4,3)
24 100 [236 100 (106 100 [47.7 100 [21.4 S5.3(9.64 34.0 || 17.40pm
€88 100 [219 100 [98.6 100 (44.4 99.9{19.9 52.318.97 27.2 .
454 100 {204 . 100 [91.7 100 [41.2 99.6{18.5 50.5(8.3¢ 23.5 { D(3,2]
422100 {190 100 |85.3 100 (38.4 98.4{17.2 50.2{7.76 20.¢ 9.86um
392 100 {176 100 {79.3 100 |35.7 $6.1{16.0 50.2{7.21 18.%
365 100 {164 ~ 100 [73.8 100 (33.2 93.2|14.9 50.2/6.71 16.7 § D[v,0.9]
339 100 |153 100 (68.6 100 (30.8 89.7({13.9 50.2(6.2¢ 14.0 § 31.00un
315 100 |142 100 (63.8 100 (28.7 85.0412.9 50.115.80 11.0 | =
293 100 [132 100 [59.)1 100 |26.7 76.9)i2.0 49.7 : D(v,0.1]
273 100 (123 100 |55.2 100 |24.8 67.7|11.2 47.8 5.85um
source = Data:plO0v004r{Beam lena;h = 2,2 no|Model indp ____-E},U.S]
Record No. = 14 Log. Diff. = 3.683 12.53m
focal length = 300 mm|Obscuration = 0.5021 [Volume Conc. = 0.1041}|=——==
Presentation = pil  |Volume distribution |Sp.S.A  0.6083 a?/cc. |Shape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00/
j0% ifﬂpsalt Soln
1000 zpa 000300373
MALVZRN  Series 2600 §B.20  Master Mode 24 Feb 1998 3:52 pu
Particle diametersjj Volume percentiles| Distribution Moments. ]
D(4,3) 17.40 ya § Dfv,.10 5.65 f| Distbn  Meam Stan.Dev. Skewness
D{4,2) 13.10 ﬁn D(v,.20]  7.62 | ._——[
D{4,1 9.74 pm | D{v,.30 9.30 | Volume  17.40  10.62 0.28
D 4,0J 7.68 ya | D{v,.40] 10.13 { Surface  9.86 §.62 1.47
D{v,.50] 12.53 || Leagth 5.39 4,91 1.20
D(3,2 9.86 pa || D[v,.60] 23.09 | Number 1.76 2.47 §.13
Di3,1 7.29 ym § Dv,.70} 25.28 e
0{3,0 5.85 ya || Div,.80] 27.35
D{v,.%0 31.00
D 2.1; §5.39 ya § D(v,.99] 39.44 § Source =Data:plQv004r
D{2,0 .50 pa Record 14
Span  2.02
D(1,0)  3.76 pm | Unif. 0.78
— |
1598 pil 1DR4S9 / 0/ 0/0.00/1.00/
J0% W/W salt Sola 237
1000 rpan 000200373



WALUERN ~~“Series 2680 $B.28  Master Mode 24 Feb 1998  3:57 pm
180 - 19
7 SO 4 -
0] - + T -I-L ’r’- + » 0]
1 18 160 1606
Particle size (um). 2
1598 pil 1DR459 / 6/ 6/0.008/1.80/
387 W/W salt Soln
1100 rpm 806866374
MALVERN  Series 2600 §B.20  Master ¥ode 24 7eb 1998 357 pa
Bigh Cnder|High Under|Eigh Under [High Under|Hich Under|High Cader || Span
§ize % !Size % |Size %t (Size % (Size % |Size % 2.09
564 100 [254 100 114 100 |[S1.3 100 [23.1 69.4[10.4 47.5 DI&.lg__
52¢ 100 {236 100 J106 100 [47.7 100 j21.4 62.6|9.64 38.7 § 15.70pm
488 100 219 100 {98.6 100 ([44.4 100 |19.9 57.8(8.97 131.2 |[=—c=.
€54 100 (204 100 |91.7 100 |[41.2 99.9{18.5 55.8(8.34 2b.3 D[],2L
422 100 1190 100 [85.3 100 {38.4 99.4|17.2 55.3|7.76 22.4 9.38m
392 100 [176 100 [79.3 100 |35.7 98.4|16.0 55.1|7.21 10.§ [m—r=
365 100 [164 100 |73.8 100 (33.2 96.9{14.9 55.1|6.71 16.9 | D{v,0.9]
339 100 {153 100 [638.6 100 ([30.8 95.1(13.9 655.1{6.2¢4 14.0 1.92m
315 100 142 100 63.8 100 (28.7 92.0{12.9 55.0{5.80 11.0
293 100 132 100 {59.3 100 |26.7 85.4{12.0 54.6 D{v,0.1]
|2?3 100 123 100 |55.2 100 [24.8 77.2)11.2 S2.7 §5.66um
Source = Data:p30v004r|Bean lesgth = 2.2 maNodel fndp 1 ow0.5
Record No. = 1§ Log. Diff. = 3.653 10.66p2
Pocal length = 300 mmjObscufation = 0.5261 |Volume Conc. = 0.1061% |———
Presentation = pil Vclume distribution |Sp.S.A  0.6336 m?/cc.|{Shape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00/
30% ﬂ/ﬁpsalt Soln
1100 rpa 000000374
MALVERN  Series 2600 $B.20  Master Mode 24 Peb 1998 3:57 po
Particle diameters) Volume percentiles Distribution Moments,
D(4,3) 15.70 pa | Dfv,.10 §.66 [| Distbn  Mean Stan.Dev. Skewness
D(4,2) 12.13 pu | Dfv,.20] 1.3} j=——x —
D(4,1 9.30 gm | D{v,.30 8.82 | Volyme 15.70 9.56 0.39
D(4,0 7.46 pa § Div,.40 9.74 |t Surface  9.38 .10 1.48
Div,.50] 10.66 § Length 5.46 4.63 2.9}
D(3,2 9.38 pym § D{v,.607 20.71 # Number 3.85 1.49 ¢.45
D{],l 1.15 ya § Dlv,.70] 23.21
D(3,0 5.82 ym { Div,.80] 25.42
D(v,.90] 27.92
D(2,1 5.46 pu § D(v,.99] 37.06 || Source =Data:p30v004r
D(2,0 4,58 ym Record 15
Span  2.09
D(1,0)  3.85 pm | Udif 0.79
1598 pil 1DR459 / 0/ 0/0.00/1.00/
1100 rpa 000000374



30% w/w and 0.05% v/v

239



WALUERN ~~“Series 2608 $B.20  Master Mode 25 Feb 1998  1:23 pm
188 . = - e = 19
i f!"‘l.‘
Z 5o vr ) \
f ' \
0] v T ! » —’Mﬁ it 0]
1 18 168 1000
Particle size (um). <l |
1598 pil 1DR459 / B/ 0/0.63/1.86/
307 W/ salt Soln
608 rpm B000EE384
MALVBAN  Serias 2600 §8.20  Master Mode 25 Feb 1998 1:23 pa
Bigh Under|Eigh Under|High Onder [High Under|High Uader{3igh Uzder { Span
Size % [Size Y |Size % |Size % |Size % |Size % 1.67 4
BB A N A AR 1
A : : : 421, 919. ; J0pn
13 988|219 9539806 946 |44 70°8]193 302[897 14§ o)
454 98.3{20¢ 95.3(91.7 94.3 |41.2 64.9(18.5 28.7(8.3¢ 13.0 D[i,ll
422 97.71190 95.3185.3 93.9 |38.4 58.%|17.2 27.5{7.76 11.6 (| 16.2.pm
392 97.2(176  95.3(79.3 93.4 |35.7 51.2{16.0 26.4{1.21 10.2 [=———= .
365 96.7|164 95.3(73.8 92.6 [33.2 48.2(14.9 25.5|6.71 8.7 Uéviﬂ.ﬂ
339 96.3)153  95.3168.6 91.5 |30.8 41.8{13.9 24.616.24 1.2 3.95m
315 96.0{142 95.2(63.8 89.9 [28.7 40.4{12.% 23.5(5.80 5.8
293 95.6(132  95.2159.3 87.8 126.7 137.8|12.0 222 D(v,0.1]
273 35.4[123 95.1035.2 84.9 [24.8 35.7[11.2 20.6 .16
Source = Data:p30v005 |Bean leagth = 14,3 m¥odel ind D(z.0.5]
Record No. = 6 Log. Diff. = 3.514 V34,1040
Focal length = 300 mm|Obscuzation = 0.2711 |Volume Conc, = 0.0120%f=——=—
Presentation = pil Volume distribution |[Sp.S.A 0.3698 m?/cc.|Shape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00/
30% H/HPsalt Soln
600 rpa 000000384
MALVERN  Series 2600 SB.20  Master Mode 25 Feb 1998 1:2) pn
| Particle diameters fﬁ%lqu pe;EE;tiles Distribution Moments.
D(4,3) 50.30 gm § D{v,.10 7.15 | Distba  Mean Stan.Dev. Skewness
D(4,2 28.57 pm || D[v,.20] 10.91
D(4,1) 17.16 pm § D[v,.30] 19.76 J Volume  50.30  85.54 .19
D(4,0) 11.78 gm | D{v,.40] 23.39 || Surface 16.22  23.51 9.89
Dlv,.50] 34.10 ff Length 6.20 1.88 1.48
D(3,2) 16.22 ym § D{v,.60] 38.89 fi Number 1.81 3.02 8.15
Dl3.l 10.03 ym | Dfv,.70} 43.8) |=—
D(3,0 7.26 ya | D{v,.80] 50.36
D(v,.90] 63.95
D(2,1 6.20 ym | Dfv,.99] 498.06 | Source =Data:pi0v005
D{2,0 4.86 yn Record ¢
Span  1.67
D(1,0)  3.81 ym § Unif. 0.99
1598 pil 1DR4S9 / 0/ 0/0.00/1.00/
600 rpa 000000384



MALUERN ~~“Series 2600 SB.20  HMaster Mode 25 Feb 1998  1:59 pm
1686 - 16
: ﬁq
7 st i L !
r ~
@ NETRTREIRATESARIESELEORINEE 22t e LT, 8
1 10 160 1EI@E!
Particle size (um). <l |
1598 pil 1DR459 / B/ G6/0.06/1.00/
307 W/W salt Soln
200 rpm 00000385
MALVBRN  Series 2600 S$B.20  Master Mode 25 Feb 1998 1:59 pa
Bigh Under|High Under|Eigh Under |High Under|High Under|High Under | Span
§ize Y [Size % |Size % |Size % [Size % [Size % 1.52
564 100 |25¢ 97.21114 97.2 [S1.3 93.323.1 42.3|10.4 22.3 | D[4,3]
524 99.6{236 97.2]106 97.1 |47.7 90.7{21.4 39.2{9.64 19.0 § 36.3%;m
488 99.3[219 97.2098.6 97.1 |44.4 87.5(19.9 36.5{8.37 17.0 ’
454 99.0{204 97.2{9L1.7 97.1 [41.2 §3.0(18.5 34.5{8.34 16.2 D[].:L
422 98.61190 97.2(85.3 97.1 [38.4 77.4{17.2 33.4|7.76 15.7 || 12.43;m
192 9831176  97.2179.3 97.0 (35.7 71.04i6.0 12.9]7.21 15.1 [—=
365 98.0{164 97.2(73.8 96.9 [33.2 64.5{14.9 32.6/6.71 14.1 {f D[v,0.9]
319 97.8|153 97.2|68.6 96.7 |30.8 58.4{13.9 31.96.2¢ 12.5 || 46.81y2
315 97.6[142 97.2063.8 96.4 |28.7 53.2(12.9 130.6(5.80 10.5 [==—n=
29 97.41132  97.2159.3 96.0 |26.7 49.2{12.0 28.5 D(v,0.1]
213 97.20123  97.2055.2 95.0 |24.8 -45.6|11.2 25.7 5.69;1:11
Source = Data:p30v00S Beam length = 14—3-mm(Model indp D%v.ﬂ.&l
Record No. = 9 Log. Diff. =° 3.477 1.1112
Focal leacth = 300 mm{Obscuration = 0 3538 |Volume Corc. = 0.0127% =——r==
Presentation = pil Volune distribution |[Sp.S.A  0.4808 a?/cc.|Shape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00
10% H/Hpsalt Soln [ /
700 rpa 000000385
MALVBRN  Series 2600 §B.20  Master Mcde 25 Peb 1998 1:5% pu
Particle diameters " Volume percentlles[l_ Distribution Moments. l
D(¢,3) 3639 pu | Dfv,.10] 5.6 | Distba  Mean Stan.Dev. Skewness
D{4,2) 21.31 ja nv,.zu 9.48
D(4,1) 13.28 pm Dlv,.30f 12.59 | Volume  36.39  68.04 5.58
D{4,0 9.50 ym || D[v,.40] 21.85 § Surface 12.48 17.27 1187
D{v,.50] 27.11 § Lenqth §.16 6.15 6.98
D(3,2) 12.48 pu § D[v,.60] 31.46 | Number  3.48 241 8.9
D(31,1 .02 pa | Dfv,.70] 35.27 )
D{3,0 §.07 ya { D[v,.80] 39.61
D{v,.90] 46.81
D 2,1} 5.16 ym § Dlv,.99] 458.04 § Source =Data:p30v005
D(2,0 ¢.24 m Record 9
Spa 1.52
D(1,0)  3.48 pa | Uai 0.87
1598 pil IDR4S9 [ 0/ 0/0.00/1.00/
30% W/W salt Soln 241
700 rpm 000000345



10% H/H salt Sola
800 rpm

242

WALUERN ~“Series 2600 SB.28  Master Mode T 25 Feb 1998~ 2:59 pm
106 * 29
7 SOt
\.
| dh
@. b Ll L L it e ]
1 10 100 1000
Particle size (um). 3 .
1598 pil 1DR45S / 8/ 0/0.80/1.80/
3687 W/W salt Soln
860 rpm 800006386
MALVERY  Series 2600 §$B.20  Master Node 25 Feb 1993 2:59 pm
High Under|Bigh Under|Bigh Under |High Under(Bigh Under|High Onder | Span
Size % |Size % |Size % (Size % [Size % |Size % 119 |
564 100 |254 100 |114 100 |S1.] 98.6{23.1 38.0(10.4 25.1 D£4,3}
524 100 (236 100 {106 100 {47.7 97.2{21.4 135.0(9.64 21.1 191
488 100 {219 100 (98.6 100 ([44.4 95.4{19.9 131.018.97 8.0 ———=
454 100 [20¢ 100 {91.7 100 |41.2 93.2{18.5 131.8]8.}4 16.4 D[],IL
422100 1190 100 |85.3 100 |38.4 90.2(17.2 31.4{7.76 15.6 12.48pn
392 100 |176 100 [79.3 99.9 [35.7 85.2[16.0 31.4(1.21 4.7 [=—==
165 100 164 100 {73.8 99.9 [33.2 77.8(14.9 31.4]6.71 13.4 | D{v,0.9}
339 - 100 J153 100 |68.6 99.8 [30.8 68.6)13.9 31.4}6.24 11.5 38.18pm
315 100 |142 100 [63.8 99.7 {28.7 58.1(12.9 31.4/5.80 9.4
293 100 {132 100 {59.3 99.7 |26.7 48.0f12.0 31.1 D(v,0.1)
273 _100 1123 100 (85.2 99.4 [24.8 41.8/11.2 28.% 5.92um
Source-eData: pEﬂvﬂOS Bean lenath = 14,3 on|Model indp D{v,0.9]
Record No. = Log. Diff. = 3.876 17.10p
Focal length = 300 am|Obscuzation = 0.4336 |Volume Conc. = 0.0165% f=——=
Presentation = pil Volume distribution |$p.S.A  0.4807 m?/cc.|[Shape OFF
1598 pil 1DR4SY / 0/ 0/0.00/1.00/
0% H/Hpsalt Soln /
800 rpa 000000386
MALVERN  Series 2600 S$B.20  Master Mode 25 Feb 1998 2:59 pa
Particle diazeters| Volume percentiles Distribution Womeats.
D(4,3) 23.91 ym -—E_i,.lﬁ §.92 { Distbn  Mean Stan.Dev. Skewness
D(4,2 17.28 pn § Div,.20 9.4}
D(¢,1) 11.77 gm §f Dfv,.30] 11.49 J Voluyme 2}.91 13.1} 0. 13
D{4,0 8.75 ym § D{v,.40f 24.01 § Surface 12.48 11.95 1.1
D(v,.50] 27.10 { Length §5.46 6.19 3. 53
0(3,2) 12. 8 pa § D{v,.60] 29.05 | Number 3,99 2.59 1.21
0(3,1] 8.25 pn | Dlv,.70] 31.15
D{3,0 6.25 ym § Div,.80] 31.82
D(v,.90] 138.18
Dlz,ll 5 {6 pa f Dlv,.99] 52.85 { Source -Data p30v00s
(2,0 .43 Record
Soan  1.19
D(1,0)  3.59 pm | Caif. 0.38
1598 pil 1DR459 / 0/ 0/0.00/1.00/

000000386



MALUERN ~ " “Series 2600 $B.20  Master Mode 25 Feb 1998  5:24 pm
100 18
| |
7 S@r ﬁ
8 iy > + e ; et 0]
1 10 168 1@@@
Particle size (um). ) -
1598 pil 1DR459 / 6/ 0/0.06/1.88/
367 W/W salt Soln
968 rpm 0060E8387
MALVERN  Series 2600 SB.20  Master Mode 25 P=b 1998 §:24 pn
Bigh Onder [Righ Under|(High Under |High Under(High Under|Bigh Under || Span
1ze t |Size % |Size % |[Size % |Size % [Size % 1.40
564 100 |254 100 (114 100 |S1.3 98.3{23.1 56.7|10.4 34.6 D£4,]]
S2¢ 100 [2:6 100 1106 100 [47.7 97.0021.4 54.4{9.64 28.4 0.47pm
438 100 (219 100 (98.6 100 {44.4 94.8[19.9 52.5/8.97 25.0 _
454 100 1204 100 [91.7 100 [41.2 91.6/18.5 S1.218.34 24.2 D[].ZL
422 100 1190 100 [85.3 100 |38.4 487.7{17.2 50.4|7.76 23.5 9.46pm
392100 |176 100 [79.3 99.9 [35.7 82.2{16.0 50.2{7.21 22.) =——==
365 100 |164 100 {73.8 99.9 (33.2 76.2{14.9 S0.1(6.71L 20.5 || D[v,0.9]
339 100 153 100 168.6 99.8 |30.8 70.5113.9 49.5(6.24 18.0 [| 39.8%m
315 100 142 100 (63.8 99.7 128.7 65.812.9 48.1{5.80 15.3
291 100 132 100 |59.1 99.5 |25.7 62.2112.0 46.0 D{v,0.1]
273 100 123 100 (55.2 99.0 [24.8 59.2{11.2 41.2 4.90pm
e e
source = Data: paovuns Bean lenﬂth 14,3 on|Nodel indp D[v,0.5]
Record No. = s 1.5 14.58m
Focal length = .}00 o ﬂbscuratmn = 0.5329 |Volume Conc. = 0.0163%|———
Presentation = pil Volume distribution |Sp.S.A 0.6340 a?/cc.||Shape QFF

1598 pil 1DkéS9 / 0
Jn% H/ipsalt Soln L
0 rpm

MALVBRE  Series 2600

0/0.00/1.00/
000000387

$3.20  Master Mode 25 Peb 1998 5:24 pm

[ = — ==
) rParticle diameters] Volume percentlles" Distribution Momeats. '-_1
D(4,3) 20.47 pm g D[v,.10 .90 I Distbn  Mean Stan.Dev. Skewness
Di4,2 13.92 pm §f Dfv,.20 6.60 —
Di4,1 9.69 ym § D|v,.30 9.85 [ voluse 20.47 14.58 0.56
D(4,0 7.48 ym § D{v,.40] 11.00 | Surface  9.46  10.20 2.04
D(v,.50 14.58 | Lenqth L1 4.1 4.6)
D{3,2 9.46 ym § D(v,.60] 25.30 | Numer 3.45 2.07 1.58
D{3,1) 6.674m ] Dlv,.70] 30.61 .
D{3,0 5.35 ym | D[v,.80} 34.73
D|v,.90f 39.89
012,1] 4.70 ym § Dlv,.99] 55.14 || Source =Data:piQv00S
D{2,0 £.02 4 Record 14
Soan  2.40
D(1,0)  3.45ym | Unif.  0.88
—_— |
1598 pll 108459 / 0/ 0/0.00/1.00/
30% #/# salt Soln 243
900 rpu 2 000000387



MALUERN ~ " “Series 2600 $8.200  Haster Mode " 25 Feb 1998~ 5:32 pn
160 r 19
1
1
7. S !
|
i
8 e
1 16 160 1060
Particle size (um). 3
1598 pil 1DR459 / 0/ 0/8.08/1.66/
307 /W salt Soln
100@ rem 000008388
MALVERN  Series 2600 $B.20  Master Xode 25 Peb 1998 §:312 pu
High Under|High Under|High Under Elﬂh Ucder|High Under|High Under § Span
Size % [Size ¥ [Size % |SiZe Y [Size %t |Size % 2.60
564 100 [25¢ 100 114 100 |S1.3 99.6[23.1 61.6[10.4 43.4 D[i.i&
524 100 1236 100 {106 100 [47.7 99.4|21.4 98.819.64 33.8 § 17.48n
488 100 219 100 (98.6 100 [44.4 98.9(19.9 57.0(8.97 27.8 L
45¢ 100 1204 100 [91.7 100 J41.2 97.7/18.5 $5.8(8.34 26.2 § D(3,2]
422 100 1190 100 {85.3 100 |38.4 95.7(17.2 55.5]7.76 24.9 8.97m
392 100 (176 100 |79.3 100 |35.7 92.5(16.0 55.5(7.21 23.1
365 100 164 100 {73.8 100 }33.2 88.3f14.9 55.4/6.7L 20.8 { D(v,0.9]
339 100 |153 100 |e8.6 100 )30.8 #83.2(13.9 55.116.24 17.9 14,08
315 100 (142 100 {63.8 100 |28.7 77.6(12.9 54.4{5.80 14.9
291 100 |132 100 |59.3 99.9 |26.7 71.6{12.0 53.1 D(z,0.1]
213 100 {123 100 |55.2 99.8 [24.8 66.1{11.2 50.0 5.04um
Source = Data:pl0v005 |Beam length = 14 3 ma{Model indp D[v,0.5]
Record No. = 1§ Log. Diff. = 3.600 - 11.15m
focal length = 300 mm{Qbscufation = 0.5730 [Volume Conc., = 0.0178%
Presentation = pil  |Volume distribution ([Sp.S.A  0.6692 m?/cc.|/Shape OFF
1598 pil 1DR459 / 0/ 0/0.00/1.00
0% H/Hpsalt Soln A /
1000 rpa 000000388
MALVERN  Series 2600 S$B.20  Master Mode 25 Peb 1998  5:32 pm
-Particle diametersy Volume percentilesl[ Distribution Moments.
[0(¢,3) 1748 pa | Dfv,.10] 5.04 | Distba NMean Stan.Dev. Skevness
D(4,2 12.52 pa { Div,.20 6.51 = = —
D{4,1 9.12 ym | Div,.30 9.31 f Volume 17,48  12.10 0.56
D{4,0 7.20 ga § Div,.40] 10.10 § Surface  8.97 §.74 1.92
D(v,.50 11.15 | Leagth 4.84 L4 3 98
D(3,2 8.97 pu § D[v,.60f 22.28 f Number 3,59 .14 §.16
953,1 6.5 pa [ Dlv,.70] 26.13
03,0 5.36 ga | D{v,.80] 29.57
Div,.90] 34.08
D{Z.l 4,84 yon | D[v,.99] 44.94 || Source =Data:p30v00S
D(2,0 §.14 gn Record 15
Sean  2.60
D{1,0)  3.59 ym | Onif 0.93
1598 pll 10R459 / 0/ 0/0.00/1.00/
30% #/4 salt Soln 244
1000 rpa 000000388



30% w/w and 0.06% v/v

245



MALUERN ~~ “Series 2600 S8.20  Haster Mode 26 Feb 1698  108:26 am
108 ; = - ; = ‘ 19

. J

. J

2 -11 4

@ e L) - ——s 8
1 10 100 1600
Particle size (um). +

1598 pil 1DR458 / 8/ 6/08.00/1.668/7
367 W/W salt Saln ;
588 ren 000866365

MALVERY  Series 2600 SB.20  Master Mode 2§ 7ed 1994 10:26 am

High Onder|Bigh Under|Righ Under |Righ Under|High Under|Zigh Ondar § Span

§ize % [Size ¥ |Size % |Size % |Size ¢ [Size %} 1.68

564 100 254 99.5(114 96.7 [S1.3 56.3{23.1 25.3{10.4 13.5 D[%,]! -
524 100 |236 99.4|106 95.6 [47.7 S51.0121.4 23.709.64 14.2 f 48.954n

488 99.91219  99.4{98.6 94,1 [44.4 46.4(19.9 22.2{8.97 12.8

45¢  99.91204  99.319L1.7 92.2 |41.2 42.4{18.5 21.008.34 1l1.5 913,2;

422 99.8)190 99.2{85.3 89.8 |38.¢ 19.1f17.2 20.2{7.7§ 10.3 | 19.28p3

392 99.8|176 99.1179.3 86.8 |15.7 36.5|16.0 19.67.21 8.0 3
365 99.7)164 98.9{73.8 83.1 [33.2 34.3{14.9 19.1)6.71 1.7 | D[v,0.9]

339 99.7(153 98.7(6d.6 78.8 |30.8 32.3(13.9 14.7(6.24 6.4 § 85.73um

315 99.61142 98.5(63.8 73.7 [28.7 130.5{12.9 18.2|5.80 5.2

29)  99.6{112 938.1{53.1 68.1 (26.7 128.7{12.0 17.6 D(v,0.1] _
73 99.6)123  97.5455.2 62.1 |24.8 27.0411.2 16.6 7.64p3 =
Source = Data:pl0v006 |Beam leagth = 14.3 mm|Model iadp D{v,0.5] L
Record Ho. = 2 Log. Diff. = 4.171 46.99p2

focal length = 300 mm|Qhscufation = 0.2727 |Volume Comc. = 0.01i3%=

Preseatation s pil Volume distributiom |Sp.S.A  0.3113 m!/cc.)jShape OFY

1598 pil 1na459 | 0/ 0/0.00/1.00/
10% W/% salt Soln
500 rpa 000000305

MALVERY  Series 2600 $3.20  Master Mode 26 Feb 1998 10:26 am

Particle dlametarsﬂ Yoluae percnntllesﬂ___ Distribution Ncameats. h
D(4,3) 48.95 pu || D{v,. 7.64 i Distha  ¥eaax  Staa.Dev. Skewuessf
D(4,2 0.1 um D 7,.2':' 16.93 | s =
D(4,1) 17.91 pa ) Dfv,.30] 28.11 § Voluae 3 35 3%.90 1.9
D{4,0) 12.07 pa § D{v,.40] 39.15 § Surface 19.28  23.92 1.68
Div,.50] 46.99 { Lenath §.09 §.98 5.83
D(3,2] 19.28 pm § Dyv,.60[ §3.75 { Nuader 1.63 .97 10.82
D(3,1) 10.83 pm { D{v,.70] 60.77 —
(3,0 1.57 pa § D(7,.80] 69.92 ‘
D{v,.90| - 85.73
9{2.11 §.09 pm f D{v,.99] 169.23 } Source =Lata:pi0v00§
D{2,0) 4.T4 pa Record 2
Scaa  1.66
D(1,0)  3.6% pa | Uaif 0.55

il 198459 / 0/ 0/0.00/1.00/
A4 salt Soln 246
ron 000000305



WALUERN ~~“Series 2680 $B.20  Master Mode 26 Feb 1998  9:37 am
100 —— ' 10
7 SGt 1
i
gl . AL L pmm —tt 0}
1 10 106 1668
Particle size (um). + -
1598 pil 1DR45S / 8/ 6/8.80/1.88/7
307 W/W salt Sgln
608 rpm 860686313
MALVERN  Serias 2600 §B.20  Master Hode 26 Feb 1998 9:37 an
High Under|High Under|(Bigh Onder |High Under(High Under(High Under § Spam
§ize % |Size % [Size %t |Size % |Size % |Size % 21.80
564 100 [254 93.5(i14 92.6 [S1.) 5%.8/23.1 37.6/10.4 25.8 Dé&,l]
524 99.21236 93.50106 91.0 [47.7. 57.7[21.4 15.9{9.64 20.1 4.10pm
483  98.51219 93.5(98.6 88.6 [d44.4 56.0(19.9 34.618.97 15.§ p=—m=
454  97.71204 93.5{91.7 85.6 [41.2 54.5(18.5 131.8(3.34 14.1 § D(3,2]
§22 97.0(190 93.5(85.1 82.5 (38.4 92.9(17.2 11.6(7.76 12.8 § 15.06yam
3192 96.34176  93.9079.3 79.2 §35.7 S51.1016.0 316|721 1l 4 [———r—
165 95.7{164 91.5{73.8 75.9 |33.2 49.1{14.9 33.6(6.7L 9.9 § D[v,0.59]|
319 95,1151 91.5163.6 72.5 [30.8 46.8/13.9 11.6(6.2¢ 8.3 102.62pm
115 94.51142  93.5(63.8 69.1 {28.7 44.4(12.9 11.45.80 .8 f=—o—
293 94.09132  93.5(59.3 65.7 |26.7 42.0012.0 33.00_.. 7 fD[v0.1]
73 93.?1111 93.3)55.2 62.5 [24.8 39.7j11.2 31.2] 6.74m]
- {lSource =« Data:pl0v006 |Baan leng;h = 14,1 am|¥odel indp B{v,ﬂ.Sl
Record No. = § Log. Diff. = 3.700 §.250
Focal leagth = 300 mm|Obscufation = 0.2961 (Tolume Ccnc, = 0.0123} ——r—xrf
Presentation = pil Volume distribution [$p.S.A. 0.1983 m?/cc.[{Shape 0F%
1598 pil 102459 / 0/ 0/0.00/1.00/
30% ﬁ/ﬁpsalt Sola
§00 rpa 000000313
MALVERY  Series 2600 §3.20  Mastar Mode 26 Peb 1998 9:37 am
Particle diaﬁéters|_¥oluua percentiles| Distribution Moments.
D(4,3) 64.10 pm { Dfv,.10 .74 | Distha  Mean Stan.Dev. Skewness
D(4,1 31.08 pu (| D{v,.20 9.64
D(4,1 17.66 gm § D{v,.30 10.87 ) Volume  64.10 98.98 3.22
D(4,0) 12.02 pa | D{v,.40] 29.06 § Surface 15.08 27.18 §.60
D(v,.50 34,25 | Lecogth 5.70 1.11 11.10
D(3,2) 15.06 pm § D{v,.60] SL.57 f Nuader  1.79 1.6% 9.89
03,1 9.27 pa | D[v,.70] 64.3% =
D(3,0) 6.8 pn § D{v,.80] 80.72
D(v,.90{ 102.62
D(2,1) 5.70 pm | D(v,.99] 513.15 § Source =Data:pl0v008
0(2,0)  4.63 pa dacord §
Soaz  2.80
D(1,0} 1.79 ga § Udii. 1.4a
1596 oil 1DR4S9 / 0/ 0/0.00/1.00/ 247

30t 7/¥ salt
§00 rza

Sola

000000313



MALUERN ~~“Series 2608 SB.20  Master Mode 26 Feb 1998  1:11 pm
108 - 18
| ,
7 Sor
1
@ e 0]
1 100 1068
Particle size (um). Y |
1598 pil 1DR458 / B8/ 8/0.66/1.86/ '
367 W/ salt Soln
708 rem 0OGREA3E7
MALVERN  Series 2600 §B.20  Master Mode 26 Rsb 1998 1:11 pa
Bigh Under|Eigh Under|Bigh Under {Bigh Under|High Under|digh Under j§ Spaa
Size %Y |Size % [Size % |Size % |Size % |Size & 1.1
564 100 |254 100 [114. 99.8 |S1.] 85.3|23.1 44.8]104 21.9 D(4,3]
524 100 (236 100 1067 99.7 [47.7 8L.3121.4 43.219.6¢ 25.1 % 129.22m
488 100 1219 100 {98.6 99.5 [44.4 76.1]19.9 41.6/8.97 2.4 =~
454 100 1204 100 [91.7 99.2 |41.2 70.5{18.5 40.0(8.34 20.1 D(]'zl
€22 100 (190 100 |85.1 98.8 [38.4 65.2(17.2 18.7|7.76 18.0 f L2.45ym
392 100 {176 100 |79.3 94.2 |35.7 60.%[16.0 137.5|7.21 15.8 f———
165 100 {164 100 {73.8 97.4 |33.2 S6.2/14.9 136.4[6.71 13.6 J D[v,0.9]
339 100 (153 100 |68.6 96.3 (0.8 52.7(13.9 135.1i6.24 "11.3 { 55.64m
315 100 {142 100 [63.8 94.6' [28.7 950.1|12.9 34.2]5.80 9.2
291 100 132 99.90%9.1 92.5 |26.7 48.1|12.0 32.% D(v,0.1]
211 100 J123 99.9155.2 89.6 j24.8 46.4]11,2 0.5 §.97ya
Source a ﬂata psuvuus Beal lenﬂth = 14.] om|Nodel indp D[v,0.5]
Record No. = 1 Log f. = 1.450 . 28.63m
Pocal langth = 300 mm|Obscufaticn = 0.4343° |Volume Conc. = 0.0171t{——=
Presentation = pil Tolume distributiom |Sp.S.A  0.4817 m?/cc.||Shape OFF
1598 il 10R459 / 0/ 0/0.00/1.00/
0% ¥ Hpsalt Sola
100 rpm 000000307
MALTERY  Series 2600 §B8.20  Master Mode 16 Peb 1998 1:11 pa
Particle diametars|| Volume perceatiles| Distribution Moments.
D(4,3) 29.22 pm § Dfv,.10 5.97 {| Distbn  Mean Stam.Dev. Skewness
D(4,2) 19.08 pa § Ofv,.20 .11 |
D(4,1 12,51 pa § D[v,.30 10.99 | Volume  2§9.22  21.20 0.42
D{4,0 9,20 pa [f D[v,.40] 18.53 § Surface 12.45  14.45 1.18
D7,.50] 28.6] f Leagth  5.18 §.17 5.06
0(3,2) 12.45 pa | D{v,.60] 35.46 § Numter  1.6s 1.51 8.08
03,1 §.19 pz § DOfv,.70] 40.35
0(3,0 6,26 pa | D(v,.80] 46.81 -
D{7,.90] 55.64
D[I,I} 5.3 pa § D{v,.99] 88.57 ) Source =Data:pl0v00§
0{(2,0) 4.4 pa Record 17
Spaa LM
D(L,0 1.6 pa § Onif 0.62
e ———
1598 pil 1DR4S9 / 0/ 0/9.00/1.00/

30% 7/4 salt Sola
700 e

248 -
000000307



MALUERN ~~ “Series 2600 SB.208  Master Mode 26 Feb 1998  1:34 pm
120 ar'y 18
7 56 A
1
8 et P - e e @
1 10 160 1@88
Particle size (um). 4 -
1598 pil 1DR45S / @/ 8/8.66/1.88/
307 W/W salt Soln
808 rpm 200806368
MALVERY  Series 2600 §3.20  Master Mede 26 Peb 1398 1:14 pa
Bigh Under{High Under(8igh Under (High Under|digh Uudarlﬂigh Oader y Scaa
« || Size % |Size % |Size % |[Size % |Size % |SLZE t 1.84
N\ zmmﬁ“%
“h 564 100 j254 100 (114 100 [51.3 96.0(23.1 S51.8f10.4 131.2 DJ!,]&
T 524 100 236 100 |10€ 100 |47.7 92.9021.4 49.119.64 27.1 ) 23.53pm
488 100 219 100 |98.8 100 f{44.4 88.7119.9 46.7)8.97 4.5
454 100 (204 100 {91.7 99.9 [41.2 81.7(18.5 44.78.34 23.4 D[l.!&
422, 100 190 100 |85.3 99.9 [38.4 78.1)17.2 43.5(7.76 22.5 || 10.13pa
392 100 (176 100 [79.3 99.9 (35.7 72.2|16.0 42.8|7.21 12L.5 =
365 100 {164 100 {73.8 99.7 (33.2 66.7(14.9 42.4(6.71 20.0 |f D(v,0.9]
319 100 1153 100 [68.6 99.5 [30.8 61.9(13.9 &L.7]|6.2¢ 17.6 § 45.10p
315+ 100 |142 100 |63.8 99.3 |28.7 S8.6{12.9 40.5(5.80 14.8 :
29y 100 1132 100 (59.3 93.6 [26.7 56.2(12.0 3.4 0(v,0.1]
=71 273 100 123 100 |55.2 97.6 |24.8 S4.0|11.2 15.2 §5.03pm
~~1source = Data:p)0v006 {Beam length = 14.3 mm[Yodel iadp D(v,0.5]
Record No. = ¢ Log. Diff. = 13.379 11.88p2
focal length = 300 am Ohscuratlon = 0.563% |Volume Conc. = 0.0196%|{=——=
Prasentation = pil Voiume distribution |Sp.S.A  0.592% ui/cc.iShage oee

1598 pil lDRiSB [ 0/ 0/0.00/1.00/

30% ¥/7 salt Soln
§00 rpu

MALVERY  Series 2600 S3.20  Mastar Mede

100000308
26 Peb 1998  L:iddpn |

Particle diametars| Volume pefcnntllas" Distribution Nomeats.
D(4,3) 23.53 pm g D{v,.10 §.03 ¥ Distbn  Mean Stam.Dev. Skewness
0(4,2) 15.4] gm D{v,.20 6.71 L—
0(4,1) 10.35pa { D(v,.30 10.16 § Volume  231.53 16.52 0.46
0{4,0 7.84 pu i Dfv,.40} 12.6] B Surface 10.11  11.63 1.01
D(v,.50] 21.88 | Leagth 4.65 §5.09 5.07
0(3,2) 10.13 pm § DO{v,.60] 29.70 } Yunder 1.4 2.06 8.88
(3,1 §.86 g | D[v,.70} 14.68
D{3,0 5.4 pa § Dlv,.80] 139.31
Div,.30] 45.10
D{Z,I} .65 pa f D{v,.99] 61.54 § Source =Data:plv006
0{2,0) 3.98 ua Racord 9
Spax  1.84
D(1,0)  3.40 pz | Uaif. 0.68
1599 oil 10R459 / 0/ 0/0.00/1.00/ 249

30% 4/% salt Sola
800 rom

000000308




MALUERN ~~ “Series 2680 SB.20  Master Mode T 26 Feb 1398 1:43 pm
160 - 12
7 SGr
} ,
@ NP | 1 1A 11 1L ' bttt 8
: § 16 168 1060
Particle size (um). 4
1598 pil IDR459 / @/ 8/8.08/1.68/
307 W/ salt Soln
968 ren gigiajolalos]ale)
MALVRRY  Series 2600 §B.20  Mastar Nede 26 2¢b 1993 143 pa
High Under|Bigh Under|Bigh Under [Righ Onder|High Uadar{High Under § Spaa
§ize % [Size ¥ |Size % |Size % [Size % |Size % 1.82
564 100 (254 100 |114 100 |[S1.3 98.8(23.1 55.1|10.4 36.9 0[1,33
52¢ - 100 236 100 106 100 {47.7 97.9f21.4 S1.4|9.64 29.3 § 120.10um
438 100 [219 100 [98.6 100 |[44.4 96.2(19.9 SI.4/8.37 24.5 |
454 100 [204 100 [91.7 100 [41.2 91.§[18.5 S0.2(8.34 23.1 || D[3,2]
£22 100 {190 100 [85.] 100 |38.4 90.3{17.2 43.87.76 22.0 § - 9.8oum
392 100 |176 100 |79.3 100 135.7 85.2|16.0 43.6{7.21 20.4
165 100 (164 100 [73.8 99.9 33.2 79.2{14.9 43.3|6.71 18.4 # D[v,0.9]
339 100 (153 100 (63.6 99.9 {30.8 73.3{1).9 43.6{6.24 15.8 § 13.16ym
315 100 (142 100 {63.8 99.8 |28.7 68.0(12.9 47.4|5.80 1.2
293 100 {132 100 |59.3 99.6 {26.7 63.4{12.0 45.8 D(v,0.1]
273 100 123 100 |85.2 99.3 |24.8 53.5f11.2 42.4 5.25)a
Source = Data:plQv(006 |Beam lenggh = 14,1 na|¥odel iadp D(7,0.5]
Record No. = 11 Log. Diff. = 3.490 18.10p2
Focal length = 300 mm|Cbscuration = 0.6221 |Volume Conc, = 0.02U}|——=
Presantation = pil Volume distribution |[Sp.S.1 0.6083 nllcc.IShape 0e?
1598 oil 1DR4S9 / 0/ 0/0.00/1.00/
TR TR S U
900 rpm 000000309
MALVZRY  Series 2600 $3.20  Master Mede 2§ Peb 1998 1:48 pa
- [ rarticle diameters“ Volume percentilesﬂ Distribution Momeats.
D(4,3) 20.10 pa | D{v,.10 5.25 | Distbn  Mean Stam.Dev. Skewnass
D(¢,2) 14.08 ym { D{v,.20]  7.09 |
D{4,1 9.95 pa || D(v,.30 9,72 §f Volume  20.10 13.77 0.52
D{4,0 7.69 pm § D{v,.40} 10.75 § Surface  9.86  10.05 1.83
D{v,.50{ 18.10 { Leaqth 1.97 4.93 .17
(3,2 9.86 pu | D{v,.60[ 25.07 § Number 1.98 1.24 §.71
D(1,1 7.00 pa IJ,V,.TO R ——————— |
D(3,0 §.59 pu § D{v,.80f 31.49
D{v,.90f 38.1¢
D(2,1 4.97 pu || D{v,.39] 52.63 || Source =Data:pl0v006
2,0 4.10 pa Record 11
soaz 1.2
D(t,0) 1.56 pn || Oaif 0.67
1598 pil 1DR4SY [ 0/ 0/0.00/1.00/
10% i/'ﬂpsalt Sola 250

900 r:a

000009379



30% w/w and 0.07% v/v

251



30% #/¥ salt Sola
500 rpa

WATUERN ™ "Sertes 2600 $8.20  Waster Wode 27 Feb 1998 ~ 1729 pm
108 18
7 5o AL
f
g UL . s @
1 18 160 1660
Particle size (um). +
1598 pil IDR453 / @/ 6/8.66/1.660/
307 W/W salt Soln
586 ren 806668381
MALVERY  Saries 2600 $3.20  Master Mode 27 Fab 1998 1:29 pa
Bigh Onder|8igh Under|3igh Under |Eigh UOader Hlah Uuder H=gh Uoder |f Span
Size % {Size % (Size % |Size % [Size Size % 1.63
564 100 [25¢  99.6[114 96.6 |S1.3 52.5)23.1 24.8]10.4 16.3 Dft.3]
53¢ 100 1236 99.5|106 95.0 [47.7 47.4{21.4 23.4[9.6¢ 1S.1 0.261m
488 ° 100 1219 99.4[98.6 93.1 |44.4 43.0(19.9 22.2/8-97-13.9 ='
454 99.91204  99.3091.7 91.2 [41.2 19.4[18.5 21.1/4.34¢ 12.6 f§ D(3,
£22 99,9190 99.2/85.1 89.0 [38.4 36.5/17.2 204(7.76 11.4 § 18. ? 4
192 -99.91176  99.1179.1 86.0 [35.7 34.2|16.0 19.9|7.21 10.1
365 99.8{164 99.0(73.8 81.8 [33.2 132.1{14.9 19.5{6.71L 8.7 § D[v,0.9]
339 99.8153 98.9(63.6 76.5 [10.8 30.7/13.9 19.1/6.2¢ 7.3 87 aTgm
15 99.8|142 98.7(63.8 70.6 [28.7 129.2{12.9 18.7]5.80 6.0 [——s—0rd
293 99.71132  98.3(59.1 64.4 |26.7 27.712.0 18.2 Dv,0.1]
13 99.61123  97.7)55.1 5§8.2 {24.8 26.3|11.2 17.4 T.1%1m
Source « Data:p0vl07 [Bead leagth = 14,3 malNadel iacp D(v,0.5]]
Record No. 0g. Diff. = 4.161 49.58m
Focal length s 300 an|Obscufation = 0.3057 |Volume Coge, = 0.0159% —orext
Preseatation = pil Volume distribution |[Sp.S.4 0.3204 mllcc.“Shape 0F?|
1598 pil 1DR459 / 0/ 0/0.00/1.00/
10% ﬂ/ﬂpsalt Sola
500 rpa 000000301
NALVERY  Series 2600 SB.20  Master Mode 27 Feb 1998 - 1:29 pn
Particle diameters[ Yolume percentiles[ Distribution Noments.
D(4,1) 50.26 w0 7,.10 7.19 § Distbn  N¥eam §tam.Dev. Skawness
D{4,2 30.68 ﬁm D{7,.20 16,39 f——m—,——,—————m—mm
0{4,1) 17.51 pm § DO{v,.30] 29.8] § Volume 50,26 38.52 1.1]
D{4,0) 11.78 gm || D{v,.40] 41.82 # Surface 138.73  24.10 1.46
Div,.50] 49.38 | Leagth §5.70 8.62 §.11
0(3,2) 18.73 pm | D{v,.60] 56.33 } Numer 1.5% 2.1 1.2
D!I,l 10.33 ﬂm Di{v,.70] 63.30 |
D{3,0 7.26 pa § Div,.80) 7L.87
D(v,.90] 87.87
D{g,é! g.gg pm f D(7,.99] 167.15 Eoggg; -gata :030v007
! . o E
I Bl s 1
0(1,0)  3.5% ga || Uail. 0.53
i 0.00/1.00
1599 oil 10459 / 0/ 0/0.00/1.00/ 252

000000301



HALUERN ~ “Series 2608 SB.2@8  HMaster Mode 27 Feb 1998 2:24 pm
IEQ o B( o 1@
‘L
7 56t .
9 - + — iy -t = + EI
i * 10 100 lﬂﬂﬂ
Particle size (um). 4 .
1598 pil 1DR459 / 8/ 6/0.680/1.00/
367 W/W salt Soln
668 rpm 06000E302
MALVERY  Series 2600 $8.20  Mastar Mode 27 Peb 1998 2:24 pa
Ezqh ﬂnder digh Under|3igh Under [Bigh Onder|(Eigh Under Elgh Uuder §pan '
§ize §ize % |Size % [Size % |SiZe Size L1
364100 1254 99.9)114 98.3 |51.3 66.0023.1 136.1/10.4 23?5_ D(4,3] ..
524 100 236 99.9/106 97.7 [47.7 60.6|21.4 34.6/9.64 21.5 | 40.03;m
488 100 |219  99.9(98.6 96.8 |44.4 55.5(19.9 33.1{8.97 19.6
454 100 (204 99.8|9L1.7 95.6 |41.2 SL.1118.5 31.7/8.34 17.8 § D(3, ZA
$22 100 (190 99.8/85.3 94.0 |38.4 47.5|17.2 30.5/7.76 16.0 | 1{.50pm \
392 100 (176  99.7179.3 91.9 |35.7 44.7(16.0 29.5{7.21 14.1
365 100 184 99.6173.8 89.3 [33.2 42.6)14.9 28.6(6.71 12.1 || D{r,0.9]
3139 99.901s3 99.5)68.6 86.0 (30.8 41.1{13.9 27.8(6.2¢ 10.1( 75.05sm
31 99.91142  99.4163.8 81.9 [28.7 39.8{12.9 27.1|5.80 8.2 [—
293 99.9(132 99.2059.3 77.0 |26.7 13.6|12.0 26.1 D(v,0.11) - 7
173 99.9|123  98.8(55.2 71.6 [24.8 13T.4{11.2 24.9 6.20x
Sourcn = Data: plﬂvﬂﬂ? Beam len t1 = 14.] on(Nodel indpJ-—_ D(7,0.5T
Record No. = iff. = 3.928 40,4412
Focal length - 3{]0 am Dbscurathn = 0.4090 |Volume Conc. = 0.0178%—=]
Prasentation = pil Volume distribution §2.8.A  0.4137 a?/cc.[|Shage 0FF
1598 pil 10R489 / ¢/ 0/0.00/1.00/
]0% H/ipsalt Sala /
000000302
MALVBRY  Series 2600 53.20  Master Node 17 Peb 1998 2:24 pu
Particle diametars| Volume percentilss Distribution Momeats.
(D(¢,3) 40.03 pa || D(v,.10] 6.21 | Distha Mean Stam.Dev. Skeumess|
D{4,2) 24.10 gm § D(v,.20 9.09
D{4,1) 14.55 pm (| D[v,.30] 16.64 { Volyme  40.03 31.1] 2.15
D(4,0) 10.25 ga | D{v,.80] 29.07 | Surface 14.50 13.24  1.53
Div,.50] 40.4¢ § Length 5.0 6.99 §.32
D(3,2) 14.50 pa § D[v,.60] 47.32 § Numjer  1.%9 .48 10.83
(3,1 8.17 gz | Div,.70] 540} el
D{3,0 6.51 gm | D{v,.80, 61.99 ;
D(v,.90{ 75.08
0(2,1)  5.30 pm § D[v,.99] 127.10 {f Source =Data:p30v007
0(2,0) 4.36 pa Record 6
Spaa  1.70
D(1,0)  3.59 pa | Unif 0.5

1593 pil lDQiS? | 0/ 0/0.90/1.00/
30% #/4 salt
600 rpa

253
000900302



MALUERN ~~“Series 2600 SB8.20  Haster Mode 27 Feb 1998  2:50 pm

108

Z S6r

(2]

pteteL LU, WL ALY N 8

1 ' 10 " 100 1808
Particle size (um). 1R

1598 pil IDR459 / 6/ 6/8.66/1.86/
367 W/VW salt Soln
768 rem 0GeEEE363

MALVERY  Series 2600 $B.20  Master Mode 27 Peb 1938 2:50 pa

fich Under|digh Under|High Under |Bigh Under Bigh Under igh Onder | Span
§ize % |Size ¢ |Size % |Size §ize Size % 1.69
P——_—“‘——=m
564 100 254 100 |114 99.8 [S51.3 84.7(23.1 44.1)10.4 128.6 D!%.]l
524 100 {236 100 106 99.7 [47.7 79.7(21.4 42.6)9.64 126.1 .72 .
488 100 [219 100 {98.6 99.5 [44.4 T4.1119.9 41.0[8.97 "23.7 ===
454 100 |204 100 {91.7 99.2 |41.2 68.4|18.5 19.6/8.34 21.5 ¥ D[3, g
422100 {190 100 (85.3 93.8 [38.4 63.0/17.2.38.3{7.76 -19.¢ § 12.15m
392 100 176 100 (79.3 98.3 §35.7 58.2(16.0 -37.1|71.21 17.2 f=—xm—
165 100 {164 100 |73.8 97.5 133.2 S4.2014.9 "16.1|6.71 14.8 § D{v,0.9)
339 100 (153 100 [68.6 96.3 [30.8 - 51.0(13.9 35.116.24 12.4 g 95.48ym
31§ 100 {142 100 [63.8 94.5 |28.7 48.7|12.97 34.1(5.80 10.1
293 100 (132 99.9093.3 92.1 |26.7 -46.9)12.0 32.7 D[r,0.1
273100 123 99.9055.2 84.9 |24.8 45.5{11.2 0.9 §5.78a
Source = Data:pl0v0Q7 {Bean lena;h = 14.3 am|Nodel indp _ D(v,0. SI
Record No. = _ 8 Log. Diff. = 3.43% 29.96)m
%ocal leaqth = 300 mm|Obscuration = 0.5355 |Volume Comc. = 0.0230%
Presentation = pil Volume distribution [$p.S.A ~ 0.4939 m?/cc. |Shane 0?E|

1593 pil 1DR459 / 0/ 0/0.00/1.00/
J0% #/4 salt Soin
700 rgm 000000303

WALVRRY  Series 2600 §3.20  Master Node 7 Fed 1998 2:50 pa

[ Particle G1ameters| Yolume percantiles| Distribution Womeats.
D(4,3) 29.72 pm .10 5.78 | Distba Yean Stam.Dev. Skewness
D 4,2 15.00 pn D V,.ZU 7.91 e r——
D{4,1) 12.30 gm { D{v,.30] 10.83 § Volume 29.72  21.§4 G T4
D{4,0 9.04 ym f D{v,.40] 18.98 § Surface 12.15  14.61 .13
Div,.50f 29.96 { Leagth 5.18 6.00 5 19
D(3,2}) 12.15 pm || D{v, .80/ 36.71 Yuader 1.58 .37 8.81
D(3,1 1.92 pu | Dlv,.70] 42.10
0{3,0) 6.08 ga | Dfv,.80] 47.88
Div,.90] 5&8.48
D 2,1] §.16 pn |t D{v,.%9] 87.65 § Source =Data:pl0v007
D(2,0 4,30 ya Racord 4
§oan  1.83
p(1,0) 3.8 gm || Uaif. §

1599 oil L0Rss3 {0/ 0/0.00/1.00]
30% 4/i salt Sola 254
00 rm 000002303



30% 4/4 salt Soln
§00 12

MALUERN ~~“Series 2608 SB.28  Master Mode 27 Feb 1998  3:26 pm
108 = 18
I 1
7 SE}‘ \‘
0} — o WL — " 8
1 10 100 1@@9
Particle size (um). + H
1598 pil IDR4SY9 / @/ 0/8.06/1.86/
307 W/W salt Soln
868 rpm 06066304
YALVRRY  Series 2600 SB.20  Master Mcds 17 Feb 1998 3:26
High Tader|High Under HLgh Under Elgh Under|8igh Undez Elgh Uudar Span
Size ¢t [Size % |Size § |(Size % [ize 1} |SiZe 1.34
564 100 J25¢ 100 (114 100 |51.3 95.1|23.1 S2.4[10.4 132.5 § D[4,]]
S24 100 f236 100 (106 100 |[47.7 91.8[21.4 SO.4[{9.64 27.9 % 23.6%=
438 100 (219 100 |98.67100 [44.4 87.6{19.9 48.3]8.97 24.8
454 100 (204 100 |9L.7 99.% [41.2 82.5(18.5 44.4(3.34 23.] D[3,Z&
421 100 (190 100 |85.3-99.9 [38.4 76.8{17.2 45.2]7.76 22.1 § 10.2%m
392 100 (176 . 100 |79.3 99.8 |35.7 71.0|16.0 44.§)7.21 20.8
365 100 (164 100 {73.8 99.7 |33.2 65.5(|14.9 43.9/6.70 19.1 { D(v,0.9]
339 100 (153 100 (68.6 99.5 |30.8 60.8(13.9 43.206.2¢4 18.5 || 46.13yum
11§ 100 (142 100 |63.8 99.1 {28.7 §7.9]12.9 41.9/5.80 13.7
293 100 [132 100-159.3 98.4 |26.7 §5.9{12.0 40.1 0(v,0.1]
1713 100 (12377100 |55.2 97.2 |24.8 S4.2)11.2 136.9 §.12)2
Source = Data: pTD?UUT Beam lenﬂth = 14.3 om|Yodel i2¢p D(v,0.5]
Record Yo. = Log. Diff, = 3.266 .13
%ocal length s 300 aa|Obscaration = 0.6297 [Volume Coae. = 0.0238% =
Presentation = pil Volume distribution |$p.S.A  0.5338 ai/cc.|[Shape OFZ
1599 pil 1DR459 / 0/ 0/0.00/1.00/
30% i/ipsalt Sela
800 rra 100000304
WALVERY  Series 2600 §B.20  Mastar Mode 27 725 1998 3:26 pu
Particle diametersl_ﬁafume parcentiles Distrisution Nomeats.
D(4,3) 23.6% pa | Dfv,.10 §.22 § Distha  Meanx  Stan.Dev. Skewnessi
D(4,2 15.61 pa g D{v,.20 §.9¢4
D(4,1} 10,52 pm § Div,.30 9.99 § Volume 21.53 16.93 0.50
D{4,0 7.97 pa § D{v,.40] 11.96 § Surface 10.23 11.714 2.0%
D(v,.50 11.13 | Lenath 4,73 5.1 5.04
0(3,2) 10.28 pm § D(v,.60] 30.34 § Nuader 341 U §.32
0{3,0) §.55ya || D{v,.80] 39.9¢ ]
0{v,.90] 46.13
(2,1 $.79 ga { D{v,.39] 62.83 | Source =Dati:3l17007
(2,0 $.07 pa Racord 9
Span  1.94
D(1,0)  3.47 g2 Odif 0.70
i .00/1.09
1598 pil 10R459 / 0/ 0/0.00/1.0%/ 255

000000304



“Series 2600 SB.28  HMaster Mode

WALUERN 27 Feb 1998 ' 3:26 pm
108 ’ R~ 18
7 S@r
L M
A}
2
/!
10 + e g 4 A T — @
1 10 160 1668
Particle size (um).
1598 pil 1DR459 / B/ 0/8.06/1.68/
368% W/W salt Soln
908 rpm . 800008364
MALVERY  Series 2600 SB.20  Master Ncde 27 Feb 1998 3:26 pa
Bigh Onder|Bigh Under|8igh Under |High Under|Bigh Under|Righ Under § Span
; Size % [Size % |Size % |Size % [Size % (Size % 1.94
564 100 254 100 |114 100 {S1.3 95.1[23.1 S2.4[10.4 32.5 {f D[4,3]
S2¢ 100 1236 100 (106 100 |47.7 91.8j21.4 S0.4{9.64 27.9 § 23.6%m
438 100 1219 100 {98.6 100 |44.4 87.6/19.9 48.1(8.97 24.8 =———=i.
45¢ 100 (204 100 (91.7 99.9 |41.2 82.5|18.5 46.4{8.34 213 n(:,zg
422100 (190 100 |85.3 99.9 [38.4 76.8(17.2 45.2{7.76 22.1 | 10.28ym
192100 (176 100 |79.3 99.8 |35.7 71.0)16.0 44.5)7.21 20.8
365 100 164 100 |73.8 99.7 133.2 65.5|14.9 43.9(6.71 19.1 § D(v,0.9]
339100 (153 100 (68.6 99.5 |30.8 60.8{13.9 43.2(6.2¢ 16.5 ) 46.13m
315 100 (142 100 [63.8 99.1 |28.7 G§7.9(12.9 41.3[5.80 11.7 [m=——=
_ 291100 {132 100 [59.) 98.4 |26.7 55.9|12.0 40.1 D(v,0.1]
g 173 100 123 100 |S5.2 97.2 j24.8 G54.211.2 3.9 §.22p
Source = Data:pl0v007 |3eaa length = 14.3 ao{Model indp 0{v,0.5]
Record No. = 9 Log. Diff. = 3.266 21.13m
Focal length = 300 mm|Qbscuratioa = 0.6297 ([Volume Conc. = 0.0218% =————==
Presentation = pil Volume distributiom |[Sp.S.2 0.5838 a?/cc.|Shape OEF“
1598 pil 1DR459 / 0/ 0/0.00/1.00/
30% H/ﬁpsalt Soln
00 rpa 000000304
MALVERY  Series 2600 SB.20  Master Mcde 27 Feb 1998 3:26 pu
Particle diametersi| Voluze percentilesi Distribution Momeats.
D{4,3) 23.69 pa || Dfv,.10 §.22 || Distha  Mean Stanm.Dev. Skewzess
D(4,2) 15.61 pm | D{v,.20 6.94 —
D(4,1) 10.52 pa I D{v,.30 9.99 ff Volume  23.69  16.93 0.50
04,0 7.97 pa j Div,.40) . 11.96 § Surface 10.28 1L.74 .09
D{v,.50] 21.13 j Length 4.79 5.13 §.04
D{],Z 10,28 pu ¢ D{v,.50] 30.34 { Numder 1.4 .14 8.12
D{3,1 7.01 pa §f Div,.70] 35.23
0(3,0 5.9 pm § Di{v,.80) 39.%¢ _
D(7,.90] 4§.13 '
D{!,I 4,79 pa | D(v,.99] 62.83 § Source =Data:pl0v((?
D{2,0 $.07 pa Racord §
Span 1.94
D(1,0)  3.47 pa || Onif. 0.70
1598 pil 10R459 / 0/ 0/0.00/1.00/
30% 4/ salt Soln 256
900 13 000000304



Appendix 7

Calculation of the power input per unit mass , £, and the eddies length scale,
respectively,

P
N_p == chBDS
Where
. P
VTpc
1
3 4
Eddy length= {(’“—] /e }
Pe
Phase N (rps) Re P (W) e (W/kg)  Eddy length
Conc. um
20.0 5.0 8933 0.32 0.29 59
20.0 6.6 11911 0.78 0.70 47
20.0 83 14889 1.52 1.38 40
20.0 10.0 17866 2.63 2.39 35
20.0 11.6 20844 4.18 3.80 31
20.0 13.3 23822 6.25 5.67 28
20.0 15.0 26800 8.90 8.07 25
20.0 16.6 29778 12.20 11.07 23
25.0 5.0 7636 0.33 0.29 66
25.0 6.6 10182 0.80 0.70 53
25.0 83 12728 1.57 1.38 45
25.0 10.0 15273 2.71 2.39 39
25.0 11.6 17819 431 3.80 35
25.0 13.3 20364 6.44 5.67 31
25.0 15.0 22910 9.17 8.07 29
250 . 166 25456 12.58 11.07 26
30.0 5.0 7203 0.35 0.29 69
30.0 6.6 9604 0.83 0.70 56
30.0 8.3 12004 1.62 1.38 47
30.0 10.0 14406 2.81 2.39 41
30.0 11.6 16806 4.46 3.80 36
30.0 13.3 19208 6.67 5.67 33
30.0 15.0 21609 9.49 8.07 30
30.0 16.6 24009 13.02 11.07 28
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Power number as a function of Reynolds number for a turbine mixer
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