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ABSTRACT

Local solids concentration in a mechanicaily agitated slurry mixing tank has
usually been measured by the withdrawal of a sample from the vessel. The accuracy
of this methed has been in question for a number of years and has been found to be
a function of the sample tube geometry, sampling velocity, position in the vessel and
slurry properties. The measurement of the true local solids concentration in slurry

mixing tanks suffers from the lack of a reliable measurement technique.

A novel conductivity probe was developed for measuring local solids
concentrations in slurries. It was found to be a suitable method for measuring more

concentrated slurries where methods such as optical techniques fail.

Comparison of solids conceniration measurements obtained by the sample
withdrawal technique and from the conductivity probe showed that significant errors
can result with the former. Although the flow profile is relatively well defined in
some regions of the mixing tank, the local solids concentration cainot be predicted

with correlations from the literature.
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NOMENCLATURE

The most commonly used symbols are described below.

where they occur in the text.

Symbol  Description

m s e Wy o

L] —
*

o

constant in Equation 4.3

exponent in Equation 4.3

baffle width

constant in Equation 2.3

bulk particle volume concentration
local particle volume concentration
sample particle volume concentration

consiant in Equation 2.10

diameter

impeller diameter

voltage

gravitational acceleration
impeller height above tank bottom
total liquid height in mixing tank
current

light intensity

electrical conductivity

constant in Equations 2.4 and 2.5
constant in Equations 2.8 and 2.9
constant in Equation 2.23
particle inertia parameter

impeller blade length

Others are defined

Units

m

volume fraction
volume fraction

volume fraction

pm

m

ohm'm’



Symbol  Description Units

L length of measurement section m
m  exponent in Equation 2.17 -
M  mass kg
N  mixer speed rpm
r radial distance from center of mixing tank m
R  mixing tank radius m
R electrical resistance ohm
s  particle density / liquid density -
S  dimensionless constani accounting for geometry in Equation 1.1 -
t temperature °C
T  mixing tank diameter m
Uy pipeline bulk velocity m/s
U, local upstream velocity m/s
Us sampling velocity m/s
V  volume m’
w impeller blade width m
x  distance m
X  weight percent solids -
X, width of the annulus containing particles which do not enter

the sample tube (Equation 2.7) mm
Y position m
Y, width of the annulus containing particles which do enter

the sample tube (Equation 2.6) mm
z  axial height in mixing tank m
z, sample tube insertion length from the

mixing tank wall (Equation 2.10) m
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Symbol  Description

Greek Symbols

T

¢

solids conductivity / liquid conductivity

angle of inclination
angle of sample tube face

angle of sample tube tip

relative sample tube thickness

(Wall Thickness/Sample Tube Radius)

molar absorption coefficient
angular position in mixing tank
viscosity

kinematic viscosity

3.1415926 ...

density

time

sample tube inside diameter

oY .
Y sum of a series

Subscripts
B  ballast
C  with solids
JS just suspended

liquid

xxiii

Units

degree

degree

degree

degree
Pa.s
m?/s
3

kg/m

mm



Symbol  Description

£ »w w oz

mixture
liquid only
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1. INTRODUCTION

1.1 Introductory Comments

Mixing is a common unit operation in the process and mineral industries. The
suspension of solids in a liquid within a stirred vessel is used in crystallization,
leaching and reactions utilizing a solid catalyst (Baldi et al., 1981). The stirred vessel
is the most common reactor for polymerization reactions (Gerstenberg et al., 1983)

due to its:

e suitability for batch and continuous operation.

e wide applicability from the laboratory to large scale.
e flexibility of mode of operation.

e standard construction.

e relatively simple conversion to other product types

Mixing vessels are also very common in gassed processes such as hydrogenation and
oxidation reactors, fermentation, waste water treatment, evaporative crystallization
and froth flotation (Chapman et al,, 1983a,b).

Recent reviews have shown that even though mixing has been well studied for
many years, there are still many areas that need to be examined. Classical areas for
research, such as mixer power consumption, are of lesser importance today for some
industries than are areas of mixer design which directly affect the product generated
(Carpenter, 1985). Ford et al. (1985) state that “if better mixing will achieve a 1%
yield improvement, then the mixer can be over-designed by 10,000% before the extra
energy cost negates the chemical saving'.

An important slurry mixing process parameter is the degree of solids
suspension. This is characterized by on-bottom motion of the solids, off-bottom
motion or complete uniformity (Oldshue, 1983). Off-bottom suspension is commonly

referred to as the point where all particles are in motion off the vessel bottom with

1



some velocity. It is a good indicator of optimal liquid-solid mass transfer versus
power consumption (Oldshue, 1983). The point of off-bottom suspension has been
extensively examined for many systems. The Zweitering correlation (Zweitering,
1958) (Equation 1.1) provides the best prediction due to the wide range of variables
covered (Nienow, 1985; Nienow et al, 1986).

S vcz.l dpo.z [8 (pp-py )]0.45 x 013

N, - ::5 (1.1)
Do
where:
d, = particle size (m)
D = impeller diameter (m)
g = gravitational acceleration (m/s’)
N, = just suspended mixer speed (1/s)
§ = dimensionless constant accounting for geometry
X = weight percent solids

p, = liquid density (kg/m?)
pp = particle density (kg/m?)

v, = kinematic liquid viscosity (m?/s)

Information on solids distribution in mechanically stirred vessels is relatively
scarce, but is very important in processes such as crystallization (Kipke, 1983).
Classical sampling is the removal of a small sample from the system. It has been
used as a means of measuring suspension uniformity or local solids concentration due
to its simplicity. However, representative samples are extremely difficult to withdraw

from a mixing tank (Nienow, 1985) because of inertia differences between the fluid



and particles of different size or density (Smith, 1990). Despite this serious
shortcoming, sample withdrawal continues to be used as a method of determining
local solids concentration in mixing tanks. Table 1.1 shows that of the mixing systems
reviewed, sampling was used by more than 50% of the investigators to determine the
concentration of the dispersed phase.

Other methods are available for measuring local solids concentrations in slurry
mixing tanks. Optical methods have been used (Bohnet and Niesmak, 1980; Tojo
and Miyanami, 1982; Fajner et al., 1985; Yamazaki et al., 1986; Ayazi Shamlou and
Koutsakos, 1989; Magelli et al, 1990) but are generally limited to solids
concentrations less than one or two percent. Conductivity methods were used by
Machon et al. (1982) and Rieger et al. (1988) and were able to measure a wide range
of solids concentrations. The liquid conductivity must generally be known and it

varies widely with a number of factors.
1.2 Objectives
The objectives of this study are to:
e Determine the reliability of local solids concentration measurements by sample
withdrawal from a slurry mixing tank under a variety of sampling and mixing

conditions.

e Develop and test a new conductivity method for measuring local solids

concentration.

® Measure and analyze sampling errors from a slurry mixing tank by comparing
sampling and conductivity measured solids concentration results.

® Investigate the conditions for which sampling can provide reliable local solids
concentration measurements from a slurry mixing tank.
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2. LITERATURE REVIEW

Concentration measurement techniques make use of a property that is
significantly different for each phase including density, electrical conductivity,
dielectric constant or absorption of electromagnetic radiation. The concentration of
each phase can be determined with an appropriate calibration curve (Nasr-El-Din
et al., 1987). Reviews of these techniques are given by Kakka and Phil (1974), Jones
and Delhaye (1976), Debreczeni et al. (1978), Kao and Kazanskij (1979) and Baker
and Hemp (1981).

This chapter outlines some of the techniques available for measuring the
concentration of solids in a slurry. All the techniques determine the average
concentration over a certain area or volume. The size of this area or volume can
vary with the technique used. This section begins with a brief outline of the
techniques that measure average concentration over a large volume of space and a
chord length. Since the objective of this study is to measure the local solids
concentration in a slurry mixing tank, a more detailed review of techniques that

measure solids concentration over a small volume of space is discussed.
2.1 Solids Concentration Measurement Over a Large Volume of Space

Gravimetric devices in this category include the vertical counterflow meter,
inclined pipe concentration meter and the straight pipe concentration meter
(Debreczeni et al., 1978; Kao and Kazanskij, 1979) and are depicted in Figure 2.1.
The first two methods use the pressure drop across a length of pipe (L) to determine
the solids concentration in that volume of pipe. The straight pipe concentration
meter directly measures the difference in weight of a given length of pipe due to the
presence of solids (assuming the solids density is different than the liquid density).

Capacitance methods have been used to measure the void fraction in gas-
liquid and gas-solids flows (Chun and Sung, 1986; Geraets and Borst, 1988; Barnes

et al., 1990). These techniques require relatively large solids to air mass flow ratios
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3 L 4
P —
Y
y Z2
a1
A

{A) VERTICAL COUNTERFLOW METER (B) INCLINED PIPE CONCENTRATION METER

Rubber Hose Bearing Measuring Section  Rubber Hose

——

N\————— Cantilever With Strain Gauges

(C)} STRAIGHT PIPE CONCENTRATION METER

Figure 2.1: Concentration Measurement in a Large Volume of Space:
Pressure Drop and Weighing Methods
Adapted From: Debreczeni et al. (1978) and Kao and
Kazanskij (1979)

and gas-liquid methods tend to be sensitive to the flow pattern within the pipe.
Tournaire (1986) devised a conductivity probe with six flush mounted
electrodes on a pipe driven by a rotating electric field that was relatively insensitive
to the void fraction distribution in the gas-liquid flow. Most conductivity devices
have electrodes in ccntact with the solution being measured. Electrodeless
conductivity sensors have electrodes that are not in contact with the solution and are
especially suited for very conductive or corrosive slurries, highly abrasive slurries or
those containing fibrous material. In a typical instrument, shown in Figure 2.2, the

sample flows through a pipe that is surrounded by two toroidal coils. One coil acts
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PIPE TOROIDAL WINDINGS

Figure 2.2:  Electrodeless Conductivity Cell
Adapted From: Liptak and Venczel ( 1982)

as the transmitter and the other as the receiver (Perry and Chilton, 1973; Liptak and
Venczel, 1982; Considine and Considine, 1985).

22 Solids Concentration Measurement Over a Chord Length

A variety of methods measure solids concentration over a chord extending
through a pipe or vessel. Ong and Beck (1975) used ultrasonic sensors but found
that the calibration curve was a function of flow velocity. Keska (1978) and Green
and Cunliffe (1983) used capacitance methods in slurry systems. Peters and Shook
(1981) measured the amplitude of voltage fluctuations from a vertically mounted
magnetic flowmeter to determine the time averaged slurry solids concentration. They
found however that the relationship with solids concentration was nonlinear.

Kao and Kazanskij (1979) discussed a method using a gamma ray gauge,

neutron gauge and conductivity sensor for measuring solids concentration of three
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component slurries containing coal, refuse and water. The solids density and gamma
energy attenuation coefficient must be known. There are also particle size
limitations and a trade-off between the maximum measurable particle density and
maximum chord length.

Optical methods have been used by Musil (1976), Bohnet and Niesmak (1980),
Fajner et al. (1985), Ayazi Shamlou and Koutsakos (1989) and Magelli et al. (1990)
to measure solids concentration along chords of various lengths in mixing tanks.
Stanley-Wood et al. (1981) used the scattered light from two laser beams and the
magnitude of the auto-correlogram at zero time shift to determine the chord
averaged solids concentration in a slurry pipeline. They found however that the
signal was dependent upon particle size. In all these optical concentration
techniques, measurements are only possible when the solids concentration is less than
one to two percent by volume. This is due to scattering and blocking of the light
between the source and the detector. This seriously limits the usefulness of optical
detectors for determining solids concentration in most slurry systems. Yianneskis
(1987) indicates that this concentration range can be extended by closely matching
the refractive indices of the solid and the liquid.

A series of papers (Beck et al., 1971; Lee et al., 1974; Ong and Beck, 1975)
outline the details of a novel conductivity sensor useful for solids concentration
measurement over a chord length in a slurry pipeline. An important difference
between this technique and other conductivity methods was that the liquid
conductivity was not measured to determine the solids concentration. The mean
value of fluctuations in the instantaneous conductivity due to the movement of solids
past the sensor electrodes were measured. A band-pass filter, with a range of 1-1000
Hz, was used to eliminate low frequency fluctuations caused by variations in the fluid
conductivity due to temperature or composition changes. Drawbacks of this
technique included calibration curves which were dependent upon slurry velocity,
electrode type and configuration.

All the techniques mentioned to this point provide an average concentration

over a large length, area or volume of space. However, multiphase flows are rarely
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homogeneous. These methods reviewed do not give information about the local
solids concentration. This may not be a concern when only a bulk average

concentration is desired, but for many applications, local solids concentration

measurements are required.
2.3 Solids Concentration Measurement Cver a Small Volume of Space

The three methods of local solids concentraticn measurement discussed in this
section are sample withdrawal, optical and electrical techniques. Sampling from
slurry pipelines is first reviewed since the flow direction is known and the flow
structure is fully developed. This is followed by a review of sampling from mixing
tanks where the flow structure is more complicated. A short discussion of optical

methods is presented, followed by an outline of the various electrical (conductivity)

concentration probes.
2.3.1 Sample Withdrawal
2.3.1.1 Sampling From Vertical Slurry Pipelines

The objective of sample withdrawal is to obtain a sample that is representative
or identical in all properties, to the system being sampled at the point of sampling.
The sampling efficiency, or the separation or aspiration coefficient, is defined

as the ratio of the sample solids concentration to the actual local solids concentration

(Nasr-El-Din, 1989).

Sampling Efficiency = Cs/Co (2.1)
where:
Cs = solids concentration obtained by sample withdrawal.
Co = local solids concentration.
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A sampling efficiency of unity implies that there is no sampling error while a
sampling efficiency different than unity indicates a sampling error.
Nasr-El-Din (1989) states that there are three factors that lead to non-

representative sampling of slurry systems:

o Particle inertia.
° Flow structure ahead of the sampler.
° Particle bouncing.

Particle inertia refers to the inertia of a particle relative to the inertia of an equal
volume of the surrounding fluid. The flow structure ahead of the sampler can be
non-uniform due to the lack of a well developed t=ctilinear flow or disturbance of
the flow by the sampler. Particle bouncing will be discussed later.

Sampling errors due to particle inertia are a result of disturbances of the fluid
flow ahead of the sampling device by the sampler and how the particles respond to
these disturbances. Coarse or heavy particles with high inertia do not respond to
rapid changes in the fluid direction and will tend to separate from the fluid flow.

Fine or light particles with low inertia will follow the fluid flow more easily.
2.3.1.1.1 Sampling With Thin L-Skaped Probes

Thin L-shaped sampling probes are commonly used to measure solids
concentration in slurry pipelines, as shown in Figure 2.3 (Rushton and Hillestad,
1964; Karabelas, 1977; Hayashi et al., 1980; all from Nasr-El-Din, 1989). Particle
inertia has a significant effect on the solids concentration obtained from these
devices.

Anisokinetic sampling (sampling velocity (Us) different than the local pipe
velocity at the point of sampling (U,)) will cause the fluid streamlines ahead of the
sample nozzle to either converge or diverge as shown in Figure 2.4. The inertia of

the particles in the flowing fluid, governs how the particles respond to the deflected
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Figure 2.3: L-Shaped Sampling Probe in a Vertical Shurry Pipeline

Adapted From: Nasr-El-Din (1989)
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Figure 2.4: Flow Streamlines Ahead of a Sampler
Adapted From: Nasr-El-Din (1989)
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fluid streamlines. Two extreme cases exist. Very small particles or those with a
density approaching the fluid, have very low inertia relative to an equal volume of
fluid. These particles can follow the fluid streamlines, even if deflected due to
anisokinetic sampling, and will enter the sampler. Sample solids concentration is not
affected by the sampling velocity. Very coarse or dense particles have very high
inertia relative to the fluid drag and tend to travel in straight lines "like bullets”
(Nasr-El-Din, 1984). At a relative sampling velocity (Us/U,) less than unity, more
particles are sampled than at the isokinetic velocity (Us/U, = 1), resulting in a
sample concentration higher than the local pipe concentration. At Ug/U, greater
than unity, many particles miss the sample tube resulting in a sample solids
concentration (Cs) lower than the upstream local solids concentration in the pipe at
the point of sampling (C,).

The response of a particle to deflections in the fluid streamlines is a function
of the dimensionless group known variously as the Stokes number, Barth number or

particle inertia parameter (K). It is defined as:

_ P U, (2.2)
18 u, (¢/2)
where:
d, = particle size (m)
U, = local velocity (m/s)
p, = liquid viscosity (Pa.s)
pp, = particle density (kg/m’)
¢ = sample tube inside diameter (m)

Model predictions and experimental results discussed by Nasr-El-Din (1989)
show that as the particle inertia parameter increases, sampling errors increase

because increasing particle inertia decreases the importance of the particle drag
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force. Particle trajectories will then deviate more from the corresponding fluid
streamlines and result in greater sampling errors.

Figure 2.5 shows that as the local concentration in the vertical pipeline
increases, sampling errors decrease. This is again due to particle inertia. Increasing
solids concentration increases the drag force experienced by the particle, causing the
particle to deviate less from the fluid streamlines.

The effect of sample probe diameter was reviewed by Nasr-El-Din (1984).
Sampling with small diameter probes was required to measure local solids
concentrations precisely but these small probes can cause significant sampling errors
due to particle deposition in the sample tube. Particle deposition errors can be
reduced by using simple, short sampling probes. It was also recommended that the

sample tube diameter be at least five to six times the particle size to minimize

sampling errors.

2.3.1.1.2 Sampling With Blunt L-Shaped Probes

Thick walled L-shaped sampling tubes with blunt ends are more robust than
thin-walled sampling tubes in the presence of abrasive solids flow. The blunt sample
tube distorts the local fluid flow however and particle inertia leads to sampling
errors. Nasr-El-Din (1989) showed that as the relative sample tube wall thickness
(8, ratio of the sample tube wall thickness to the sample tube radius) increased,
distortions of the fluid flow increased and so did the sampling error (Figure 2.6).
Particle bouncing was also found to cause the sampling errors with these probes.
Particle bouncing results when a particle loses some of its inertia as it strikes the
blunt end of the sample tube. The particle can then more easily be withdre+4 into

the sampling tube. A thicker sample tube wall results in more particle bouncing and

larger sampling errors.
Nasr-El-Din  (1989) found that when sampling polystyrene particles

(pp = 1050 kg/m®)inwater with blunt L-shaped probes, no sampling errors occurred,
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Figure 2.5:  Effect of Solids Concentration on L-Shaped Probe Sampling Efficiency
Adapted From: Nasr-El-Din (1989)
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Figure 2.6: Effect of Probe Wall Thickness on Sampling Efficiency
Adapted From: Nasr-El-Din (1989)

21



regardless of the sampling velocity or the sample probe thickness. The inertia of

these particles was so low that they were unaffected by the fluid fiela distortions

caused by the blunt sample tube.

Sampling errors with blunt probes were eliminated by tapering the probe tip
to an angle of 18° or less. With the tapered sample tube, distortions of the flow field
by the sampling tube were minimized and particle bouncing was not a factor.
Sampling results were equal for all thicknesses of sample tube. Sampling at the

isokinetic velocity was still required in order to obtain representative samples.
2.3.1.1.3 Side-Wall Sampling
Side wall sampling, shown in Figure 2.7, is a common method of sampling

slurries due to its simplicity of operation. Only a small opening is required in the

pipe wall and a sample tube does not obstruct the fluid flow. With this type of
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Figure 2.7:  Side-Wall Sampling from a Vertical Slurry Pipeline
Adapted From: Nasr-El-Din (1989)
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sampling device however, particles must change their direction by 90° to be
withdrawn into the sample tube. The sampling efficiency is a strong function of the
particle inertia and upstream solids distribution (Nasr-El-Din, 1989).

The solids collection mechanism as well as the performance of the side-wall
sampler is quite different than for the L-shaped sampling probe from vertical slurry
pipelines. The sample concentration increases with sampling velocity for side-wall
samplers as shown in Figure 2.8 whereas the opposite is true for L-shaped probe
samplers (Figure 2.5). The sample solids concentration (Cs) is normalized by the
bulk solids concentration in the pipe (Cg) in Figure 2.8. The side-wall sampler
withdraws slurry from across the pipe cross section and not from a local point. It is
therefore unreasonable to normalize the sample solids concentration with the local
concentration (C,) as is done for L-shaped probe samplers. Similarly, the sampling
velocity (Us) is normalized by the bulk velocity (Us) across the pipe cross section
rather than the local upstream velocity (Uy), as is the case with the L-shaped sample
probe.

The effect of bulk solids concentration is the same for both side wall and L-
shaped probe samplers (Figure 2.8). Increasing particle concentration increases the
drag force exerted by the fluid on the particles and subsequently the particle
acceleration, thus allowing the particles to follow the fluid flow more easily. The
sampling efficiency increases with bulk solids concentration.

The sample tube diameter (¢) was found to have a large effect on the
sampling efficiency, when sampling from the side wall of a vertical slurry pipeline
(Figure 2.9). At a given particle velocity past the sample tube opening, less time is
available for the particle to turn 90° and enter the small diameter sampler than to
enter the larger sampler. This results in fewer particles entering the small sample
tube and lower sample solids concentration at a given sampling velocity (Nasr-El-Din,
1989).

The experimental results of Nasr-El-Din (1989) showed that the sampling

efficiency of side-wall samplers is a strong function of particle size (Figure 2.10). As
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Figure 2.10: Effect of Particle Size on Sampling Efficiency for Wall
Sampling from a Vertical Slurry Pipeline
Adapted From: Nasr-El-Din (1989)

shown in Equation 2.2, the particle inertia parameter increases with the square of the
particle diameter. Higher particle inertia results in significant deviations of the
particle trajectories from the 90° change of direction of the fluid streamlines into the

side-wall sampler. Lower sampling efficiency with increasing particle size is the

result.
The sample particle size distribution is also significantly effected by sampling

velocity into a side-wall sampler. Results show that as the sampling velocity ratio
decreases, fewer coarse particles are sampled due to their high inertia. The sample

particle size distribution tends to be finer than the bulk solids particle size

distribution.

2.3.1.1.4 Side-Wall Sampling With a Projection
One method of increasing the sampling efficiency of a side-wall sampler is to
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add a projection (Figure 2.11). The projection provides very different sampling
results (Figure 2.12) since the flow pattern ahead of the sample tube is altered by the
projection. In addition, different sampling results are obtained by different types of
projected sampling probes (straight projection, side port probe, 135° angle probe).
This is again due to different flow fields ahead of the different sampling tubes.
Particle bouncing is likely a significant factor affecting the sampling efficiency
of projecting sample probes. Particles tend to hit the projection, lose inertia and

enter the sample tube (Nasr-El-Din, 1989).
2.3.1.1.5 Effect of Flow Structure Ahead of the Sampler

The discussion to this point has focused on situations where the flow structure
ahead of the sampler is rectilinear, as would be found in the fully developed flow in
a pipeline. Deviations from this type of flow, caused by pipe fittings (e.g. elbows and
tees) in a pipeline or from systems with complicated flow patterns (such as mixing
tanks), makes it very difficult to align the sample probe with the slurry flow direction.
Downstream from a pipe elbow for example, secondary flows cause the bulk flow to
be helical. Because of the helical motion, it is very difficult to align the probe with
the fluid velocity vector. Consequently, and because of the inertia effect, the sample
concentration will always be less than the upstream concentration (Lundgren et al,,
1978 from Nasr-El-Din, 1989). In addition, Dunnett (1989) explains that a sample
tube not oriented parallel to the main flow direction can be thought of as a blunt

body as its physical presence affects the fluid flow.

2.3.1.1.6 Summary of Sample Withdrawal From Slurry Pipelines

It has been shown in this section that obtaining representative samples from
a vertical slurry pipeline is not straight forward. Trying to take "short-cuts" by using
simple side wall samplers or robust thick L-shaped probe samplers can lead to non-

representative samples due to the orientation of the sample tube relative to the
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Adapted From: Nasr-El-Din (1989)
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upstream flow field, disturbance of the upstream flow field and particle inertia
relative to the fluid. Representative samples can be obtained regularly from vertical
slurry pipelines by using thin or properly tapered L-shaped samplers oriented

precisely with the upstream flow and sampling at the isokinetic velocity.
2.3.1.2 Sampling From Mixing Tanks

The need to know and control the concentration of the suspended phase in
mixed slurry reactors is very common. One of the biggest problems with measuring
the concentration of the suspended phase in a mixing tank by sampling is the
requirement outlined previously of a well defined flow field ahead of the sampler.
This is not an easy condition to meet.

The flow field ahead of a radial flow impeller is relatively well known.
Rushton (1965) described the radial velocity of flow on the center line of a radial
flow turbine as an expanding jet from the impeller (Figure 2.13). The radial velocity
(U,, m/s) is given by:

- B,ND? 2.3)
r
where:

B, = constant dependent upon the number of impeller blades and the ratio

of the impeller to tank diameter.
N = impeller speed (1ps).
D = impeller diameter (m).
r = distance from the center of the impeller (m).

This equation is applicable only on the plane of a radial flow impeller between the
impeller blade tip (r/R = D/2R) and near the tank wall (r/R = 0.95). Radial flow
from the impeller impinges on the tank wall and splits into flow upwards and

downwards along the tank wall. For this reason, Equation 2.3 is only valid to radial
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B,
D/T 4 Blades 6 Blades
0.40 0.967 1.15
0.33 0.952 1.13
0.25 0.928 1.10
0.20 0.910 1.08

Table 2.1: Radial Impeller Flow Constants for Equation 2.3

locations near the tank wall. Values of B, for standard flat-blade radial flow turbines
of various diameters (D/T = ratio of the impeller to tank diameter) are given in

Table 2.1.
Rushton (1965), Rehakova and Novosad (1971a,b) and Sharma and Das
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(1980) developed empirical or semi-empirical equations to describe the solids
concentration obtained by the withdrawal of a sample from the impeller plane of a
radial flow impeller in a mixing tank. The ranges of parameters covered in each
study are summarized in Table 2.2. All three relations are valid only for fully

suspended solids, sampling at the plane of a radial flow impeller and midway

between two baffles (8 = 45°).

Rushton (1965) Rehakova Sharma and
and Das
Novosad (1980)
(1971a,b)
Axial Location Impeller Plane Impeller Impeller Plane
Plane
Radial Location 0.95R 0.85R 0.75R - 0.94R
Angular Location 0 = 45° 0 = 45° 8 = 45°
Solids Distribution Fully Fully Fully
Suspended Suspended Suspended
Impeller Type Radial Flow Radial Flow Radial Flow
Sample Tube Tip Shape Sharp Blunt Sharp
Bulk Solids 0.01 - 0.20 0.0018-0.0025 | 0.0815 - 0.163
Concentration (volume
fraction)
Particle Size (pm) 100 - 250 180 - 900 250
Particle Density (kg/m’) 2410 1018 - 2665 2600
Liquid Density (kg/m’) 1000 780 - 1000 1000
Velocity Ratio (Us/U,) Not 0.2-5.6 0.80 - 1.20
Available

Table 2.2: Parameter Ranges For Mixing Tank Sample Concentration Correlations
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Rushton found the following effect of sampling velocity ratio (Uy/U,) on the

sample normalized solids concentration (Cs/Cy):

Cs ICy = k| (Ug JU, ) % Us U, < 1 (2.4)
Cs ICy = ky (Ug |U, ) 0% Us IU, > 1 (2.5)
where:
k=1 at r/R = 0.95.
k, =125 atr/R =1.0.

applicable for:
100 < d, < 250 pm

pp = 2410 kg/m®, p, = 1000 kg/m’

001 < Cz; < 020 (volume fraction)

The exponents in Equations 2.4 and 2.5 were found to be a function of
particle size, as shown in Figure 2.14 for 50 um glass beads in water and 100 - 250pm
glass or sand in water. The curves in Figure 2.14 closely resemble those for sampling
with L-shaped probes from slurry pipelines (Figure 2.5). This is reasonable since the
flow field in this region of the mixing tank is mainly radial from the impeller to near
the wall and the sample tube was aligned with this flow, as is an L-shaped sampling
probe in a pipeline. The difference in particle inertia for the two particle sizes
results in the deviation shown in Figure 2.14.

At the isokinetic sampling velocity (Us/U, = 1), calculated from Equation 2.3,
the Rushton equations predict the sample solids concentration (C;) to be equal to
the BULK solids concentration (Cp) in the mixing tank, not the local solids

concentration at the point of sampling (C,). The Rushton equations cannot determine
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Figure 2.14: Effect of Particle Size on Sample Concentration From
the Impeller Plane of a Mixing Tank

sampling efficiency (Cs/C,) from a mixing tank, but can only show how the sample
solids concentration deviate from the BULK solids concentration in the mixing tank.
Rushton did not have a method of measuring the local solids concentration (Cp) in
the mixing tank and was therefore not able to determine sampling efficiency.
Figure 2.14 indicates that the difference between the sample solids
concentration (Cs) and the bulk solids concentration (Cp) in the mixing tank is much
more severe at velocity ratios (Us/Uo) less than unity than for Us/U, > 1. For
example, at Us/U, = 3, the concentration ratio (Cs/C) is 8% less than unity, while
at Ug/U, = 0.3, the concentration ratio is 15% larger than unity. This is again
similar to sampling from slurry pipelines with L-shaped sampling probes (Figure _.5).
In a situation where no information is known about the solids-liquid system being
sampled or the mixer speed, then it is advisable to sample at a high sampling velocity

rather than at a low velocity. This will minimize the difference between Cs and Cs.
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Sampling errors from an L-shaped sampling probe in a slurry pipeline,
decreased with decreasing particle size. A similar trend is seen when sampling from
a mixing tank on the plane of a radial flow impeller in Figure 2.14. In this case
however, the sampling efficiency (Cs/C,) and thus the sampling error are not known
since C, is unknown.

The constant k, in Equations 2.4 and 2.5 was found to be a function of the

particle and liquid densities. Rushton (1965) says that for alumina-type cracking

catalysts (pp = 1.6), k, was 0.90 at r/R = 0.95 as opposed to 1.0 for sand or glass

(pp = 2.41). This indicates that there was a lower concentration of solids at the

sampling point for the lower density alumina versus the higher density sand. The low
density solids may have been more evenly suspended throughout the vessel than the
higher density solids, thereby making the local solids concentration on the impeller
plane at r/R = 0.95 (sampling point) lower.

Rushton found that if the sampling tube was flush with the mixing tank wall
(r/R = 1.0), then the sample solids concentration at the same sampling velocity ratio
(Us/U,) was 25% higher than at the point away from the wall (r/R = 0.95). The
center-line flow from a radial impeiler reaches stagnation at the mixing tank wall
(Rushton, 1965) and the solids travelling in this flow will impinge upon the tank wall
and lose inertia. As seen previously when sampling om slurry pipelines, the particle
bouncing effect results in increasing sample solids concentrations as the thickness of
the sample probe increases (Figure 2.6). When the solids impinge upon the mixing
tank wall, it is very similar to a very thick sample tube wall. This appears to result
in large particle bouncing effects, with many particles losing enough inertia that they
are withdrawn into the sample tube. The sample solids concentration is therefore
much higher at the wall than away from the wall.

Rushton briefly examined the sampling errors that result when the sample
tube was not oriented in the same direction as the flow. Samples were withdrawn
from sample tubes mounted flush with the mixing tank wall, 5.1 cm above the

impeller plane and 5.1 cm below, and at the isokinetic sampling velocity calculated
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from Equation 2.3 for the tank wall. At these positions, the flow is moving axially
along the tank wall, at right angles to the sample tube.

The results shown in Table 2.3 indicate large differences in sample solids
concentration are obtained by simply moving along the mixing tank wall. Similar
results are obtained from a vertical slurry pipeline when the sample is withdrawn
from the pipe wall. In this system however, wall sampling gives sample solids
concentrations (Cs) consistently LOWER than the bulk solids concentration (Cp) in
the pipeline (Figures 2.8, 2.9 and 2.10). This is not the case in the mixing tank as
seen in Table 2.3. At positions above and below the impeller plane, the sample
solids concentration is consistentty HIGHER than the bulk solids concentration in
the mixing tank, similar to sampling from the bottom of a horizontal slurry pipeline
(Nasr-El-Din et al., 1989a,b). The sample tube mounted flush along the mixing tank
wall, actually withdraws slurry from the vicinity of the sample tube opening. It
appears that the local solids concentration in the mixing tank in the vicinity of the
sample tube opening at these locations is significantly higher than the bulk
concentration in the mixing tank. This would account for the high sample solids
concentrations obtained at these points. Without a measure of the local solids
concentration at these points however, this cannot be determined conclusively.

Rehakova and Novosad (1971a,b) undertook a theoretical analysis of sample
withdrawal from the impeller plane of a mixing tank stirred with a radial flow

impeller. The assumptions made in their analysis were:

Axial Location of Sample Tube Cs/Cy at Ug/U, = 1
(Flush with Tank Wall)
Impeller Plane 1.25
5.1 cm ABOVE Impeller Plane 1.55
5.1 cm BELOW Impeller Plane 1.10

Table 2.3: Sample Solids Concentrations From the Mixing Tank Wall
Adapted From: Rushton (1965)
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a homogeneous suspension in the vessel.

the paths of the liquid and solids were straight lines.
spherical solids.

the effect of gravity was neglected.

the radial liquid velocity was constant.

The correlations developed by Rehakova and Novosad are as follows:
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an isokinetic arrangement of the sample tube to the impeller.

(2.6)

(2.7)

2.8)
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and:

X, = width of the annulus containing particles which do not enter the sample
tube (mm).

Y, = width of the annulus containing particles which do enter the sample
tube (mm).

k, = constant = 123.5 (best fit of Rehakova and Novosad’s data)

s =pplp

Similar to Rushton’s correlations, Equations 2.6 to 2.9 give no measure of the
sampling efficiency (Cs/C,) since the local concentration (C,) is unknown. These
equations only predict the sample solids concentration, relative to the bulk solids

concentration in the mixing tank.
The sample solids concentration (Cs) from these equations is a function of the

sample velocity ratio (Us/Uy), similar to Rushtcn’s correlations. Rehakova and

Novosad improved upon Rushton’s work by including the effect of the liquid and
particle densities (p, » pp) and the sample tube diameter (¢). These equations are

implicit however, and require a trial and error solution of the annulus widths X, and
Y,. The Rushton equations can be solved explicitly.

Rehakova and Novosad found surprisingly that there was no effect of particle
size on the sample solids concentration. In contrast, Rushton (1965) found that the
deviation of the relative sample solids concentration (Cs/Cs) from unity was less for
small particles than for larger particles. The sampling efficiency (Cs/Cy) when
sampling from slurry pipelines was also found to be a strong function of particle size
(Figure 2.10). This is to be expected since the particle inertia depends upon the
square of the particle size (Equation 2.2) and particle inertia can significantly affect
sampling efficiency.

The experimental study undertaken by Rehakova and Novosad (1971b) only
covered very dilute slurries (0.0018 < Cy < 0.0025). This limits the applicability of

these equations, as the constant k, in Equations 2.8 and 2.9 was a best fit of the
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experimental data.

Rehakova and Novosad found that the relative sample solids concentration
(Cs/Cs) was about four percent higher than unity at the isokinetic sampling velocity
(Us/U, = 1). This again differs from Rushton’s findings, where C;/C, = 1 at Ug/U,
= 1. This may be due to the particle bouncing effect seen when sampling from slurry
pipelines with blunt L-shaped sample tubes (Figure 2.6). Rehakova and Novosad
used a sample tube with a blunt tip, whereas Rushton used a sample tube with a
tapered tip. Impaction of particles on the blunt sample tube tip causes some of the
particles to lose inertia and be withdrawn into the sample tube. This results in
higher sample solids concentrations than obtained with tapered sample tubes.

In a similar study, Sharma and Das (1980) studied the sampling efficiency
from the impeller plane of a mixing tank stirred with a radial flow impeller. Their

correlation is as follows:

(%i-x)=cl(p’—°‘)(ﬁ)°"

U
(2)1-1 (2.10)
B PL ¢ I

Us

0.028 for the 250 um glass beads - water system used in this study.

0
n

sample tube insertion length from the mixing tank wall (mm).

N
il

The sample solids concentration predicted from Equation 2.10 is only relative
to the bulk solids concentration in the mixing tank as was the case with the equations
of Rushton (1965) and Rehakova and Novosad (1971a,b). These equations cannot
give an indication of the sampling efficiency (Cs/C,) since the local solids
concentration in the mixing tank (Cy) is unknown.

The sample solids concentration from Equation 2.10 is dependent upon the
relative sampling velocity (Us/U,) as is the Rushton and Rehakova and Novosad

correlations. Similar to Rehakova and Novosad’s equations, Equation 2.10 is also a

function of the particle and fluid densities (p, , p,) and sample tube diameter ().
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Sharma and Das (1980) have also included the sample tube insertion length as a
parameter controlling the sample solids concentration. They caution that Equation
2.10 is only valid for z, > 0.06R. Values smaller than this approach the mixing tank
wall, where a stagnation point in the center-line flow from the impeller exists. It is
possible to use Equation 2.10 at radial locations from 0.75R to 0.94R, whereas the
Rushton and Rehakova and Novosad equations are valid at only fixed radial
locations of 0.95R and 0.85R respectively (Table 2.2).

Sharma and Das found the constant C, in Equation 2.10, and thus the sample
solids concentration, was a function of particle size. This was similar to the findings
of Rushton, but opposite to those of Rehakova and Novosad. The equations of
Rehakova and Novosad must be used with caution since the lack of particle size
dependence is in disagreement with the findings of the other authors surveyed here.

Sharma and Das conducted several experiments with the sample tube 5 cm
above the impeller plane and 5 cm below the impeller. Similar to Rushton’s work,
Sharma and Das found that Cg > Cg above the impeller plane. They explain that the
concept of isokinetic withdrawal of a sample is not applicable in these cases where
the sample tube is not in line with the flow direction. The difference between
particle inertia and an equal volume of fluid will still play a dominant role in
affecting how the solids respond to changes in the fluid flow direction and thus in the
sample solids concentration.

The correlations of Rushton (1965), Rehakova and Novosad (1971a,b) and
Sharma and Das (1980) predict the sample solids concentration on the impeller plane
to equal the bulk solids concentration in the mixing tank at the isokinetic sampling
velocity. This sampling situation is similar to sampling from slurry pipelines with L-
shaped sampling probes. In this case however, the sample solids concentration
equals the local solids concentration at the isokinetic sampling velocity. No
independent measure of the local solids concentration was used by Rushton (1965),
Rehakova and Novosad (1971a,b) or Sharma and Das (1980) to determine if the
local solids concentration on the impeller plane of a mixing tank stirred with a radial

flow impeller was the same as the bulk solids concentration in the tank.

38



Barresi and Baldi (1987a) showed that the shape of a sample tube can
significantly affect the sample solids concentration obtained from a mixing tank
(Figure 2.15). This was dependent however upon the location in the mixing tank.
The mixing tank impeller in this study was a downward pumping axial flow impeller,
as described in Figure 2.15. The direction of flow in the mixing tank varies from the
bottom to the top of the vessel and thus the orientation of the flow relative to the
sample tube varies with position. In the upper regions of the vessel, the flow
direction tends to curve into the center of the vessel, away from the sample tube
opening. Similar sample solids concentrations are obtained for both sample tubes.
In the lower regions of the vessel, the flow past the sample tube is upwards and at
right angles to the sample tube face. The angled sample tube, with the tip opening
into the flow, consistently gives a higher sample solids concentration than the straight

faced sample tube. This is most likely due to particle bouncing on the protruding
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Figure 2.15: Effect of Sampler Shape on Solids Concentration Profiles in a
Mixing Tank. Adapted From: Barresi and Baldi (1987a)

dg, = 208 - 250 uym, C, = 0.0058, ¢ = 6.0 mm, r/[R = 09
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angled sample tube tip (Nasr-El-Din, 1989). Particles strike this protruding tip, lose
inertia and are withdrawn into the sample tube. This results in a higher sample
solids concentration than the straight faced probe, where particle bouncing is not a

factor.
In addition to variations of sample solids concentration with sampling method,

Beker (1970) from Nasr-El-Din (1984) showed that sample particle size distribution
was a function of the sampling velocity.

The rigid requirements outlined in Section 2.3.1.1 for obtaining representative
samples and the great difficulty in meeting these requirements in a mixing tank make
"sampling of a stirred suspension of solids ... difficult and unreliable" (Perry and

Chilton, 1973). Nienow (1985) stated that:

hould be isokinetic, i.e., it should be in a region

R

fi 1id and particles are moving at a velocity of
. magnitude and direction, and the withdrawal
veiovay should its2If be at this same magnitude and
direction. There are very few regions in a tank where the
flow is of sufficiently low turbulence intensity and is
sufficiently well defined to be sure that isokinetic sampling

is being used"

In addition, Rushton (1965) stated that "every measuring instrument or draw-off tube
interferes with the velocity pattern in the stirred liquid and makes accurate sampling
virtually impossible”. Despite these problems, determination of local solids
concentration in mixing tanks by sample withdrawal is attractive due to its simplicity
and continues to be used in several recent studies (Baldi et al., 1981; Buurman et al,,
1986; Barresi and Baldi, 1987a,b) (Refer to Table 1.1 for a more extensive review).
These results must certainly be viewed with caution (Nasr-El-Din, 1987b). Other
methods of local solids concentration measurement from mixing tanks must be

developed since solids concentration determination by sample withdrawal is unreliable.
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2.3.2 Optical Methods

Optical probes, based on light refraction and on light transmission through the
medium, have been used to determine local phase concentration. Refractive optical
probes have been generally limited to gas-liquid flows and produce a binary signal
that can be processed to give phase concentration (Hewitt, 1978; Moujaes, 1990).

Light transmittance optical probes, have been used by several workers for the
measurement of solids concentration (Cliff et al., 1981; Tojo and Miyanami, 1982;
Yamazaki et al., 1986) and liquid concentration (Schmidt et al., 1989). Two designs
are shown in Figures 2.16 and 2.17. Conversion of the transmitted signal to a phase

concentration follows the Lambert-Beer law (Schmidt et al., 1989) given by:

I' = I, exp(-€ C x) (2.11)

DETAIL A

FROM: LIGHT TO:
SOURCE DETECTOR

|

10 mm
SILVER ___} ’e— SILVER
-L FOIL <‘\/47 ForL
PRISMS
DETAIL A '__,I
2 mm

Figure 2.16:  Light Transmission Probe
Adapted From: Schmidt et al. (1989)
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Figure 2.17: Light Transmission Probe
Adapted From: Tojo and Miyanami (1982)

where:
I = light intensity at the measured concentration.
I; = light intensity at zero concen.ration.
C = phase concentration.
X = travelling distance through the medium.
e = molar absorption coefficient (characteristic for each species).

This technique appears to be limited to slurries with relatively low solids
concentration. Tojo and Miyanami (1982) found that since "a considerable part of
the light scattered by the particles was superimposed on the returring light in the
higher concentration slurries” the above relation was non-linear and was limited to
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slurries with less than ten weight percent solids.

A novel optical probe developed by Nelson and Oblad (1989) used for the
control of a coal fiotation cell, measures the amount of ash versus coal in the
flotation tailings stream. More ash in the tailings stream increases the reflectance

of the stream, thus altering the detector signal.
2.3.3 Electrical Methods
2.3.3.1 Types of Sensors

Electrical techniques available to measure phase concentration make nse of
the fact that the capacitance or conductivity of the two phases are different. The
capacitance methods reviewed, all dealt with measurement over a relatively large
volume and were covered in Sections 2.1 and 2.2. Several electrical conductivity
techniques are available for measuring local solids concentrations (Lee et al., 1974,
Jones and Delhaye, 1976; Musil and Vlk, 1978; Machon et al., 1982; Nasr-El-Din et
al., 1987; Rieger et al., 1988).

Figure 2.18 shows a conductivity probe for measuring solids concentration in
a slurry mixing tank (Musil and VIk, 1978; Machon et al., 1982; Rieger et al., 1988).
It uses two electrodes to measure the slurry conductivity within the volume of the
outer ring electrode. Mixing tank solids concentration profiles measured with this
conductivity probe are shown in Figure 2.19. The profiles show a similar trend to
those of Barresi and Baldi (1987a) (Figure 2.15) even though the measurement
techniques differ. Lee et al. (1974) developed a similar conductivity probe (Figure
2.20) for measuring the conductivity of an immiscible non-conducting liquid dispersed
in a conducting liquid between two sensor electrode points.

Four electrode conductivity sensors have been developed by Nasr-El-Din et
al. (1987) and Considine and Considine (1985), shown in Figures 2.21 and 2.22,
respectively. In the conductivity probe of Nasr-El-Din et al. (1987), the current

across the two field electrodes is maintained at a constant value and the slurry

43



20 mm I
|

S

Conductivity Probe for Measuring Local Solids Concentration
Adapted From: Musil and Vik (1978), Machon et al. (1982),

Rieger et al. (1988)
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Figure 2.19: Mixing Tank Solids Concentratica Profiles
Adapted From: Rieger et al. (1938)
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Figure 2.20: Conductivity Probe for a Mixing Tank
Adapted From: Lee et al. (1974)
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Figure 2.21: Four Electrode Conductivity Probe for a Slurry Pipeline
Adapted From: Nasr-El-Din et al. (1987)
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Figure 2.22: Four-Electrode Conductivity Circuit Used by
Considine and Considine (1985)

conductivity is determined by measuring the potential difference across the scnsor
electrodes. The probe of Considine and Considine (1985) operates in the oppositt
manner. "The alternating current through the entire cell is varied to maintain a
constant potential between the measuring electrodes. When this is done, the
conductivity of the electrolyte between the measuring electrodes is proportional to

the cell current”.
2.3.3.2 Limitations of Conductivity Probes

Conductivity sensors that are used to Jdotermine solids concentration in a
slurry must give reproducible measurements of the solution and slurry conductivity.
Measurement errors can be due to physical or chemical changes of the measuring

sensors or the solution being measured.
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Changes in the conductivity sensor elements can be due to an electrochemical
or polarization reaction on the electrodes. Devices employing a direct current are
sometimes used (Beck et al., 1971; Jones and Delhaye, 1976; Barnea et al., 1980) but
a "direct current will cause polarization of the electrodes and formation of a
resistance that will then alter conductivity measurement" (Hordeski, 1987). To
minimize this problem, low voltages can be used in conjunction with high speed flows
that tend to clean the electrodes (Jones and Delhaye, 1976; Goldstein, [983).
Another alternative is to determine solids concentration from the high frequency
conductivity fluctuations due to the solids motion (Beck et al, 1971). A low
frequency filter was used to eliminate the relatively slow changes in conductivity due
to the polarization phenomenon.

The majority of authors recommend the use of an alternating current to
minimize the effect of the polarization resistance (Kidder and Rosenthal, 1965;
Mansfield, 1973; Neale and Nader, 1973; Perry and Chilton, 1973; Lee et al., 1974,
Ong and Beck, 1975; Jones and Delhaye, 1976; Turner, 1976, Kuao and Kazanskij,
1979; Liptak and Venczel, 1982; Goldstein, 1983; Considine an:d Considine, 1985,
Yianatos et al., 1985; Tournaire, 1986; Hordenski, 1¢87; Nasr-ki-Din, c: al., 1987).
Table 2.4 outlines the frequency and waveform utilized by several authors. As can
be seen, the source frequency is generally on the order of 1000 Hz.

Some conductivity probes give signals that are dependent upon the velocity
past the sensor. This can be a sevzre limitation in situations where the local velocity
is not known, as is generally the case in mixing tanks. Lee et al. (1974), using the
probe shown in Figure 2.20 in a stirred tank filled w... a liquid-liquid dispersion,
found that as the stirrer speed was increased, the probe field voltage signal increased.
They related this to increasing turbulence in the vessel at higher stirrer speeds.
Similar results were seen in sand-water slurries in a pipeline (Beck et al., 1974, from
Nasr-El-Din et al., 1987). This phenomenon limits the use of these probes to areas
where the flow velocity is known or where a calibration curve can be developed.

Nasr-El-Din et al. (1987) developed the four electrode conductivity probe

shown in Figure 2.21 to minimize the polarization and velocity dependence of the
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Author Source Source
Frequency Waveform
Neale and Nader (1973) 1000
Ong and Beck (1975) 60,000 Square
Turner (1976) 1600
Considine and Considine (1985) 60 - 1000
Yianatos et al. (1985) 1000
Tournaire (1986) 10,000
Nasr-El-Din et al. (1987) 1000 Square

Table 2.4:  Alternating Current Frequencies and Waveforms for
Conductivity Probes

conductivity signal experienced with some two electrode instruments. The impedance
of the sensor circuit is so high that practically no current flows, minimizing any
polarization or velocity effects. In fact, "accurate potentials can be measured only
under conditions approaching zero current which minimizes errors resulting from
resistive potential drop and polarization effects” (Perry and Chilton, 1973). The
similar device of Considine and Considine (1985) shown in Figure 2.22 uses th< same
four electrode concept. Fouling or polarization problems were not a factor with this
device either.

To be able to determine solids concentration from conductivity measurements,
the solution conductivity must generally be measured. As will be shown, this value
is sensitive to changes in the local environment. For reliable measurements, either
calibration curves must be developed to compensate for these changes or the solution
conductivity must be measured frequently.

It is well known that the ionic strength of a solution or slurry has a very strong
effect on its electrical conductivity (Considine and Considine, 1985; Nasr-El-Din et
al., 1987). Nasr-El-Din showed that the addition of only 14.3 x 10° weight percent

of an anionic surfactant to tap water decreased the measured conductivity probe
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sensor voltage by nearly 20%.

Solution conductivity is also a strong function of temperature. Kidder and
Rosenthal (1965) state that the effect of temperature is to increase conductivity by
between 0.5 and 5% per degree Celsius for most common electrolytes, depending
upon the nature and concentration of both the electrolyte and the non-ionic materials
in solution. Turner (1976) found a 1.8% per degree Celsius increase for aqueous
NaCl solutions. Considine and Considine (1985) state that an increase of 2.5% per
degree Celsius is common for most solutions and Nasr-E!l-Din et al. (1987) found a
2% per degree Celsius increase for tap water. For reliable results, the system
temperature must be controlled or the results must be compensated for temperature
variations. Another method is to use a bandpass filter to eliminate the relatively
slow (low frequency) changes in the solution conductivity due to temperature while
measuring solids concentration from the high frequency portion of the signal (Beck
et al,, 1971; Lee et al., 1974; Ong and Beck, 1975).

The performance of a conductivity sensor can be a function of its physical
design and location. Nasr-El-Din et al. (1987) showed that conductivity
measurements from the four-electrode design shown in Figure 2.21 were sensitive to
the position of the probe relative to a boundary (in this case the wall of the slurry
pipeline). Significant deviations in the conductivity measurements occurred when the
probe was closer than about one to two centimeters from the pipe wall. These
deviations were largest if the field electrode with the smallest area was closest to the
wall. It was aiso found that the -».nductivity probe responded differently when
mounted in a pipeline built of an insulating material (acrylic) versus a conducting
material (steel).

The position effects for the insulating material were attributed to obstruction
of the field current flow by confining the conducting region by the boundary (Nasr-
El-Din et al.,, 1987). At a constant total field current (standard operation of this
conductivity probe), the current near the sensor electrodes was increased and the
measured sensor voltage increased when near a boundary. This increase in the field

current resistance and sensor voltage due to the insulating boundary was offs:.
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somewhat by approaching the boundary with the field electrode with the larger area.
The use of a conducting boundary reduced the field current confining phenomenon
but caused short circuiting if the small field electrode touched the pipe due to the
grounding method used.

Since the solution conductivity measurements can vary with ionic strength,
temperature and position, it would be difficult to entirely compensate for these
effects with the use of a calibration curve. It is most reliable to regularly measure
the solution conductivity to track any changes due to chemical, temperature or

position changes. Nasr-El-Din et al. (1987) used the following function to correct for

solution composition, temperature at a given position:

E(C,r,z,0) - E(O, 1,2 6) (2.12)
E(0,7,2,0)

where:
E(C,r, z,0) = slurry sensor voltage (conductivity) at position z, 1, 6.
E(O,r, z, 8) = liquid sensor voltage {conductivity) at the same position.

2.3.3.3 Two-Phusc Electrical Conductivity Expressions

To convert conductivity measurements into solids concentration, it is necessary
to have a calibration curve. A number of correlations are available. Maxwell (1881)

was one of the first to investigate suspension conductivity and deriver the following

expression:
ku — Ky =C kp -~ K, (2.13)
ky + 2k, kp + 2k,
where:
C = dispersed phase velume fraction.
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k, = mixture conductivity.
k, = dispersed phase conductivity.
k, = continuous phase conductivity.

Maxwell assumed that the suspension was dilute and that the solids were spheres,
such that "their effects in disturbing the course of the current could be taken as
independent of each other".

Despite these limitations, Turner (1976), when studying the conductivity of
liquid-solid fluidized beds of conducting and non-conducting solids, found the
Maxwell equation to be quite adequate to even packed bed concentrations if the

ratio of the selids to liquid conductivity (@) was less than about 10. Even for

« > 100, the Maxwell expression was adequate to solids concentrations of about
20%. Neale and Nader (1973) found that Maxwell’s relation was very good for
suspensions of containing 55% non-conducting spheres. Equation 2.13 adequately
predicted bubble concentrations to 30% in the bubbling zone of a gas-liquid bubble
column (Yianatos et al., 1985). Bashir and Goddard (1990) found that the Maxwell
equation was good for monodispersed suspensions of ion exchange beads for
concentrations up to 50% and 0.044 < a < 1.48.
For non-conducting solids (k, = 0), the Maxwell equation reduces to:

k, =k, %%‘g—)l (2.14)

The same expression was developed by Wagner (1914) in Pal and Rhodes (1985) and
by Hashin (1968) from Neale and Nader (1973).

Rayleigh (1892) (from Turner, 1976) developed an expression for the
conductivity of regular cubic arrays of non-conducting, mono-sized spheres under

conditions when their interactions cannot be neglected.
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1+ 3¢ (2.15)
034 C _C -2

Turner (1976) found that this relation diverged from experimental data at

concentrations greater than about 40% and had little useful advantage over the

simpler Maxwell equation.
Bruggeman (1935) (from Nasr-El-Din et al, 1987) extended Maxwell’s

relationship to cover mixtures of non-conducting solids in a conducting liquid and

obtained:

ky, =k, (1-C s (2.16)

An identical expression was derived by Hanai (1960, 1961a,b) in Pal and Rhodes
(1985) who developed a theory for concentrated dispersions based on Wagner’s
(1914) work. Pal and Rhodes found this expression to work very well for oil-in-water

emulsions to oil volume fractions up to 70% by volume.
De la Rue and Tobias (1959) (from Nasr-El-Din et al., 1987) measured the

conductivity of random suspensions of spheres, cylinders and sand particles in

aqueous solutions of zinc bromide and used a relation similar to Bruggeman:

k, =k, (1-C)" (2.17)

where:

m = 15 for 045 s C < 0.75

Prager (1963) (from Neale and Nader. 1973) developed a generalizzd diffusion
model for a suspension of arbitrary shaped particles in terms of statistical parameters

based on a random geometry (Yianatos et al.,, 1985). He gave:
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k, =k, {12C€X3C) (2.18)
3
Weissberg (1963) (from Yianatos et al., 1985) simplified Prager’s calculations
by considering an idealized bed in which the centers were randomly situated without
restricting the spheres to non-overlapping locations. Weissberg's expression is given
by:

-k, —H1C) 2.19
ku k"2—ln(l—C) (2.19)

Considering a cellular bubble shape, that may be found in the froth zone of
a gas-liquid bubble column, Fanlo and Lemlich (1965), Steiner et al. (1977) and
Desai and Kumar (1983) (all from Yianatos et al., 1985) used the relationship:

(1-C)
k, = k 2.20
ML o315 C (220)

Yianatos et al. found Equation 2.20 was quite adequate for bubble coucentrations in
the range of 60 - 95%.

Jeffrey (1973) (from Turner, 1976), developed an equation that accounted for
the "chance that a given central sphere may be approached closely by another sphere,
which will not occur in a regular, or in a well-spaced, array of the same

concentration”. The expression for mixture conductivity is given by:

k

k,=—2-’:[2—3C-3C2(E—%) (221

where: ¥ = sum of = slowly converging series requiring over 100 terms before

being correct to three significant figures.
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Turner found however that this relation diverged significantly from the Maxwell
equation for @ = 10 4 concentrati~™s « about 40%.
Begovich arnd Watson (157%; used the following empirical expression to

determine the mixture conductivity for a liquid-solid fluidized bed:

ky =k (1-C) (2.22)

Nasr-El-Din et al. (1987) found that this relation under-predicts the slurry resistance
for all concentrations when compared to either Maxwell’s or Bruggeman’s relations.

Machon et al. (1982) used another empirical expression:

ky =k (1-KkC) (2.23)

where:

k, = a constant to be determined experimentally.

Nasr-El-Din et al. (1987) advised caution when using the above relation since it has
no theoretical justification and is unrealistic at the limit C = 1, unless k; = 1.

An expression similar to Maxwell’'s was derived geome'#1Cas. for spherical

shape.: bubbles in a homogeneous regime by Yianatos et al. (1n35;:

oy (1-C) 2.24
ku k‘(1+o.ssc) (2.24)

The four relations that appear most realistic for this study (non-conducting
solids in a conducting liquid) are the Maxwell, Bruggeman, Prager and Weissberg
relations (Equations 2.14, 2.16, 2.18 and 2.19 respectively). They are compared in
Figure 2.23 by plotting the mixture and fluid resistances (proportional to the

conductivity probe sensor voltage) (Ry , R;’) versus the solids concentration. There

is littie difference between these equations for solids concentrations less than about
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Figure 2.23: Slurry Electrical Conductivity Expressions

40%. At higher solids concentrations, there are significant differences between the
four relations. Solids concentrations at or above the maximum packing for
monosized solids are difficult to obtain unless the particle size distribution is large.
In these situations, it would be advisable to use an equation such as Bruggeman’s,

that was developed for distributions of particles.

2.34 Summery

Several techniques have been shown to successfully measure local solids
concentration in slurry systems. Optical methods are limited to relatively low solids
concentrations. Capacitance methods have generally been limited to solids
concentration measurements over a large volume or chord length. Electrical
conductivity techniques appear to be the most promising for measuring local solids
concentrations of relatively concentrated slurries.

Many two-electrode conductivity probes suffer from a velocity dependence.
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This is very undesirable for application in a mixing tank where the local velocities are
not well known. The four electrode designs utilizing an alternating field current
(Considine ard Considine, 1985; Nasr-El-Din, 1987) do not appear to have this
limitation. The design of Nasr-El-Din (1987) has shown success at measu:..tg iocal
solids concentrations in a slurry pipeline. The L-shaped design i: best suited fo1 a
pipeline flow but not for a mixing tank. A straight conductivity probe of a similar
design would be better suited for a mixing tank.

Many expressions have been developed to convert the electrical conductivity
of a suspension to solids concentration since the early expression by Maxwell (1881).
None however show a significant improvement over the Maxwell equation for non-
conducting solids to solids concentrations to about 40% by volume.

A four-electrode conductivity sensor utilizing an alternating field current is the
most attractive for measuring local slurry conductivity in a slurry mixing tank. The
Maxwell (1881) correlation is a suitable equation for converting electrical

conductivity measurements to solids concentration, for non-conducting solids.
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3. EXPERIMENTAL STUDIES

This chapter outlines the equipment and liquid-particle system used in this
study. In addition, the sampling and conductivity experimental techniques, the

experimental limitations and estimation of errors are discussed.
3.1 Equipment
3.1.1 Vessel and Impellers

A review of the mixing tanks and impeller systems used by several
investigators was done so that the tank and impeller chosen for this study would be
similar to those from the literature. Table 3.1 summarizes the parameters reviewed
and the dimensions chosen for the equipment in this study. Table 1.1 provides a
more detailed review.

A schematic diagram of the mixing tank is shown in Figure 3.1. The vessel
was constructed of plexiglas to enable viewing of the mixing process. The impeller
was driven by a 1/4 H.P. variable speed D.C. motor, with the mixer speed measured
with a Cole-Parmer model 8211 optical tachometer.

Samples of the slurry in the mixing tank were withdrawn using sampling tubes
mounted axially along the vessel wall, midway between two baffles (8 = 45°) as
shown in Figures 3.1 and 3.2. The sampling tubes were located at axial positions
from near the bottom of the tank (z/H = 0.1) to near the top free liquid surface
(z/H = 0.9). The tubes could be inserted from the wall (r/R = 1.0) to the impeller
shaft (r/R = 0.04) of the tank, except on the impeller piane, where the range was
033 s r/R < 10. Sampling tubes up to 12.7 mm outside diameter could be
accommodated.

The top of the vessel was fitted with a conductivity probe mounting system to

allow positioning of the probe at any axia! pesition ix: «he tank and radial positions
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PARAMETER SYMBOL | UNIT TYPICAL PRESENT
VALUE FROM STUDY
REVIEW!

Tank Diameter T m various 0.29

Liquid Height H/T - 1.0 1.0

Impeller Diameter D/T - 0.08 - 0.61 0.33

Impeller Type Radial and Radial

Axial

Impeller Height h/T - various 9.3

Above Tank Bottom

Radial Impeller 1/D - 0.25 0.25

Blade Length

Radial Impeller w/D - 0.20 0.20

Blade Width

Number of Baffles 4 b

Baffle Width B/T - 0.10 0.10

Table 3.1: Mixing Tank and Impeciici Specifications

of the probe holder. Positions closer to the impeller could not be accommodated.
The anguiar positico covld be varied but was generally fixed at 8 = 45°, mid-way
between two baffles, as shown in Figurc 3.1.

The mixing ¢<periments were carried out using a six-bladed radial flow, disc-
type Rushton impeller shown in Figure 3.3. The flow profiles in a mixing tank for

a radial flow impeller of this type are shown in Figure 3.4.

I See Table 1.1 for full review and references.
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Figure 3.1: Mixing Tank Schematic

1 - Mixing Tank S - Stand
2 - Impeller 6 - Motor Controi
3 - D.C. Motor 7 - Conductivity Probe Holder

4 - Drive Belt
3.1.2 Sample Withdrawal

Slurry samples were withdrawn from the mixing vessel using a Cole-Parmer
Masterflex peristaltic pump equipped with 6.4 mm flexible tubing and a variable
speed drive. Samples were collected in a Kohlrausch flask, a wide mouth volumetric

flask, and the sampling time was measured with a stopwatch. This method, outlined
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Figure 3.3: Radial Flow Impeller
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Figure 3.4: Typical Flow Patterns in a Mixing Tank Stirred with a Radial Flow
Impeller

in Section 3.3.1, gave both the sample “lurry solids concentration as well as the
volumetric flow rate.

Figure 3.5 shows the sizes and shapes of the stainless steel sampling tubes
used in this study. The uside diameters (¢) of each tube were measured with a
micrometer. The radial positions of the angled tubes were standardized as shown ir
Figure 3.6. When positioned at the wall (r/R = 1.0), the angled tip of the sampliny
tube just projected into the tank.

A limited number of samples were obtained with a tapered sample tube as

shown in Figure 3.7. This sample tube had a tip angle of y = 18° as compared with

a tip angle of y = 90° for all the other sample tubes.
A summary of the ranges of mixing and sampling parameters covered in this

study are shown in Table 3.2.
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TUBE 200 mm
DIAMETER
B = 90° STRAIGHT TUBE

6 4 mm t_g“ ®=297mm
6.4 mm t@} ¢ = 4.55 mm B=as A\

ANGLED TUBES

f \J i}
12.7 ¢ = 10.87
o [Q - o B =135,

Figure 3.5: Sample Tube Dimensions

S
N
N
N

N r/R=1."
ANGLED SAMPLING \Si
TUBES 3

! MIXING TANK
WALL

Figure 3.6: Angled Sample Tube Radial Position
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= 041 T 777777777
Blunt - 16
Sample Tube ¢ =46mm
A A A A A A A A A A T
Y= A
T T T 77777 777N
Tapered ¢$ = 4.6 mm
Sample Tube TSNS SN SSS S
& = Wall Thickness / Sample Tube Radius
Figure 3./: Sample Tube Tip Angle
Varishle Symbol Units Range
Sampling Velocity s m/s 0.3-3.0
Mixer Speed N rpm 440 - 750
Position in Vessel
- Axial? z/H 0.1-09
- Radial’ r/R 0.1-1.0

Table 3.2: System Parameters Studied

2 z/H = 0.0 = Bottom; z/H = 1.0 = Top Liquid Surface.

0.0 = Impeller Axis; r/R = 1.0 = Tank Wall.
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3.1.3 Conductivity Probe

The conductivity probe used for measuring local solids concentration in tnese

tests was a modification of the design used by Nasr-El-Din et al. (1987). The probe,

shown in Figure 3.8, was constructed of straight stainless steel tubing, 4.8 mm in

diameter and 610 mm long. Two field and two sensor electrodes were located on the

sensing end of the conductivity probe (Details A and B). The sensor electrodes

consisted of two small gauge stainless steel wires set approximately 1 mm apart and

mounted flush with the flat end of the conductivity probe. The large field electrode

was the body of the conductivity probe while the small field electrode was a small,

half-round piece of thz 4.8 min tubing. All of the electrodes were set in place and

electrically insulated from each other with Caulk Orthodontic Resin from the L.D.

Caulk Company. The opposite end of the conductivity probe, outside the mixing

N

4.8 mm
STAINLESS STEEL
TUBING

610 mm

W ) DETALB

L

DETAIL A

SENSOR

SMALL FIELD ELECTRODES
ELECTRODE ™\

RESIN
LARGE FIELD .7 INSULATION

]

TO FUNCTION
GENERATOR

1

1

11

ELECTRODE REA
APPROXIMATELY 1 mm

SMALL FIELD RESIN

ELECTRODE ™\ [ INSULATION

LARGE FIELD _~
ELECTRODE

Figure 3.8: Conductivity Probe Schematic
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vessel, was a nine pin computer plug into which the four electrode wires were
connected.

The conductivity probe circuits are shown in Figure 3.9. The ficld current was
generated by an Interct2!« Electrcnics Corporution F51 function generator and
monitored by a Beckman 3010 multimeter with a +0.001 mA A.C “:solution. An
alternating s, 1are wave of 1000 Hz frequency and approximately 11 volts amplitude,
giving a 1.0 nuA field current, was used to avoid fluid electrolysis. A S000 ohm
variable ballast resistor was used to maintain the field current as constant as possible.
The sensor voitage was measured with a Fluke 77 multimeter with a resolution of + 1
mV. The sensor circuit had such a high impedance that there was essentially no
current flowiig. This minimized polarization of the sensor electrodes and the
associated problems outlined in Sevtion 2.3.3.2.

Conductivity prob< calibration tests were conducted in a suspension of slowly

FIELD CIRCUIT

FUNCTION
AMMETER GENERATOR  BALLAST RESISTOR

 Fauielulaioluluie (E) |sEnsOR circuIT

M- |

CONDUCTIVITY ‘i A.C. VOLTMETER
PROBE

-6

Figure 3.9: Conductivity Probe Circuit
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settling polystyrene particles in water. The particles were dry sieved several times to
produce a closely sized cut (300 - 355um). Several drops of a nonionic surfactant
(Triton X-100, C4H,,(C.H)(OCH,CH,),OH) were added to eliminate particle
flocculation and an aluminum stir-rod was used to homogenize the solution.

Measurements were made in a graduated cylinder at several solids concentrations by

adding water or polystyrene particles.
3.2 Liquid-Particle System

A summary of the liquid ai1... particle parameters covered in this study are
given in Tables 3.3 and 3.4. The fluid in all cases was tap water and the particles
were sand. The temperature of the system was not controlled but varied from 20 -
30°C. with a mean of 24.9°C and a standard deviation of 2.4°C. This mean
temperature was used to determine the fluid density, required to calculate the sample
solids concentration.

Particle densities were determined by displacement of water in a 500 ml
volumetric flask. Carc was taken to remove trapped air from the sand.

Reproducibility of these measurements was excellent with the ratio of the population

Density Mean Particle Bulk Volume
S:ce Concentration
Symbol Pp ds, Cy
(kg/m?) (pm) (Volume Fraction)
Sand Fraction 1 2635 82 0.30
Sand Fraction 2 2635 255 0.10, 0.30
Sand Fraction 3 2631 410 0.01 - 030
Sand Fraction 4 2630 500 0.10, 0.30
Sand Fraction 5 2625 1000 0.10

Table 3.3: Particle Properties
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Variable Symbol Units Value

Fluid Nersity o, i kg/m’ 997

Fluid Viscosity T : mPa.s 0.95

Table 3.4:  Water Properties at 24.9°C
From: Perry and Chilton (1973)
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Figure 3.10: Sand Particle Size Distributions

67




standard deviation to the meai averaging +0.12%. A complete summary of these

experiments i given in Appendix A.
Particle size distributions were m:.casured by sieving 150 gram samples for 25

minutes. The results are shown in Figure 3.10 with a complete tabulation of results

in Appendix A.
3.3 Experimental Technique

All experiments were run in batch mode using sand-water slurries. Dry sand
was weighed and added to the tank. Tap water was then added until the liquid level

in the mixing tank equalled the tank diameter (H/T = 1.0).
3.3.1 Sample Withdrawal

Prior to withdrawal of a sample from the mixing tank, the proper sample tube
was inserted to the desired axial and radial position in the tank. The mixer was then
started, set to the required speed and operated for five minutes before the sample
was taken. This was an adequate period fur the mixing vessel to come to steady-
state, as described in S¢rion 3.5.

To withdraw a slurry sample from the nrisiny vaik, JFe peristaltic pump was
started and allowed to run for several seconds until the flow was steady. A 300 to
400 ml sample was then collected in the 500 ml Kohlrausch flask and the sampling
inrerval was measured with a stopwatch. This sample size was approximately 2% of
the tank volume. Larger samples were not removed & they may have significantly
altered the bulk concentration in the mixing tiak. The pump was then reversed, the
line flushed out with water and the pump and mixer stopped.

The sample was weighed, the Kohlrausch flask topped up with tap water to

the 500 ml line and the flask re-weighed. The mixture or sample concentration (C,,)

and the sampling velocity (Us) were calculated following the technique of Kao and
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Kazinskij (1979):

M, - M,
Vi =Vr - [Tl (3.1)
M
ou = (3:2)
N
Cy=C, = L (3.3)
Pp = P
4V,
US = M (*“ /
n ¢’ 1
where:
Vi = Sample (mixture) volume.
M, = Sample {mixture) mass.
Cs, Cy = Sample (mixture) solids concentration.
Pu = Sample (mixtuse) density.
Vr = Total volume.
M, = Total mass at total volume.
PL = Liquid density.
Pp = Particle density.
T = Sample interval.
¢ = Sample tube inside diameter.

The sampled sand and water were returned to the tank, the liquid level was

adjusted to H/T = 1.0 and the :inixer was re-started.
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Several tests were made to determine the particle size distribution of the
sampled sand. This was done by collecting the sample as described above, filtering
off the water and drying the sand completely. The sand was sieved for 25 minutes
with sufficient sieves to cover the size distribution. The sand was then returned to
the mixing tank for further experiments. A summary of these experiments is given

in Appendix B.
3.3.2 Conductivity Measurements

Measurement of solids concentration with the conductivity probe required the
measurement of the slurry conductivity as well as the liquid conductivity.

Prior to taking measurements, the mixing tank was loaded with sand and water
and the mixer starte¢ d allowed to run for five minutes before conductivity
ir.2asurements were taken. The conductivity probe was checked periodically for any
physical damage and for shorting ol the field or sensor circuits.

To measure slurry conductivity, the probe was moved tc the appropriate
location in the mixing tank and the circuit wiring connec’ed to the probe. The field
current was set at 1.0 mA with a square wave at a frequency of 1000 Hz. The field
current fluctuaied somewhat due to variations in the solids concentration. This was
most noticeable near the slurry-liquid interface near the top of the mixing tank or
siurry-sediment interface at the bottom of the tank. The field current was set as
cios= to 1.0 mA as possibl. with the ballast resistor. The sensor voltage (Ec) was
then measured. This reading also fluctuated somewnat. The average high and low
values were recorded, ignoring ‘spikes’ of high and low voltage that occurred
periodically.

As wiil be discussed in Section 4.2, the slurry conductivity measurements
varied as the probe was rotated to discrete positions about its axis. This was due to
the position of the probe electrodes relative to the direction of flow. Calibration
tests indicated that the highest measured value was the correct one. Therefore, four

measurements were taken at a given spot in the mixing tank, corresponding to four
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rotated positions of the conductivity probe, 90° apart. This technique allowed the
measurement of the highest and correct slurry conductivity without knowledge of the
direction of flow at the point of measurement.

The fluid conductivity was measured with the mixer off and the sand totally
settled. The probe was repositioned to the point where the slurry conductivity was
measured, unless in the sand sediment. The field current was adjusted t¢ 1.0 mA
and the senscr voltage (E;) was measured. These measurements did not fluctuate.
Measurements of E, were frequently required to account for changes in the fluid
conductivity due to heating of the system from the mixing action.

Calculation of solids concentration from the conductivity data was done using

a calibration curve outlined in Section 4.2.
3.4 Expcrimental Limitations

~mber of factors limited the range of experimental parameters that could

be cover ... . this study.

® There was an upper limit of the mixer speed due to air entrainment into the
slurry by the vortex generated. Air can give rise to errors when measuring slurry

conductivity since it is an insulator like sand, and cannot be distinguished from
the sand by the conductivity probe. Unrealistically high solids concentration
values may result.

® The lower limit of sampling velocity was due to plugging of the sample lines.
This depended upon the sand size and concentration and the diameter of the

sample tube used. The lowest sampling velocity used was a pump speed of 50

rpm corresponding to a sampling velocity (Us) of 0.3 m/s with a sample tube

diameter (¢) of 4.6 mm.

¢ The upper limit of the sampling velocity of Us = 3 m/s, corresponded to a pump
speed of approximately 1500 rpm.

® The sample size was limited te 300 - 400 ml in order to minimize changes in the
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bulk concentration in the mixing tank.
3.5 Error Estimation

Errors in the solids concentration measurement by sample withdrawal can

occur in a number of areas:

e Sample volume determination due to variation in fluid teinperature and density
and thermal expansion of the volumetric flask.

® Inadequate drying of the volumetric flask.
e Change in the fluid volume in the mixing tank due to withdrawal of the sample.
e The mixing tank not at steady-state.

The temperature of the mixing experiments varied from 20 - 30°C, while the
Kohlrausch volumetric flask used for sample volume determination was calibrated
at 20°C. Some error in sample volume measurement could be due to thermal
expansion of the flask. This error was estimated by adding water of various
temperatures to the flask and weighing. The density of water was obtained from
Perry and Chilton (1973). Volumetric variations are shown in Table 3.5. As can be
seen, errors due to thermal expansion of the volumetric flask are negligible.

Variation in water density with temperature will cause an error in the
determination of sample volume and thus concentration, since the mean temperature
of 24.9°C was used in all calculations. A simple calculation was done for a typical
sample of 638 g total weight (M;), 415 g sample weight (My) and a solids density
of 2.65 g/ml. Using Equations 3.1 to 3.3, Table 3.6 was generated. Error in solids
concentration due to variations in fluid density is less than one percent for the
temperatures experienced in the experiments.

Prior to taking a sample, the Kohlrausch flask was not dried completely, but
shaken until the majority of the water was removed. A small amount of water

remained in the flask and would introduce some error in the sample volume
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Temperature Water Measured Relative
(°C) Density Volume Error?
(kg/m’) (ml) (%)
37 993.4 499.9 0.02
32 995.1 499.7 0.06
27 996.5 499.8 0.04
24 997.3 499.5 0.10
20 998.2 499.5 .10
17 998.8 499.5 0.10
Table 3.5: Errors Due to Thermal Expansion of the Volumetric Flask

Temperature Water Mixture Mixture Relative
(°C) Density Volume Conc. Error’
(kg/m’) (ml) (Cw (%)
37 993.4 275.5 0.310 141
30 995.7 276.0 0.307 0.52
24.9 997.1 276.4 0.305 0
20 998.2 276.6 0.304 0.43
17 998.8 276.7 0.303 0.65

Table 3.6: Sample Volume Errors Due to Water Density Variation

4 Relative Error = 100 * (Calibrated Volume (500 ml) - Measured Volume) /
Calibrated Volame

5 Relative Error = 100 * (C,, at temperature (t) - Cy at 24.9°C) / (Cy at 24.9°C)
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determination. Fourteen experiments were performed to determine the amount of

water that remained in the flask and are summarized as follows:
Mass of Water Remaining in Shaken 'Dry’ Flask

Aversge 1.08 g
Standard Deviation 0.18 g

This error is relatively small as compared to the S00 ml volume of the Kohlrausch
flask.

Withdrawal of a sample from the batch mixing tank reduced the total volume
of slurry in the tank. As the sample concentration (Cs) is rarely the same as the bulk
concentration (Cg) in the mixing tank, sample removal will change the bulk
concentration somewhat. An estimate of this change is shown in Table 3.7 for
various sample concentrations. The assumption is that the total volume of slurry
removed from the tank prior to and durirg sampling is 800 ml. This includes running

the sample flow before sampling to ensure steady flow. The majority of samples

taken from the tank were in the range of 0.5 < Cg / C; < 1.5, where the change in

bulk concentration due to sampling is less than about two percent.

The equilibration time (time to establish steady-state in the mixing tank after
start-up) was determined by measuring the concentration at a single point in the tank
by sampling and the conductivity probe at different periods after the mixer was
0.10 and 0.30 and N = 545 rpm were used.
0.4 and r/R = 0.6. The sample tube was 4.55

started. The 255pm sand at Cy

Measurements were taken at z/H
mm in diameter with p =90°. Results fcr the sampling tests are in Appendix C and

the conductivity tests in Appendix D.
The concentrations measured by sampling and the conductivity probe became
invariant in less than one minute. Allowing five minutes for the mixing tank to come

to steady state after starting the mixer appears more than adequate.
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Sample Relative Change in
Concentration C; Due to Sampling®
(Cs/Cs) (%)
0.5 -2.13
1.0 0
1.5 213
2.0 427

Table 3.7: Variation in Bulk Concentration Due to Sample Removal

The total possible error was calculated as a summation of the cumulative
errors outlined above. The first three sources of error are volumetric errors of 0.5
mi for thermal expansion of the flask, 0.6 ml for water density variations with
temperature and 1.08 ml for the small amount of water remaining in the shaken dry
flask. Using the example shown previously, the cumulative error in the solids
concentration measurement due to these three sources is 2.4%. When added to a
29 variation in concentration due to withdrawal of the sample, a maximum possible
relative error of 4 - 5% in the sample concentration measurements results. As will
be shown in the following chapter, sample solids concentration differences due to

sampling technique are generally much higher than these experimental errors.

6 Relative Cy Change = 100* [(C; before sample withdrawal) - (Cy after sample
withdrawal)] / [C; before sample withdrawal]

75



4. RESULTS AND DISCUSSION

The discussion of results is divided into four sections. The first section will
show how sampling results from a slurry mixing tank can vary widely as a function
of sampling method, mixing conditions and particle properties. The next section will
outline the development. testing and calibration of a new conductivity technique for
measuring local solids concentrations. Following that, the conductivity method will
be used as a reference for measuring local solids concentrations in the slurry mixing
tank. The results will be compared with sampling measurements and an analysis of
sampling errors in the slurry mixing tank will be conducted. Finally, several sample
solids concentration correlations will be compared with the experimenta! data from

this study.
4.1 Sample Withdrawal From the Slurry Mixing Tank.

The two characteristics of a solid-liquid sample that may vary are the sample
solids concentration and the sample particle size distribution. The variation of sample
solids concentration with the location in the mixing tank, method of sampling, mixing
conditions and particle properties will be first explored. Following this, the variation
of sample particle size distribution with the method of sampling and sample location

will be shown.

4.1.1 Effect of Sampling Velocity and Location on Sample Solids

Concentration

An ideal sampler should provide a sample whose concentration is equal to the
local concentration of the system being sampled, regardiess of how the sample is
obtained. If this were the case, no differences in the sample solids concentration
(Cs) with sampling velocity (Us) would be seen A typical trend of sample solids

concentration versus sampling velocity is shown in Figure 4.1. Data in this figure are
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for the 410 pm sand, at a bulk solids concentration of 0.30, sampled with the 4.6 mm
diameter, straight faced sampling tube at a normalized axial location of 0.4 and a
normalized radial location of 0.1. The trend indicates that samples obiained from
a slurry mixing tank are generally a function of sampling velocity.

The direction of the solid-liquid flow in a mixing tank agitated with a radial
flow impeller varies with location in the mixing tank as shown previously in Figure
3.4. The position of a sample tube inser.cd from the tank wall, as in this study, will
at times be parallel to the flow, perpendicular to the flow or at a position where the
flow has both parallel and perpendicular components. These variations will affect
the approach of the solids to the ampler and thus the sample solids concentration.

The variation of sample solids concentration with radial position is illustrated

in Figure 4.2 for an angled sample tube located just above the impeller plane. The
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Figure 4.1: Sample Solids Concentration versus Sampling Velocity
dg, = 410 pm, C, =030, ¢ = 4.6 mm,

B =90° z/K = 04, 7/R = 0.1
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Figure 4.2: Effect of Radial Position on Sample Concentration
dg, = 410 pm, Cy = 030, ¢ = 4.6 mm, p = 45°
Z/H = 04

response of sample concentration to sample velocity is flat at a radial position near
the impeller shaft (r/R = 0.1). At an intermediate position (r/R = 0.5), the sample
concentration decreases with increasing sampling velocity while at the wall (r/R =
1.0), the sample concentration increases with sampling velocity. Figure 4.2 suggests
that there are radial variations in solids concentration. The variations may however
be due to sample withdrawal errors. This cannot be determined without an
independent measure of the local solids concentration at the point of sampling in the
mixing tank.

Sample solids concentration varies even more widely at different axial
locations in the mixing tank (Figure 4.3). At the impeller plane (z/H = 0.3), the

sample concentration decreases with increasing sampling velocity. At this position,
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Figure 4.3: Effect of Axial Location on Sample Concentration
dg = 410 pm, Cp = 0.10, & = 4.6 mm, p = 90°,
r/R = 09

the flow is mainly radial outwards from the impeller and generally parallel to the
sample tube (Figure 3.4). Above this plane (z/H = 0.5), the flow is essentially
vertical and perpendicular to the sample tube. An opposite trend results with the
sample concentration increasing with increasing sampling velocity. At a position
between these two (z/H = 0.4), the sample concentration is insensitive to sampling
velocity.

These results are different than those of Rushtorn (1965) and Sharma and Das
(1980) for sampling along the mixing tank wall, above and below the impeller plane.
These researchers found that the sample solids concentration (Cs) was higher than
the bulk solids concentration (Cg) in the mixing tank at a location above the impeller

plane. The results in Figure 4.3 show that the sample solids concentrations, at the
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positions above the impeller plane (z/H = 0.4 and 0.5), are less than the bulk solids
concentration (Cz = 0.10) for all sampling velocities. The samples obtained by
Rushton and Sharma and Das were taken with a sample tube mounted flush with the
tank wall (r/R = 1.0), whereas the data in Figure 4.3 were obtained with a sample
tube located away from the tank wall (r/R = 0.9). There are most likely differences
in the local solids concentration (C,) in the mixing tank at these two radial locations,
giving rise to the differences in sample solids concentration.

At low sampling velocities, the large differences in the sample solids
concentration at the three axial locations in Figure 4.3 is partially due to particle
inertia and the flow relative to the sample tube opening. The flow direction relative
to the sample tube opening varies with axial location and the inertia of the particles
results in very different sample solids concentrations at low sampling velocities. At
high sampling velocities, the sample withdrawal rate overcomes the particle inertia
to some extent, and the sample concentrations for the three locations are similar.

Clearly, different sampling mechanisms are dominant at different locations in
the mixing vessel, for a sample tube entering from the mixing tank wall. The
response of sample solids concentration with sampling velocity on the impeller plane
resembles sampling from a slurry pipeline with an L-shaped probe sampler (Figure
2.5). Above the impeller plane (z/H = 0.5), the response resembles wall sampling
from a slurry pipeline (Figure 2.8). This makes it very difficult a-priori to determine
what sampling velocity is required in order to obtain a represcntative measure of the

local solids concentration by sample withdrawal.
4.12 Effect of Sample Tube Geometry on Sample Solids Concentration

Three areas of sample tube geometry will be explored in this section for their
effect on sample concentration; sampler shape, diameter and tip angle. As discussed
in Chapter 2, these have been shown to affect the solids concentration obtained by

sampling from solid-liquid systems (Nasr-El-Din, 1984, 1989; Barresi and Baldi,
1987a).
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Three sample tube shapes were studied as shown in Figure 3.5. A typical
response of sample concentration to sampling velocity for each of these samplers is
shown in Figure 4.4. At a single location in the mixing tank near the impeller shaft
and just above the impeller blades (r/R = 0.1, z/H = 0.4), differences in sample
concentrations of more than 100% can result depending upon sample tube shape and
sampling velocity. This occurs even though the local solids concentration in the
mixing tank is unchanged. Similar variations in sample solids concentration with
sample tube shape have been measured in a mixing tank by Barresi and Baldi
(1987a) as shown in Figure 2.13. They found the largest differences in sample solids
concentration due to sampler shape occur near the impeller plane in the mixing tank.

It is quite evident that withdrawal of a sample from the same location in a
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Figure 4.4: Effect of Sampler Shape on Sample Concentration
dg, = 410 pm, Cy, =030, ¢ = 4.6 mm,
Z/H = 04, 7R = 0.1
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mixing tank with differently shaped sample tubes can result in large differences in
sample solids concentration. The sample tube shape that gives the most
representative sample wiil vary with position in the mixing tank due to the variation
of flow direction with position. It is extremely difficult to know which design to use
in order to obtain a representative sample.

The effect of sample tube diameter on sample solids concentration is shown
in Figure 4.5. At this position in the mixing tank, differences in sample concentration
of over 20% are obtained with different diameters of sample tube, even though the
local solids concentration remains the same. Similar variations were observed by
Nasr-El-Din (1989) when sampling from the wall of a slurry pipeline with different
port diameters (Figure 2.11). As discussed in Section 2.3.1.1.3, these differences were

attributed to less time available for a particle to change direction and to enter the
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Figure 4.5: Effect of Sampler Diameter on Sample Concentration
dg = 410 pm, C, = 030, p = 90,
z/H =04, 7/R = 10
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sample tube with a smaller opening resulting in lower sample solids concentration

than the tube with the larger opening.
The thickness of the sample tube tip has been shown to be important in

determining the quality of sample obtained when withdrawing the sample parallel to

the solid-liquid flow in a slurry pipeline (Nasr-El-Din, 1984, 1989). It was found that

a tapered sampler tip with an angle < 18°, eliminated any errors due to sample tube

wall thickness.
Sample concentrations obtained from the impeller plane of the mixing tank

with an untapered (y = 90°) and a tapered sample tube with a tip angleof y = 18°

(Figure 3.7) were compared. Sampling results for these two samplers are shown in

Figure 4.6. The tapered sample tube gives a consistently lower sample solids

1 v T M T

q— 545 rpm

0.15 p‘ .
0.3

SAMPLE SOLIDS CONCENTRATION
{(C S’ Volume Fraction)

0.10
r
SAMPLE TUBE TIP ANGLE
0.05 F (Y. Degree) ]
090 e18
N 1 " [ P 1
0 1 2 3

SAMPLING VELOCITY (Ug. m/s)

Figure 4.6: Effect of Sampler Tip Angle on Sample Concentration
dg, = 410 um, C, =010, ¢ = 4.6 mm, p = 90°,
zH = 03, r/R = 0.9
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concentration than the untapered sample tube. Nasr-EI-Din (1989) found that when

sampling from slurry pipelines with L-shaped sampling tubes, the difference in
sample concentration between blunt samplers (v = 90°) and tapered samplers

(y = 18°) increases with the relative thickness of the sampler (8). These differences
were attributed to a loss of particle inertia due to particle bouncing on the blunt
sample tube tip. Flow into the sample tube at this location in the mixing tank
(impeller plane) is similar to flow into a sample tube aligned with the flow in a

pipeline (Figure 3.4). The increase in sample solids concentration by using the blunt
sample tube (y = 90°) can also be attributed to particle bouncing on the sample

tube tip.

4.1.3 Effect of Mixer Speed on Sample Solids Concentration

Varying the mixer speed will change the velocity of the liquid and solids in the
mixing tank. In addition, the distribution of the solids and therefore the local solids
concentration will change with the mixer speed. Both factors will affect the sampling
results obtained.

Figure 4.7 shows the effect of mixer speed on the sample solids concentration.
The just suspended mixer speed (Njs), calculated from the Zweitering correlation
(Zweitering, 1958) (Equation 1.1), is 492 rpm for this suspension and mixer. The
lowest mixer speed (440 rpm) is below the just suspended speed while the higher
mixer speeds (545 and 680 rpm) are higher than Njs. Thus the difference in sample
solids concentration between the 440 rpm case and the 545 and 680 rpm cases is
most likely due to a difference in the degree of the solids suspension and thus the
local solids concentration. Without a true measure of the local solids concentration
however, it is not possible to determine whether this is the only reason or whether

the difference is also due to sampling errors.
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4.14  Effect of Particle Diameter and Bulk Concentration on Saraple

Solids Concentration

As discussed in Section 2.3.1, particle inertia, particle bouncing and the flow
structure ahead of the sample tube will affect the quality of sample withdrawn from
a slurry system. The particle inertia parameter (Equation 2.2) determines how the
particle will respond to deflections in the fluid streamlines caused by anisokinetic and
anisoaxial sampling and thus the sample concentration obtained.

The effect of particle size on sample solids concentration is shown in Figure
4.8 for a single location in the mixing tank. As found by Nasr-El-Din (1989), the

sample concentration appears to be more sensitive to sampling velocity as the
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particle size increases. This indicates that the sampling error increases with particle
size. Fine particles are diverted into the sample tube easily, even at low velocities,
while large particles with high inertia are not, and require large sampling velocities
to be diverted into the sample tube. Confounding this effect though is the fact that
larger particles are less easily suspended by the mixer than smaller particles. It is
difficult to determine the magnitude of the sampling error due to particle size
without a true measure of the local solids concentration.

The effect of bulk solids concentration on the sample concentration is shown
in Figure 4.9. In this figure, the sample solids concentration (Cs) is normalized by
the bulk solids concentration in the mixing tank (Cg) so that the data can be more
easily compared. Nasr-El-Din (1989) found that sampling errors decrease with
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increasing solids concentration in a slurry pipeline (Figure 2.8) due to an increase in
the particle drag force with solids concentration, thus increasing the tendency for
particles to follow the fluid streamlines. It is unclear from Figure 4.9 whether the
same trend is seen in the slurry mixing tank. Without a true measure of the local
solids concentration, it cannot be determined if increasing the solids concentration
in the mixing tank decreases sampling error, as seen in a slurry pipeline.

The sample solids concentration (Cs) is generally quite different from the bulk
solids concentration in the mixing tank (Cg). These differences may be due to
sampling errors or changes in the local solids concentration (C,) in the mixing tank

with location, or both. An independent measure of local solids concentration is

required before sampling errors can be evaluated.
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4.1.5 Effect of Sampling Technique and Location on Sample Particle Size

Distribution

Nasr-E1-Din (1989) showed that the sample particle size distribution (PSD)
can vary with sampling velocity and sample tube size for wall sampling from slurry
pipelines. Beker (1970) from Nasr-E!l-Din (1984) also found the sample PSD to be
a function of sampling velocity when sampling from dilute suspensions in a mixing
tank.

Results described to this point have been obtained from closely sized sand
slurries. To determine the effect of sampling velocity, sample tube shape and
position on the PSD of the sand sample, 2 number of samples were obtained from

a mixture of 10 volume percent fine 82pm sand and 10 volume percent coarse

500 pm sand. The results of these tests are shown in Table 4.1. Repeatability of the
data appears good for both the sample concentration and for the mean particle size
(dsy) (runs 800 and 803). A complete summary of these tests can be found in
Appendix B.

The effect of sampling velocity on sample PSD is illustrated in Figure 4.10 for
runs 814 and 816. In agreement with Nasr-El-Din (1989) and Beker (1970), the
mean sample particle size (ds,) increases by over 50% when the sampling velocity is
decreased from 2.76 m/s to 0.30 m/s.

Sampling velocity appears to affect the sample particle size distribution only
if the sample solids concentration is affected by velocity. Runs 807 and 808 are
sampled at very different sampling velocities, however the sample solids
concentrations and the mean sample particle sizes (dso) are similar. Runs 810 and
811 shown the same trend. Samples in runs 813 and 815 were again taken at very
different sampling velocities but there is some variation in sample concentration and
a comparable difference in sample particle size.

The effect of sample tube shape on sample PSD is shown in Figure 4.11 for

runs 813 and 814. In this figure, the samples were obtained at the same location and
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Position B Us Sample
Run z/H r/R (m/s) G dso
(vol. frac) | (pm)
800 0.1 1.0 90° 1.61 0.222 280
801 0.7 1.0 90° 1.58 0.200 160
802 0.3 1.0 90° 1.63 0.229 355
803 0.1 1.0 90° 1.62 0.222 290
804 0.9 1.0 90° 1.59 0.137 90
805 0.5 1.0 90° 1.60 0.218 220 |
806 0.8 1.0 90° 1.58 0.169 110
807 04 1.0 90° 0.66 0.231 330
808 0.4 1.0 90° 2.79 0.217 330
810 0.4 0.1 90° 0.32 0.149 100
811 0.4 0.1 90° 2.52 0.157 110
813 0.4 0.5 135° 0.29 0.138 95 |
814 0.4 0.5 45° 0.30 0.204 210
815 0.4 0.5 135° 2.85 0.178 125
816 0.4 0.5 45° 2.76 0.184 135

Table 4.1: Effect of Sampling Technique and Location on
Sample Particle Size Distribution

at the same sampling velocity, but using different sampler shapes (p = 45°and 135°).

The mean sample particle size (ds;) more than doubles (95 pm versus 210pm) by

using the 45° sampler instead of the 135° sampler.
This trend is not general as shown in Table 4.1 for runs 815 and 816. The

different sampler shape only results in a relatively small change in sample particle

size. It appears once again that the sample particle size is only effected by sampler

shape when the sample solids concentration is effected. These experiments show that
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sampling technique can not only significantly affect sample solids concentration but
also sample particle size.

The distribution of fine and coarse solids in a mixing tank is likely uneven due
to the difference in settling velocity of the sands. Sampling is one of the few
methods that has the capability of determining this distribution. The solids size
distribution with position in the mixing tank can however only be determined
approximately by sampling due to the variations in sample PSD due to sampling
technique just shown.

The variation of the mean sample particle size with radial position in the
mixing vessel is shown in Figure 4.12 for runs 808 and 811. It appears that the coarse
solids are less abundant near the center of the mixing tank (r/R = 0.1) than at the
wall of the tank (r/R = 1.0). Similar results are shown by runs 807 and 810 for a
much lower sampling velocity. This appears reasonable as the centrifugal force
generated by the impeller will tend to accelerate all the sand fractions to the mixing
tank wall. The coarse sands will tend to settle relatively quickly while only the finer
sands will remain suspended and travel to the center of the mixing tank. Thus the
suspended sand mixture will tend to be finer at the center of the tank than at the
mixing tank wall.

Fine particles are more easily suspended (axial distribution) than coarse
particles in a mixing tank (McLaren White et al., 1932; Oldshue, 1981a). The
suspension in the upper portions of the mixing vessel will be finer and thus the
sample will tend to be relatively finer. This is illustrated in Figure 4.13 where an
axial scan along the wall of the mixing tank was made. It is interesting to note that
the coarsest sample was obtained at the plane of the impeller (z/H = 03). A
slightly finer sample was obtained below this point and progressively finer samples
obtained above this point. The impeller plane is also the location of the highest
sample concentration.

When all the data in Table 4.1 was plotted together (Figure 4.14), the mean
sample particle size appears to be a function of the sample solids concentration. As

stated previously, the bulk sand in the mixing tank was a mixture of 10 volume
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percent fine (82pm) sand and 10 volume percent coarse (500pum) sand. The
breakpoint in Figure 4.14 occurs at a solids concentration of 0.20, the total bulk
solids concentration of the mixture, and a mean particle size of dg; = 150um, the
approximate mean particle size of the bulk mixture (Figure 4.10). It appears that
when the sampling method or the position in the mixing tank are such that low
concentration samples are obtained, these samples also tend to be relatively fine.
Conversely, if the sample solids concentration is high, then the mean sample particle

size is relatively coarse.
This trend is analyzed in a different manner in Figure 4.15 where the mass

fraction of fine sand in a sample is plotted against sample solids concentration. The
fraction of fines is defined as the weight of all sand fractions in the sample smaller
than 150 pm plus one-half of the 150 pm fraction divided by the total sample weight.
As can be seen, a good trend appears between the sample solids concentration and
the mass of fine sand in the sample. Within the conditions tested here, it appears
that when sampling conditions favor a low concentration sample, the solids in the
sample will also tend to be fine. Conversely, high concentration samples wili tend

to consist of coarse solids.
4.1.6 Summary

It has been shown that it is possible to obtain very different sampling results,
both in terms of sample solids concentration and sample particle size distribution,
depending upon the method of sample withdrawal from a slurry mixing tank. For a
given condition and at a single location in the mixing tank, the average local solids
concentration does not change, however the sample solids concentration can vary
significantly. It is very difficult to know a-priori what sampling technique to use in
a mixing tank to obtain a representative sample.

Particle size and bulk concentration also affect the sample concentration

obtained. Sample solids concentration from a fine sand slurry is not affected by
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sampling velocity, however the sample solids concentration from a coarse sand slurry
varies significantly with sampling velocity.

The local solids concentration in a slurry mixing tank will vary with location
in the tank and the mixing conditions. It is not possible however to distinguish
between differences in local concentration and errors due to the sampling technique.

A new method for accurately measuring local solids concentration in a slurry
mixing tank is needed to assess the sampling errors at various locations and sampling
conditions. Only then can it be determined if and how sampling can be used to
obtain a representative measurement of local solids concentration in a slurry mixing
tank. The next section will show that the conductivity probe is a practical method

for measuring local solids concentration in a mixing tank.

4.2 Conductivity Probe Development, Testing and Calibration

The conductivity probe used in this study (Figures 3.8 and 3.9) was a
modification of the four-electrode design used by Nasr-El-Din et al. (1987). It was
also very similar to the device discussed in Considine and Considine (1985) and
shown in Figure 2.20. Considerable effort was required to manufacture the
conductivity probes so that leaks and shorting of the measuring circuit did not occur.

As discussed in Section 2.3.3.2, conductivity measurements can be affected by
the ionic strength and temperature of the solution being measured as well as the
proximity to a boundary. In addition, some conductivity probe designs are affected
by the flow velocity past the probe. These issues were investigated to understand
how to operate the conductivity probe to obtain reliable measurements of solids
concentration. In addition, the solids concentration measurements by the
conductivity probe were compared with a known solids concentration in two systems;
a slurry pipeline and a slowly settling suspension. Some limited mixing tank

concentration profiles are provided as a comparison with data from other

investigators.
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4.2.1 Effect of NaCl Concentration and Temperature on Sensor Output

The effect of dissolved ion concentration on the solution conductivity was
determined by conducting experiments in the mixing tank filled with clean tap water.
Small discrete amounts of sodium chloride were added, the system homogenized and
the solution resistivity (inverse of the conductivity), as indicated by the conductivity
probe sensor voltage was measured.

As can be seen in Figure 4.16, a large drop in fluid resistivity (with the
corresponding increase in fluid conductivity) occurs with the addition of very small
amounts of NaCl. This trend continues until the system is saturated. Obviously, any
electrolyte addition will drastically alter the fluid conductivity and will complicate the

solids concentration measurements.
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Figure 4.16: Effect of NaCl Concentration on the Conductivity Probe Sensor Voltage
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To determine the sensitivity of this conductivity probe design to temperature,
experiments were performed in the mixing tank filled with clean hot tap water.
Conductivity measurements were taken while the water was cooled with the heat

exchanger system, shown in Figure 4.17.
Figure 4.18 shows the decrease in solution resistivity (sensor voltage) with

increasing solution temperature. The data were fitted with the following quadratic

equation:

E(mV) = 68.8 - 1.50 #°C) + 0.0128 (#(°C))* (4.1)

The sensitivity of the sensor voltage to temperature was calculated as per cent per

degree Celsius:

Sensor Voltage %I‘E 42)
[} - — .
Temperature Effect (% per °C) = 100 « E

and is shown in Figure 4.19. The sensor voltage varies by between 2.1 and 2.3% per
°C between 20 and 30 °C; the temperature range in this study. This is quite
comparable to values found in the literature as discussed in Section 2.3.3.2. To be
able to take reliable measurements of solids concentration with the conductivity
probe, the solution temperature must either be closely controlled, the solution

conductivity measured frequently or the conductivity compensated for temperature

variations.

422  Effect of Approaching Conducting and Non-Conducting Boundaries

on Sensor Output
As discussed in Section 2.3.3.2, approaching a boundary can significantly affect
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the conductivity probe sensor voltage. There are a number of boundaries in the
mixing vessel that may be approached quite closely with the conductivity probe

(Figure 4.20). These boundaries are the:

(1)  Plexiglas bottom of the tank (Insulating Boundary)
(2)  Radial impeller plate (Conducting Boundary)
(3) Radial impeller blade edge (Conducting Boundary)
(4) Baffle edge (Conducting Boundary)
(5)  Plexiglas tank wall (Insulating Boundary)
(6)  Free liquid surface (Insulating Boundary)

Figure 4.21 shows the effect on the conductivity probe sensor voltage when
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approaching the bottom of the plexiglas tank filled with clean tap water. Only when
the probe is within one centimeter (z/H = 0.034) of the tank bottom does the sensor
voltage vary significantly.

Approaching the conducting impelier plate with the conductivity probe is
shown in Figure 4.22. Deviations in the sensor voltage are again only observed when
the probe is less than one centimeter from the plate. In this case however, the
sensor voltage decreases as the two field electrodes are shorted out on the stainless
steel impeller plate.

It is possible to approach several boundaries in the tank from a lateral
direction. One of these is the edge of the impeller blade as shown in Figure 4.23.

Moving laterally it is possible to approach the impeller blade with either the large
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Figure 4.22: Effect of Approaching the Impeller Plate on the Conductivity
Probe Sensor Voltage
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or small field electrode facing the blade. Nasr-El-Din et al. (1987) showed with their
conductivity probe that large deviations in the sensor voltage were observed when
approaching the edge of the slurry pipeline with the small field electrode. Much
lower deviations were seen when approaching with the large field electrode. Very
similar results are seen in Figure 4.23. No deviation in sensor voltage is apparent
when approaching the edge of the impeller blade with the large field electrode, while
a significant reduction is seen when approaching closer than one centimeter with the
small field electrode.

When approaching a stainless steel baffle, shown in Figure 4.24, very similar
results are observed. There is no deviation in sensor voltage when approaching with

the large field electrode but a significant decrease in sensor voltage when
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approaching closer than one centimeter with the small field electrode.
When approaching the insulating plexiglas wall of the mixing tank, shown in

Figure 4.25, similar results are again seen. Significant deviation in sensor voltage is

only observed when approaching closer than one centimeter with the small field

electrode. In this case however, the sensor voltage increases when the probe is close
to the plexiglas wall.

It was noticed during preliminary experiments that the fluid conductivity
increased somewhat when approaching the top liquid surface in the tank. This trend,
shown in Figure 4.26, is nearly a mirror image of the trend shown in Figure 4.21 In
both cases, the conductivity probe is approaching an insulating boundary (mixing tank
plexiglas bottom in Figure 421 and air in Figure 4.26). Approaching the air-liquid
boundary by raising the probe (Figure 4.26) shows a significant deviation in sensor

voltage only when closer than two centimeters from the top liquid surface. The
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conductivity probe is more sensitive when approaching the air-liquid boundary than
when approaching the tank bottom due to the geometry of the probe.

With this design of conductivity probe, measurements taken more than one
to two centimeters from a boundary will minimize the effect of the boundary on the
measured sensor voltage. If it is necessary to approach a boundary to within one
centimeter, approaching with the large field electrode will minimize any sensor
voltage deviation due to the boundary. When approaching within two centimeters
of the top liquid surface, it was necessary to measure the liquid conductivity at the

same point as the slurry conductivity was measured in order to eliminate the effect

of position on the measured solids concentration.
4.2.3 Effect of Field Circuit Operation on Sensor Output
Three field circuit parameters were set when operating the conductivity probe:

o field current.
e type of alternating wave form.
e alternating current frequency.

Figure 4.27 shows that increasing the field current, increases the sensor
voltage linearly. The slope is proportional to the fluid resistance, which varies with
the ionic strength of the solution. To obtain a measurable difference between the
slurry resistance and the liquid resistance, it was preferable to operate at a
reasonably large sensor voltage, with a correspondingly large field current. Ata large
field current however, electrolysis of the water may occur. When operating at a 1.0
mA field current, adequate resolution was obtained and no electrolysis was observed.

An alternating field current was used to minimize electrolysis. Changing the
waveform as shown in Figure 4.28 does have a small effect on the sensor voltage.
This may be due to the ability of the voltmeter (Fluke 77) to measure each

waveform. Because of this, all conductivity probe measurements were made with a
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Figure 4.27: Effect of Field Current on the Conductivity Probe Sensor Voltage
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Figure 4.28: Effect of Field Waveform on the Conductivity Probe Sensor Voltage
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Figure 4.29: Effect of Field Frequency on the Conductivity Probe Sensor Voltage

square wave form as used by Nasr-El-Din et al. (1987).

Increasing the alternating field frequency significantly reduced the sensor
voltage measured, as shown in Figure 4.29. This may again be due to the ability of
the ammeter and voltmeter to respond to these frequencies. For good resolution

between the slurry and fluid resistivity, a field frequency of 1000 Hz was used.

4.2.4 Effect of Velocity on Sensor Voltage

As discussed in Section 2.3.3.2, the output from some conductivity probes is
a function of velocity. This is generally attributed to polarization of the electrode
surfaces. This is undesirable for use in a mixing tank since the flow velocity is not
well known and varies with position in the tank. The four-electrode conductivity

probe design used here, with the high impedance sensor circuit, was an attempt to
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Figure 4.30: Effect of Velocity (Water Only) on the Conductivity Probe
Sensor Voltage (z/H = 0.3, r/R = 0.5)

eliminate electrode polarization and the velocity effect.

Figure 4.30 shows the effect of velocity (mixer speed) on sensor voltage in the
mixing tank filled with tap water. The flow velocity was calculated from Equation
2.3 with B, = 1.13, D = 0.097m and r = 0.73m. Similar to the results of Nasr-El-Din
et al. (1987), no variation of sensor voltage with velocity was observed, indicating that

this conductivity probe was not affected by electrode polarization.
4.2.5 Effect of Probe Orientation on Sensor Voltage
During preliminary slurry conductivity measurements in the mixing tank, it was

found that the conductivity output changed as the probe was rotated about its axis.

These conductivity readings, converted to solids concentration using the Maxwell

correlation (Equation 2.14), are shown in Figure 4.31 for the 255 pm sand, at a bulk
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Figure 4.31: Effect of Probe Rotation on Measured Solids Concentration in
the Mixing Tank (With Slurry)
dy, = 255pm, Cy = 0.10, N = 545 rpm, z/H = 03,
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concentration of 0.10 and located on the impeller plane.

The variation in measured solids concentration with probe orientation isa
function of the slurry flow relative to the conductivity probe electrode position. The
highest measured "solids concentration” was obtained when the small field electrode
faced into the slurry flow, while the lowest measured "solids concentration" was
obtained when the large field electrode faced into the slurry flow. This is very
similar to the effect of approaching the insulating tank wall with the small and large
field electrodes facing the wall (Figure 4.25). There was a large increase in the

conductivity probe sensor voltage (which would correspond to an increase in
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measured "solids concentration") when approaching the insulating wall with the small
field electrode facing the wall. There was no change in the sensor voltage however,
when approaching the wall with the large field electrode. The slurry solids in the
mixing tank act like the insulating wall in Figure 4.25. When the small field
electrode faces the insulating solids flow, a larger measured "solids concentration”
results than when the large field electrode faces the solids flow. There is increased
sensitivity to the slurry solids by facing the small field electrode into the slurry flow.

Figure 4.31 shows that there is a cyclic response as the conductivity probe is
rotated about its axis, however the cycles are not sinusoidal, but are asymmetric.
Positions two and four are mirror images of each other and give similar, but slightly
different responses. This is most likely due to the presence of angular flow on the
plane of the impeller (z/H = 0.3), as will be discussed in more detail in Section
4.3.2. The actual flow at the conductivity probe is from the top right hand corner in
Figure 4.31. More of the small field electrode is facing into this flow in position two
than in position four, resulting in a higher measured "solids concentration” in position
two. This difference should become even larger closer to the impeller, where the
angular flow is stronger.

This orientation effect is due to the system (slurry), the local flow direction
and the geometry of the conductivity probe. It is not a result of polarization of the
conductivity probe electrodes.

The variation of measured solids concentration with conductivity probe
orientation is significant and was a concern since it was not known which measured
solids concentration value was correct. The effect was not due to a change in the
solids concentration in the tank since the only action was to rotate the probe about
its axis at a fixed position.

To better analyze and quantify the effect of probe orientation on the
measured solids concentration, the conductivity probe was tested in a slurry pipeline
where the direction of flow is well known and the solids concentrations more easily

measured than in the mixing tank. A 5.1 cm slurry pipeline, shown in Figure 4.32,

was used.
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As can be seen in Figure 4.33, for a slurry containing 300 pm sand, at a bulk
solids concentration of 0.126 and a bulk pipe velocity of 2.3 m/s, the measured solids
concentration shows the same trend as seen in the mixing tank. The highest
concentration measured by the conductivity probe was observed when the small field
electrode was facing into the slurry flow and the lowest concentration was seen when

the small field electrode was facing away from the flow.
These differences in conductivity readings with probe orientation were not

observed in water with the absence of solids. When tested in the mixing tank, no
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significant effect of probe orientation on sensor voltage was observed for a variety
of mixer speeds (Figure 4.34). The small increase in sensor voltage at the very high
mixer speeds was due to entrainment of air into the mixing tank by the impeller. Air
is an insulator, giving rise to an increase in the local resistance near the conductivity
probe and an increase in the sensor voltage. Clearly, an insulator such as a wall or
slurry solids, are required for the conductivity probe output to vary with probe
orientation. With no insulator, as in pure water, there is no orientation effect.

To quantify this orientation effect, calibration experiments were carried out
in the slurry pipeline. Results from the straight conductivity probe used in these
studies and an L-shaped conductivity probe of the same design used by Nasr-El-Din
et al. (1987) were compared. These authors have shown this L-shaped conductivity
probe (Figure 2.21) to give reliable measurements of solids concentration in a slurry
pipeline.

Discrete amounts of 300 pm sand were added to the slurry pipeline to cover
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Figure 4.34: Effect of Probe Rotation on the Conductivity Probe Sensor
Voltage in the Mixing Tank (Water Only) (z/H = 0.3, r/R =

0.4)

a range of bulk concentrations from about 11 to 27 percent by volume. Conductivity
readings were taken at 2.5, 3.2 and 3.8 centimeters from the top of the horizontal
pipeline with the L-shaped conductivity probe. Readings at the same positions were

repeated with the straight conductivity probe, and the probe rotated about its axis to

the four positions shown in Figure 4.33. With this method, sensor voltages

corresponding to solids concentrations from 10 to 45 percent by volume were
measured. The data are summarized in Table 4.2 and in Appendix D.

Table 4.2 shows that only the "solids concentration" measured at position 1,
with the small field electrode facing into the flow, agrees closely with the value of G
measured with the L-shaped conductivity probe. Measurements at all other positions

are lower, wit' the lowest occurring at position 3. The data for position 1 are
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Concentration at Probe Position
Go 1 5 3 . Er1r70r E;rsor
0.102 0.102 0.082 0.068 0.107 0.00
0.172 0.183 0.153 0.119 0.179 -6.40 10.2
0.276 0.269 0.225 0.177 0.240 2.54 15.7
0.096 0.080 0.C56 0.031 0.071 16.67
0.167 0.169 0.130 0.100 0.161 -1.20 16.2
0.276 0.266 0.222 0.161 0.240 3.62 15.2
0.150 0.134 0.106 0.073 0.130 10.67 | 13.6
0.208 0.201 0.155 0.121 0.182 3.37 19.3
0.295 0.270 0.230 0.166 0.257 8.47 10.9
0.261 0.257 0.201 0.145 0.222 1.53 215
0.330 0.307 0.263 0.188 0.273 6.97 14.6
0.369 0.360 0.300 0.236 0.313 244 17.5
0.339 0.320 0.253 0.178 0.279 5.60 20.3
0.399 0.368 0.300 0.228 0.314 177 19.9
0.444 0.437 0.354 0.291 0.373 1.58 20.2
Average 3.35 16.5

Table 4.2: Conductivity Probe Solids Concentration Measurements from
the Slurry Pipeline

compared with the L-shaped conductivity probe in Figure 4.35. The average error
at position 1 is 3.35%.
If the direction of flow is known, then the actual solids concentration can

be measured by the conductivity probe by rotating the probe so that the small field

7 Error 1 = 100 * (G - Cpaiim1) / Co
8 Error 2 = 100 * (Cpouiton 1 ~ AVETaZE Cpouitions 2 snt 4) / AVETAEE Cipouisions 2 and 4
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electrode faces into the flow. In the mixing tank, this can be done on the plane of
the radial flow impeller since the radial flow from this impeller closely resembles
flow in a pipeline.

In other regions in the mixing tank, the flow direction is not well known.
To determine the actual solids concentration from the conductivity probe, the probe
should be rotated about its axis until the highest signal is obtained. This would
correspond to the small field electrode facing into the flow, and would give the actual
solids concentration. A simplified method was used whereby conductivity
measurements were taken at four positions, rotated 90° from each other.

The simplified method of rotating the conductivity probe to four discrete
positions may not provide the maximum signal (small field electrode facing directly
into the flow) and therefore would not give the best solids concentration estimate.
This would occur if none of the four discrete positions, at which the probe was
rotated to, corresponded to the small field electrode facing into the flow. The result
would be that the signals obtained at these four positions would be shifted
somewhere along the cyclic curve shown in Figure 4.31.

To account for this, the two solids concentration measurements at positions
90° from the maximum value, corresponding to the values at positions two and four
in Figure 4.31, mid-way between the highest and lowest values, were averaged. As
shown in Table 4.2, the difference between this average and the maximum value in
the pipeline is, on average, 16.5%. For all conductivity measurements in the mixing
tank, this average was multiplied by 1.165 to obtain the maximum value and then
further multiplied by 1.0335 to account for the error between the maximum and true

solids concentration (Error 1 in Table 4.2).
4.2.6 Conductivity Probe Calibration in a Slowly Settling Suspension

Solids concentration measurements from the straight conductivity probe
compared well with the L-shaped conductivity probe when the small field electrode
faced into the flow in a slurry pipeline. This calibration was confirmed by measuring
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Figure 4.35: Conductivity Probe Calibration Curve from the Slurry Pipeline

the concentration of a slowly settling suspension with the straight conductivity probe.
The results are shown in Figure 4.36. The conductivity probe normalized sensor
voltage, as described in Equation 2.12, is plotted on the Y-

axis versus the actual suspension particle concentration on the X-axis. The Maxwell
correlation (Equation 2.14) is shown for comparison. The close fit of the
experimental data to the Maxwell correlation confirms its usefulness to convert
conductivity measurements to solids concentration.

When the conductivity probe was rotated about iis axis in the slowly settling
suspension, there was no difference in the measurements. The slow axial flow past
the probe is symmetric and does not result in an orientation effect. To obtain
differences in the conductivity probe sensor voltage with probe orientation, there

must be solids (insulator) and lateral flow past the vertically mounted conductivity
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Experiments

probe. In the mixing tank, the position with the worst orientation effect is on the
impeller plane. The flow at this location is similar to pipeline flow, and therefore

the orientation effzct can be corrected for as discussed in the last section.

4.2.7 Comparison of Conductivity Measured Concentration Profiles With

Those From the Literature

Solids concentration profiles measured with the conductivity probe were
compared qualitatively with several from the literature in order to test the suitability

of the probe for measuring local solids concentration in a mixing tank.

Figure 4.37 shows axial solids concentration profiles for the 255 um and
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Figure 4.37: Mixing Tank Solids Concentration Profiles Measured with the
Conductivity Probe (r/R = 0.6, C = 0.10)

410pm sands at a radial position of r/R = 0.6 as measured with the straight
conductivity probe. These profiles are quite similar to those described by several
authors (Einenkel, 1980; Machon et al., 1982; Yamazaki et al., 1986; Barresi and
Baldi, 1987a; Rieger et al., 1988; Ayazi Shamlou and Koutsakos, 1989). Sample
solids concentration profiles from Barresi and Baldi (1987a) were shown in Figure
2.15. These profiles were determined by sample withdrawal from a very dilute
suspension (Cg = 0.0058). Profiles from Rieger et al. (1988) were shown in Figure
2.19. These profiles were measured with a conductivity technique and are from a
slurry with a similar particle size and bulk solids concentration as that shown in

Figure 4.37 from this study.
Even though the suspensions and the solids concentration measurement
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techniques are different for the profiles of Barresi and Baldi (1987~) and Rieger et
al. (1988), they are quite similar in shape to the profiles measured in this study
(Figure 4.37). The straight conductivity probe used in this study appears to be

suitable for measuring the local solids concentration in a slurry mixing tank.

428 Summary

It has been confirmed that the conductivity probe sensor output is a strong
function of solution ionic strength, temperature and probe position relative to a
boundary. As well, it has been shown that the sensor output is sensitive to the probe
orientation relative to the direction of the slurry flow. To eliminate the effect of
solution composition, temperature and position, with this design of conductivity
probe, the liquid conductivity was measured frequently at the same positions in the
vessel that the slurry conductivity measurements were taken. The conductivity sensor
readings were normalized using the relation of Nasr-El-Din et al. (1987) (Equation
2.12). The effect of probe orientation was minimized by using the highest

conductivity sensor reading from four positions rotated 90° from each other.
4.3 Analysis of Sample Withdrawal Errors in a Slurry Mixing Tank

In Section 4.2 it was shown that the conductivity probe developed for this
study is a practical device for measuring local solids concentration in a slurry mixing
tank. To obtain reliable results however, the conductivity probe must be used
carefully. In some industrial situations, sampling may be the only concentration
measurement technique available for use. It would therefore be desirable to know
the differences between the actual local solids concentration and that measured by
sampling. It would then be possible to correct for sampling errors and to determine
under what situations sampling can provide acceptable results.

The objective of this section is to quantify the sampling errors from a slurry
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mixing tank and to show under what conditions a representative sample may be

obtained.
43.1 Sampling Efficiency

Sampling efficiency is defined as the ratio of the solids concentration
measured by sample withdrawal and the local solids concentration, measured in this
study by the conductivity probe (Equation 2.1). A ratio of unity implies no sampling
error.

As discussed in Section 2.3.1, sampling error is due to the flow structure ahead
of the sampler, particle inertia relative to the fluid and particle bouncing, The
following sections will go into some detail on how the different parameters affecting
particle inertia, particle bouncing and the flow structure ahead of the sample tube

can affect the sampling efficiency from a slurry mixing tank.
4.3.2 Effect of Flow Structure Ahead of the Sampler on Sampling Efficiency

Prior to examining sampling errors, it would be desirable to understand the
mechanism of sampling from a mixing tank in order to better interpret the results
obtained.

The flow structure in a mixing iznk stirred with a radial flow impeller is rather
complicated as shown in Figure 3.4. On the axial plane of the impeller, the flow is
generally radial towards the tank wall. This is true except for the region near the
tank wall where a stagnation point exists and the flow splits into axial flow upwards
and downwards (Rushton, 1965; Laufhutte and Mersmann, 1985a,b). Above the
impeller plane, near the tank wall, the flow is generally axial.

Slurry samples in this study were withdrawn from tubes inserted into the
mixing tank wall (Figure 3.2). Thus, the orientation of the sample tube to the flow
in the vessel was at times parallel with the flow (impeller plane), nearly

perpendicular to the flow (above the impeller plane) or some combination of the
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two. These different orientations resulted in the different mechanisms of sample
withdrawal shown in Figure 4.3.

These sampling mechanisms are very similar to those observed when sampling
from a slurry pipeline by different methods. When sampling parallel to the slurry
flow on the impeller plane (z/H = 0.3) the trend closely approaches that for L-
shaped probes, sampling parallel to flow in a slurry pipeline (Figure 2.5). Sampling
perpendicular to the slurry flow above the impeller plane (z/H = 0.5) gives trends
similar to wall sampling from slurry pipelines (Figure 2.8). A third trend is seen for
the mixing tank position of z/H = 04, r/R = 09 where the sample solids
concentration is relatively insensitive to sampling velocity. It is quite probable that
the flow is not fully parallel nor perpendicular to the sample tube but a combination
of these. The two competing mechanisms appear to "cancel out" the effect of
sampling velocity, resulting in a flat curve.

As was discussed, the direction of solid-liquid flow in a mixing tank, agitated
with a radial flow impeller, is quite complicated. On the plane of the impeller
however, it was expected that the flow is similar to that of an expanding jet (Rushton,
1965), with entirely radial flow components parallel to the sample tube. If this were
the case, the sample solids concentration (Cs), sampled at the isokinetic sampling
velocity (Ug/U, = 1)°, would equal the local solids concentration (Cs/C, = 1).
Figure 4.38 shows that this is not the case. At the isokinetic sampling velocity, the
sampling efficiency (Cs/C,) is significantly less than unity.

Rehakova and Novosad (1971b) found that the relative solids concentation
(Cs/Cp) differed from unity at the isokinetic sampling velocity (Us/U, = 1) for dilute
solids suspensions in a mixing tank. They attributed this to the possibility that the
local concentration varied throughout the vessel and was not equal to the bulk solids

concentration (Cy), even at the impeller plane. Figure 4.37 shows this is indeed the

9 The local velocity in the mixing tank (Uy) can only be predicted on the plane
of a radial flow impeller (Equation 2.3). In all other locations in the mixing tank, U,
cannot be determined easily and data is plotted versus the sampling velocity (Us)
only.
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case for the more concentrated suspensions used in this study.

It is also possible that the flow on the impeller plane was not purely radial,
but consisted of axial and angular flow components. Laufhutte and Mersmann
(1985b) have shown that this is true in a mixing tank filled with liquid only and
stirred with the same Rushton-type impeller used in this study. Figure 4.39 shows the
radial-angular vector field of the mean velocity measured by laser doppler
velocimetry for planes 40 mm and 10 mm below the impeller. In the immediate
vicinity of the impeller, large angular velocity components exist. These angular flows
are lower at greater distances from the impeller but still exist. It is reasonable to
expect similar profiles at the impeller plane.

This was tested in the mixing tank by sampling at the impeller plane (z/H =
0.3) at a normalized radial position of r/R = 0.9 with the angled sample tube

(p +* 90°). This tube was rotated about its axis to four different positions, 90° from
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Figure 4.39: Radial-Angular Velocity Field in a Mixing Tank
Adapted From: Laufhutte and Mersmann (1985b)

each other, such that the angled face was facing upwards (P = 45°), downwards

(p = 135°) or to the front or back of the mixing tank. The results are shown in

Figures 4.40 and 4.41.

Figure 4.40 shows the sampling efficiency for the cases where the angled
sampling tube was rotated towards the front and back of the mixing tank. As can be
seen, large differences in the sampling efficiency occur for these two situations. The
highest sample solids concentration occurs when the angled face of the sample tube
opens towards the flow (indicated by the impeller rotation). The lowest
concentration occurs when the angled sample tube face opens away from the flow.
The fluid streamlines into the tube are diverted more severely in the second case as
compared to the first. This results in greater separation of the particle trajectories
from the fluid flow and lower sample solids concentrations. This phenomenon will

be discussed in further detail in the next section.
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Figure 4.40 confirms the existence of angular flow at this position in the
vessel. If the flow were purely radial, the sample solids concentration should not
differ for the two positions shown in this figure. The frontal face of the sample tube
presented to the radial flow is the same.

Similar results are shown in Figure 4.41 for the angled sample tube facing
upwards and downwards. Differences in sampling efficiency again exist indicating in
this case the presence of axial flow components at this point in the vessel. Axial flow
is expected near the wall of the vessel on the impeller plane where the flow splits
into axial flow upwards and downwards (Figure 3.4). Rushton (1965) recommended
a radial position of at least 1/40 the tank diameter (r/R = 0.95) inside the tank wall
to eliminate the flow stagnation effect at the tank wall that results in the axial flow.
The experiments shown in Figure 4.41 were carried out at 2 radial position of r/R
= 0.90, further from the tank wall than recommended by Rushton. Even at this
point, it appears that some axial flow exists.

Figures 4.40 and 4.41 show that even on the radial impeller plane ine flow
structure is such that solids approach the sample tube obliquely and not parallel to
the sample tube. This violates the requirement stated by Nienow (1985) that the
sample withdrawal velocity be in the same direction as the fluid-particle flow. The
sampling mechanism thus differs from that seen when sampling parallel to the flow
in slurry pipelines with L-shaped samplers. It is therefore reasonable to expect the
sampling efficiency (Cs/C,) to differ from unity at the isokinetic sampling velocity
predicted by Equation 2.3 and shown in Figure 4.38.

4.3.3 Effect of Particle Inertia on Sampling Efficiency

Several parameters were shown in Equation 2.2 to affect the particle inertia.

In this section, particle size and bulk concentration will be examined for their effect

on sampling efficiency.
The particle inertia parameter is dependent upon the square of the particle
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size as shown in Table 4.3 for the sands used in this study'®. As such, sampling

dgy (pm) K
82 0.331
255 3.20
410 8.25
500 12.3
1000 49.0

Table 4.3 Particle Inertia Parameters

results should be a strong function of particle size.
Figure 4.42 shows the sampling efficiency as a function of particle size for

sampling parallel to the flow on the impeller plane. The trend for the smallest

(82pm) is somewhat different than for the larger 410 and 1000um sands. The
sensitivity of sample solids concentration to sampling velocity is lower for the 82 pm

sand than for the 410 and 1000 pm sands. A similar decreasing sensitivity of sample
concentration to sampling velocity for smaller particle inertia parameters (K) is seen
when sampling from a slurry pipeline (Nasr-El-Din, 1989).

A greater effect of particle size on sampling efficiency is expected for flow
perpendicular to the sample tube as shown in Figure 2.10 for wall sampling from a
slurry pipeline. This is due to the perpendicular approach of the sand particles to
the sampling tube. In order to be withdrawn into the sampling tube, the solid

particles must change direction by 90°. Large separations between the fluid

10 The Particle Inertia Parameter was calculated using Equation 2.2 with U
from Equation 2.3, for the plane of the radial impeller at r/R = 0.9, 545 rpm
and with the 4.55 mm diameter sampling tube.
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streamlines and the particle trajectories occur, especially with increasing particle size
(increasing inertia parameter K).

This effect is seen in the mixing tank at a position of z/H = 0.5 and r/R =
0.9, shown in Figure 4.43. At this position, it is not possible to determine the particle
inertia parameter (K) as the upstream local velocity (Uy) is not known. In addition,
the sampling efficiency is plotted against the sampling velocity (Us) only and not
against the sampling velocity ratio (Us/Uy), since the local velocity (U,) is not known.
As can be seen however, sampling error increases dramatically as particle size and
thus particle inertia, increases. The trends in Figure 4.43 are very similar to those

seen when sampling from the wall of a slurry pipeline (Figure 2.10).
At high sampling velocities, there is a much larger difference in sampling

efficiency with particle size in Figure 4.43 than in Figure 4.42. This is due to the
perpendicular approach of the solids to the sample tube opening in Figure 4.44 as
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opposed to the parallel approach in Figure 4.42.

At some positions in the mixing tank, the fluid flow is neither entirely parallel
nor perpendicular to the sample tube but a combination of each (mixed flow).
Figure 4.44 shows the effect of particle size from a position where the flow is likely
mixed. There is some effect of particle size on sampling efficiency, however the
trend is not as strong as seen in Figure 4.43 where the flow was more clearly
perpendicular to the sample tube.

The effect of particle size on sampling efficiency is evident at several positions
in the mixing tank where the solid-liquid flow relative to the sample tube is quite
different. The particle size effect is most severe when the solid-liquid flow is
perpendicular to the sampling tube resulting in a 90° deflection of the fluid flow into
the sampling tube. The separation between the solids trajectories and the fluid

streamlines increases with particle size, resulting in a significant decrease in sampling
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efficiency with increasing particle size. At positions where the fluid streamlines are
deflected less than 90° (parallel or mixed flow relative to the sampling tube), the
decrease in sampling efficiency with increasing particle size is Jess.

Nasr-El-Din (1989) showed that increasing the bulk solids concentration (Cp)
in a slurry pipeline, decreases the sampling errors for both L-shaped pr ‘be and side
wall sampling (Figure 2.8). This phenomenon was attributed to the increased drag
force on the particle which decreases the deviation of the particle trajectories from
the fluid streamlines. This results in the solid particles more closely following the

fluid streamlines and improved sampling efficiency.
Figure 4.45 shows a very similar trend for the case of sampling perpendicular
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to the flow in the mixing tank (comparable to side wall sampling in a pipeline). As
the bulk solids concentration increases from 0.10 to 0.30, the sampling error
decreases. Sampling from mixing tank slurries with high bulk concentrations can
improve the sampling efficiency. However, when sampling perpendicular to the flow
when the particle inertia is large (such as with the 410 pm sand slurry used in Figure

4.45), the sampling error is not eliminated.
4.3.4 Effect of Sample Tube Design on Sampling Efficiency

There are several aspects of sample tube design that can affect the sampling
performance of the device; tip angle, tube diameter and the shape of the sample

tube. These parameters will be explored in the following.
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Nasr-El-Din (1989) showed that sampling with blunt L-shaped probes from a
slurry pipeline resulted in sampling errors that increased with the relative thickness
of the sample tube (8) (Figure 2.6). This was due to distortion of the fluid
streamlines by the blunt tip and the particle bouncing effect. Solids particles tend
to strike the blunt face of the sampler and lose some of their inertia. This causes
them to be more easily withdrawn into the sampler resulting in higher sample
concentrations. Sampling errors were eliminated when the tip angle of the sampler

was about 18° or less.
The same trend is seen in the mixing tank when sampling on the plane of the

impeller with the 410 pm sand (Figure 4.46). Reducing the sample tube tip angle
reduces particle bouncing and the sample solids concentration. The effect is more
pronounced for the 1000um sand shown in Figure 4.47. Particle inertia is again
responsible. The fluid streamlines are deflected by the blunt sample tube face. The
410 pm sand particles will follow these deflected streamlines to some extent whereas
the larger 1000pum sand particles will not. The majority of the large particles
travelling in-line with the thick sample tube edge will strike this edge, lose inertia
and be withdrawn into the sample tube (particle bouncing effect). Some of the
smaller 410pm solids will deflect around the thick sample tube edge and will not
strike it. Therefore a lesser proportion of these small solids will strike the face, lose
inertia and be withdrawn into the sample tube. The sample solids concentration for
a sample tube with a blunt (untapered) tip and the tapered tip is therefore smaller

for the small sand than for the larger sand.
Reducing the sample tube tip angle to 18° minimizes the deflection of the

fluid streamlines and particle bouncing on the sample tube face. As a result, similar

sampling efficiencies for both the 410 pm and the 1000 pm sands are evident.
Sample tube diameter can have a large impact on sampling efficiency when

sampling perpendicular to the flow in the mixing tank (Figure 4.48). As shown

previously, the sampling mechanism at this location closely resembles that of wall
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sampling from a slurry pipeline (Figure 2.9). As is the case in a slurry pipeline, the
sampling efficiency increases as the sample tube opening increases, for a given
sampling velocity. As discussed in Section 2.3.1.1.3, this is due to an increased
amount of time available for a particle to change its direction 90° to be withdrawn
into the sample tube. Clearly when sampling perpendicular to a flow, it is desirable
to sample with as large a sample tube as reasonable. This however does not ensure
that a representative sample will be obtained.

The effect of sample tube shape is shown for the 255 pm sand in Figure 4.49.
Large differences in sample solids concentration can be obtained at a given sampling

velocity, simply by using different sample tube shapes. The mechanism for sampling
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is completely different as well. Results for the 135° sample tube resemble wall
sampling from a slurry pipeline with the sampling efficiency increasing with sampling
velocity. On the other hand, the 45° sample tube performance resembles sampling
with an L-shaped probe sampler in a slurry pipeline, with the sample concentration
generally decreasing with increasing sampling velocity. The straight faced (90°)
sampler gives sample solids concentrations between the 45° and 135° samplers, and
is insensitive to sampling velocity.

Figure 4.49 shows that the sample solids concentration is highest for the 45°
sampling tube at all sampling velocities. This is due to the sample tube shape and
the downwards direction of solid-liquid flow at this position in the mixing tank (z/H
= 0.4, r/R = 0.5). Particle bouncing on the protruding tip of the 45° sample tube

results in a loss of particle inertia and an increase in sample solids concentration.
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Figure 4.49 Effect of Sampler Shape on Sampling Efficiency in the Mixing Tank
dg = 255pm, Cy = 0.10, ¢ = 4.6 mm, z/H = 04, r/R = 0.5
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The same effect was described by Nasr-El-Din (1989) when sampling from the wall
of a slurry pipeline with a angled sample tube. Barresi and Baldi (1987a) observed
the same effect when sampling from a mixing tank, stirred by an axial flow impeller
(Figure 2.13). Just above and below the impeller, the angled sample tube, opening
into the flow, gave consistently higher sample solids concentrations than a straight
faced sampling tube.

The sample solids concentrations are consistently lower for the 135° sampling
tube than for the 45° sampling tube, especially at low sampling velocities (Figure
4.49). This is due to the orientation of this sample tube relative to the flow. To
enter the sample tube, the fluid streamlines must bend at least 90°. The same is true
for the solids, but due to particle inertia, separation between the particle trajectories
and the fluid flow occurs and the sample solids concentration is reduced.

The deflection of the fluid streamlines and particle trajectories into the 90°
sampling tube at this position in the mixing tank is between the 45° and 135°
sampling tubes. As a result, the sample solids concentration is between the 45° and
135° sampling tubes.

Figure 4.50 shows comparable results for the 1000pum sand at the same
position in the vessel. The 45° sample tube (opening into the flow) again gives the
highest sample solids concentration, the 135° sample tube (facing away from the flow)
the lowest concentration and the 90° straight faced sampler gives solids
concentrations in between the other two. The differences between the sample solids

concentrations obtained by the different sampling tubes is much wider for the
1000 pm sand than for the 255 pm sand, at a given sampling velocity. This is due to
particle inertia. The inertia parameter (K) of the 1000pm sand is more than 15
times larger than that of the 255 pm sand (Table 4.2). Asa result, the separation
between the solids trajectories and the fluid streamlines is much larger for the
1000pm sand than for the 255pm sand. This is especially evident for the 135°

sampler where the solids must deflect by a large angle to enter the sampler. This is

more difficult for the 1000 pm sand than for the 255pm sand, resulting in much
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lower sampling efficiency at a given sampling velocity.

Obviously, sampler design can have a large impact on sampling efficiency and
the effect increases with particle diameter. The different sampling mechanism for
the different sample tube designs makes it extremely difficult in a mixing tank to
determine the sampling velocity required to obtain a representative sample without
prior knowledge of the solids and fluid properties and the flow velocity and direction

past the sample tube.
4.4 Sample Concentration Correlations

In the previous sections, it has been shown that the solids concentration

obtained by sample withdrawal from a slurry mixing tank is rarely equivalent to the
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local solids concentration. Since sampling is often the simplest or only method
available for determining solids concentration, it would be very useful to be able to

compensate for sampling error with a correlation.
4.4.1 Sampling on the Plane of the Impeller

Rushton (1965) developed correlations to predict the solids concentration
measured by sampling with a tapered sample tube on the plane of a radial flow
impeller in a mixing tank (Equations 2.4 and 2.5). These correlations predict the
sample solids concentration (Cs) to equal the bulk solids concentration (Cg) at the
isokinetic sampling velocity (Us = U, - determined from Equation 2.3). This is
indee? i - ~ase for the 410 pm sand used in this study (Figure 4.51). The Rushton
cor: _ vn for comparison, predicts the sample solids concentration very well,
with ‘eviations being at low sampling velocities.

.- case where the solids are not fully suspended, as shown in Figure 4.52
for the 100 pm sand, ule Rushton prediction fails. In this case, the sample solids
concentration is far less than the bulk solids concentration at the isokinetic velocity
(Us/Up = 1). Obviously the Rushton correlation is valid for situations where the
solids are fully suspended.

The Rushton correlation predicts the sample solids concentration (Cs) to
equal the BULK solids concentration (C,) at the isokinetic sampling velocity (Us/U,
= 1). The bulk solids concentration is not necessarily the local solids concentration

on the impeller plane as shown in Table 4.4 for various impeller speeds for the

410 pm sand.
A correlation for the local solids concentration (C,) can be developed by

fitting a Rushton-type correlation, shown in Equation 4.3, to the experimental data.

Cs/Cy=a(UglUy)? (4.3)
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This was done for the 82, 410 and 1000 pm sands at a bulk concentration of 0.10 and

for the tapered (y = 18°), 4.6 mm diameter sampling tube, sampling oi the radial

impeller plane (z/H = 0.3). The results are shown in Table 4.5 and the data and

fitted line for the 410 um sand shown in Figure 4.53.

N Cs Co
(rpm)
440 0.100 0.079
545 0.100 0.124
680 0.100 0.132

Table 4.4 Comparison of Bulk and Local Solids Concentrations
dsy = 410pm, C3 = 0.10, ¢ = 4.6 mm, y = 18% z/H = 03, r/R
=09

Rushton (1965) pointed out that the exponent (b) becomes larger (more
negative) as the particle size increases. This is true for the 82 and 410 pm sands but
is not true for the 1000 pm sand. The exponent of the 1000 um sand is smaller (less
negative) than for the 410 pm sand. This could be due to the incomplete suspension
of the 1000um sand, a situation that Rushton did not study. In addiiion, the

sampling tube used for these tests -’as only 4.6 times the diameter of the 1000 pm

dg a b r
(pm)

82 0.723 -0.041 0.92
410 0.847 -0.156 0.97
1000 0.885 -0.115 0.90

Table 4.5: Fitted Parameters for Equation 4.3

139

z/H =03,C; =010, ¢ = 4.6 mm, y = 18°




T T v T d T Y T
141} 545 rpm
q e -
s ©® EXPERIME"ITAL DATA <
> 1.2 — FITTED CORRELATION
& . 0.3 4 4
o ;
T = :
=D 0.9
w O 10}
Q wn |
= Q
=
E 0.8 o
S
(7]
06}
L 1 1 L
(4] 1 2 3 4

SAMPLING VELOCITY RATIO (Us/U,)

Figure 4.53: Curve Fitted To Sampling Efficiency Data From the Mixing Tank
ds = 410pm, Cz = 0.10, ¢ =46 mm, y = 18%,z/H = 03, r/R =09

sand. This small aspect ratio is less than that recommended by Nasr-El-Din (1984)
for sampling from slurry pipelines and as a result, may cause sampling behaviour that

was not accounted for by Rushton (1965).

It appears that a correlation of the type used by Rushton (Equation 4.3) may
be used to predict the local solids concentration in a mixing tank on the plane of a
radial flow impeller. More work needs to be done to be able to predict the
coefficient ’a’ and the exponent ’b’.

Rehakova and Novosad (1971a,b) and Sharma and Das (1980) analyzed the
same problem of sampling on the radial impeller plane of a mixing tank. Each group
developed different correlations to predict the relative solids concentrativ.1 (Cs/Cp)

at this location (Equations 2.6 to 2.10).
The Rushton and Sharma and Das correlations are shown in Figure 4.54 along
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with sampling data from this study. The correlations # Rehakova and Novosad are
not compared due to the very low solids concentrations covered in their study and
the lack of a particle size dependence.

The correlation by Sharma and Das is very similar to that of Rushton,

however it predicts a slightly higher solids concentration ratio (Cs/Cp). The Rushton

correlation appears to give the best fit of the data over the entire range of sampling

velocities.
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5. CONCLUSIONS
The following conclusions can be drawn from this study:

e The solids concentration measured by sampling from slurry mixing tanks
can vary widely and is a function of sampling velocity, particle size, bulk

solids concentration, position of the sampler relative to the flow, sample

tube shape, diameter and tip angle.

e The sample particle size distribution can vary widely with the sampling
velocity and sample tut.. shape. For a mixture containing equal amounts

of coarse and fine sands, the fraction of fine particles in the sample is a
linear function of the sample solids concentration, within the range of

parameters covered in this study.

® The conductivity probe developed in this study can accurately measure
local solids concentration in a slurry mixing tank. The conductivity probe

must be used with care as the measurement accuracy is a function of
solution ion concentration, temperature, position relative to a boundary
in the vessel, field circuit operation and the rotated position of the probe

relative to the siurry flow.

e The sampling mechanism in a slurry mixing tank can resemble L-shaped
probe sampling in a slurry pipeline (sampling parallel to the flow), side

wall sampling from a slurry pipeline (sampling perpendicular to the flow)

or a combination of the two.

® The flow on the irapeller plane of a mixing tank stirred with a radial flow
impeller is not purely radial in nature but also consists of axial and

angular velocity components. This results in sample solids concentrations
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lower than the local solids concentration at the isokinetic sampling

velocity.

For fully suspended solids, sampled with a sampling tube with a tip angle
of 18°, on the plane of the impeller, the sample solids concentration

equals the bulk solids concentration at the isokinetic sampling velocity.

Samplin~ error increases with increasing particle siz# when sampling
perpenacular to the flow in a mixing tank.

Sampling error is reduced, with increasing bulk solids concentration when
sampling perpendicular to the flow in the mixing tank. The sampling

error is still significant however for the 410 pm sand even at a bulk . .1ds

concentration of 0.30.

Reducing the tip angle of a blunt sample tube when sampling on the plane
of 2 radial flow impeller reduces the sample solids ~oncentration due to

a reduction in particle bouncing and disturbance of the fluid flow field.

Increasing the sample tube diameter when sampling perpendicular to the
flow will increase the sample solids concentration at a given sampling

velocity. More time is available for the particles to deflect 90° and be

withdrawn into the largs. sample tube.

Differently shaped samplers can greatly change the sample solids
concentration at a given sampling velocity and location in the mixing tank.

These differences increase with increasing particle size.

The sampling mechanism is completely different for 45° 90° and 135°

shaped sample tubes at the same location in the mixing tank. This is due
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to the shape of the sample tube opening relative to the solid-liquid flow

and to particle bouncing.

® The Rushton and Sharma and Das correlations adequately predict the
sample solids concentration on the plane of a radial flow impeller when

using a sample tube with a tip angle of 18°, in a fully suspended

suspension and whea the bulk solids concentration in the vessel is known.

144



6. RECOMMENDATIONS

It is recommended that:

A correlation, predicting the local solids concentration in a slurry mixing
tank on the plane of a radial flow impeller, be developed. This can be

accomplished by further investigating the effect of particle properties,

mixing and sampling conditions on the constants in Equation 4.3.

The conductivity probe instrumentation be better developed to obtain
more accurate average conductivity and solids concentration values from

the fluctuating signal.

The effect of conductivity probe rotation on the measured solids
concentration be further investigated. This phenomenon may be useful

for determining the direction of flow in a mixing tank.

The conductivity probe be redesigned to eliminate the unsymmetric
electrode placement and the effect of rotation on conductivity

measurement. Pipeline calibration of the new design is essential.
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Note: Particle Densities Adjusted For Water Density Where Possible
Water Densitias From: Perry and Chilton (1973)

82 micron SAND

PARTICLE DENSITIES FROM DISPLACEMENT TESTS

DATE WATER WATER SAND WTTO VOLH20 TOTAL SAND SAND

TEMP  DENSITY WT TOTVOL ADDED vOL voL DENSITY
C g/mi o] g mi mi mi g/mi
60889 20.0 0.99823 254.78 657.25 403.18 500.00 96.82 2.632
190889 20.0 0.99823 328.17 702.87 375.36 500.00 124.64 2.633
190889 20.0 0.99823 217.90 634.31 417.15 500.00 82.35 2.630
190889 20.0 0.99823 267.27 665.09 398.52 500.00 101.48 2.634
130889 20.0 0.99823 446.84 776.95 330.69 500.00 169.31 2.639
190889 20.0 0.99823 324.17 700.70 377.20 500.0C 122.80 2.640
190889 20.0 0.99823 362.83 724.73 362.54 500.00 137.46 2.640
Average 2.635
Pop. Std. Dev. 0.0038
100*(Std. Dev/Avg) 0.146
255 micron SAND

DATE WATEFR  WATER SAND Vil YOLH20 TOTAL SAND SAND

TEMP  DENSITY WT TCT VL ADOED VoL VoL DENSITY
< g/mi o] ¢ ml m! mi g/mi

130589 23.0 0.997801 438.32 771.33 333.74 500.00 166.26 2.636
130588 21.0 0.998023 382.32 736.18 354.56 500.00 145.44 2.629
130589 23.0 0.997801 374.78 731.79 3T R0 500.00 142.20 2.636
200689 20.0 0.99823 437.85 771.16 2390 500.00 166.10 2.636
200689 20.0 0.99823 552.59 842.54 290.46 500.00 209.54 2.637
200689 21.0 0.99802 399.67 T47.44 348.46 500.00 151.54 2.637
Average 2.635
Pop. Std. Dev. 0.0030
100*(Std. Dev/Avg) 0.113
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410 micron SAND

DATE WATER WATER  SAND WTTO VOLH20 TOTAL SAND SAND

TEMP  DENSITY wT TOTVOL ADDED VOL vOL DENSITY
Cc g/ml g o} ml mi mi g/mi
80189 24.0 0.99733 713.19 839.78 227.20 500.00 272.80 2.614
80189 24.0 0.99733 551.45 840.88 290.21 500.00 209.79 2.629
80189 24.0 0.99733 556.82 844.32 288.27 500.00 211.73 2.630
80189 24.0 0.99733 709.43 938.36 229.54 500.00 270.46 2.623
80189 24.0 0.99733 588.29 864.34 276.79 500.00 223.21 2.636
80189 24.0 0.99733 669.82 914.51 245.35 500.00 254.65 2.630
270589 23.0 0.997570 348.49 715.01 367.41 500.00 132.59 2.628
270589 24.0 0.997328 407.90 752.08 345.10 500.00 154.90 2.633
270589 23.5 0.997450 400.77 747.67 347.79 500.00 152.21 -3
270589 23.0 0.997570 494.58 805.95 312.13 500.00 187.87 o
220789 22.5 0.997687 353.42 718.21 365.64 500.00 134.36 2.030
220789 21.0 0.998023 466.32 788.80 323.12 500.00 176.88 2.636
220789 21.0 0.998023 499.75 809.68 310.54 500.00 189.46 2.638
220789 20.0 0.998234 529.42 828.00 299.11 500.00 200.89 2.635
220789 20.0 0.998234 351.22 716.66 366.09 500.00 133.91 2.623
230689 21.0 0.998023 332.62 T05.44 373.56 500.00 126.44 2.631
230689 20.5 0.998130 569.60 853.05 283.98 500.00 216.02 2.637
230689 21.0 0.998023 382.16 736.68 355.22 50C.00 144.78 2.640
230689 21.0 0.998023 305.54 688.30 383.52 500.00 116.48 2.623
Average 2.631
Pop. Std. Dev. 0.0062
100°(Std. Dev/Avg) 0.23
500 micron SAND

DATE WATER WATER  SAND WTTO VOLH20 TOTAL SAND SAND

TEMP  DENSITY WT TOTVOL ADDED VoL VOL  DENSITY
c g/mi g 9 mi mi mi o/ml

100580 20.3 0.99817 328.80 703.03 374.92 500.00 125.08 2.629
100590 20.0 0.998234 444.37 774.84 331.05 500.00 168.95 2.630
100590 20.1 0.998213 300.21 685.41 385.89 500.00 114.11 2.631
100590 20.1 0.998213 322.30 699.03 377.40 500.0C 122.60 2.629
Average 2.630
Pop. Std. Dev. 0.0009
100°(Std. Dev/Avg) 0.035
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1000 micron SAND

DATE WATER WATER SAND WTTO VOLH20 TOTAL SAND SAND

TEMP  DENSITY wT TOTVOL ADDED vOL vOL DENSITY
C g/m! o} g mi ml mi g/ml

230690 +9.8  0.99828 496.50 806.70 310.74 500.0C 189.26 2.623
230690 20.0 0.99823 322.20 698.90 377.37 500.00 122.63 2.627
60790 19.9 0.99825 355.00 719.20 364.84 500.00 135.16 2.626
50790 19.8 0.99828 477.80 795.00 317.75 500.00 182.25 2.622
Average 2.625
Pop. Std. Dev. 0.0023
100*(Std. Dev/Avg) 0.088
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APPENDIX B

PARTICLE SIZE DISTRIBUTION TESTS

168



9,65 0000l 09'88 OVO8 ESEL €508 5925 OS¥r vZOy SLOE VEST 2BEE OL'IE 86'EZ Er¥l 8SL S6E peulmiey % 1M 'Wn3  6€

gyoSL 01'Z EZE€ OSVE SSBL 98lL 9Tl 2ve ¥¥S 6L VOE g0y 1L0L LE¥L LEOL S¥S G6S (B)erers U1 ST

908 uny .g

ot

g9°OY 00001 8168 29'l6 LGB £L69 82E9 €895 TEES 6T 05 TWev Lviv \wyy 929 ISEZ 8TFL 98L peumiey % 1M ‘Wn)  SE

veEel 051 9BZ OZEC veLL 28l 8Ll Sye  les  ESL 9% 1SS Se'bL LEEZT TeBL LLLL L¥EL (B)ensis U M VE

508 uny €€

zc

82'SL 00001 81’86 68V8 8L'Ve BE05 'T6E SSBZ 2ILYZ 8L0Z L8'6L LL'8L @06l sl e1e €82 L2} peuimiey 9% IM "wWn) 1€

s9ZiL bL'Z OLE ¥ZTOEC vZOL S52TH S8'LL 695 ey L0 202 1wz lEs €9 26E €81 0S (B)easig Ui I OF

¥08 uny o2

82

sty 0000t 9886 £0'/6 9Z6L €LOL YL'¥9 96LS 10SS E1'TG OELS BEGY seoy L9LE 2ZL'ST LL'SL 988 peulmiey % IM ‘Wnd L2

scvey 202 GLE ESVE 698l 6LZL 20T €LS 095 091 y'c 886 1991 SOPZ SveL Gzl 2T (B)easis UI I 92

£08 ungy S2

- 154

09'Ly 0000i 61668 LGL8 EVI8 9TEL IEL9 IVID OVES 19S¢ O0BVS 665 2005 05\ 2982 281 IELL peutelaey 9% M ‘wnd €2

se16L SS1  OL'E  6R0E 29GL BElL O0FML SLS vES 851 ovE e9s 629l S9vZ 186L IEEL P9IZ (B)ensig Ul I 2T

208 uny 12

0z

zLey 00001 9268 107868 ¥08 ¥G/9 VBO9 O06ES 8205 069y 809y bI'bY €2l 0926 0L0Z LOZL 169 peuteiey % IM ‘wnd 81

o088l 661 OfZ S92 SOV 09T GOEL 189 ¥ZE Sl SOT gy's 2Iz9l 8LTC £Z9L 0.6 O0EL (B)ersig U1 8L

108 ung Lt

9

'Sy 00001 B81'68 00°/8 BEOB SO'OL PEVD [6IS O5VS VvO'lS (805 68'EY l09y 98'LE 2TST ETSL OL'8 peuleley % WM 'wnd St

oLc0z €9k 80E 1ZSE £8'6L I8 L6 S69 ¢S 691 Z6T 186 1991 8162 SEO0Z 1EEl eLll (B)easis UM ¥1

008 uny €1

2\

S3NI4 (uoioyw) 1

% |l0] ge> 8¢ st SL 08 0L G2t 051 gl 082 OOE SSE S2¥ 005 009 01 ezig e|oiued Ot
n 1 s d o] d o N W Rl b} r ! H 9 4 3 a 0

S1S31 NOILNAIY1SIA 3ZIS 3101LHVd

(0661 '8 1840100 BIEQ MEH YIIM PE300UD) 1661 '8 Ld3S ‘3LVadN 1SV
M BL-NNYASd ewsuejly

169



S8'1S

00001

90'68

ov'L6

v18L 01'99 1985 bLIS SL'8y BTGy 6Svy 892 BE'6E 8F2E LTI 1eElL 29L peuiiey % WM ‘Wno 8L
o1'l8L OLL 052 O6EE 0622 OZEL 082 059 02§ OFL OVE 06F ov'EL oc'el oSt CS0L OBE!L (Bencis Ul SL

918 uny  ¥L

€L

15'€S 00'00L 2688 0898 0L9L 18¥9 CVIS 0005 6yoy PEEF ¥y LLOF 628 IWIE 8202 L6841 099 peumiey % I\ wny  ZL
036l OL'Z O06E OVip OL'1Z OEPL Obvl 08’9 OL'9 081 OEE  OLF 08'€l 0012 0L'9F oOvolL 082l (B)easiS U I 1L

Si8 ungy oL

(]

oLLy 00°00L /688 6E/6 Ol 189 Z1'Z0 1095 8ZS 866y LL'6Y 9Ty 2Oy S6OE 00GZ vZ'SL OL'8 peurmey % WM ‘wnd 89
1181 180 88T ZZEE 88, 66°LL OVLL SL'S 1ZS 8S'L 9P 6LV go'cL 291z €8°LL 06'lL 086Gl (B)onels Ut I L9

vi8 ung 99

99

1989 00'001 SE'88 [9'G8 S6L9 VYSES ELYP SESE €EIE 1082 SILZ SEST TOET 00'Zl 188 OIS 12T peuiBley % IM ‘WD  ¥9
10121 102 SZT€ LEE E€SZL 101 080 055 ¥Ov VO'L 61T €8T €eL ¥.8 €LS ISt 6892 (B)eneig U I €9

€18 ungy 29

19

2509 00'00L £8'88 2208 GEEL OL6S B9'lS [SEy SBY6E GL'OE SEGE SPEE TTIE pLEC 8y'SL LLe  8BY peuiBleY % WM ‘wnd 00
\S9/L 902  VEE  SYOv 86vZ O1'vL 2EVE 2TL L8S WL O00E 6z¥ wrlL EE9L STLE L¥L 198 (B)onsig Ui 09

118 uny 8%

19

rA>] 0000l OV'ES 00'G8 [269 SS9S EYEv [90v 859€ BI'EE E€ETE BS0E €182 68’12 SCEL 822 ¥9E peujEleY % WM ‘WND 99
6zcyl 62z £6€ 2ZELE 2281 €9l ELML S8 88y 12l 19T ISE 008 8121 or8 2§ 129 (B)ercig UM 99

018 ung ¥S

€5

BS'EY 0000l 088 LSZ6 ZL08 LZLL 6ZS8 OY'6S Lyes OBES LO0ES LIS Ov'ey ezov vi'8z o8LL LL0! peusgleY 9% M ‘wWnd 29
sc'8/L S9'L  08Z V862 S89L L8701 O¥OL E¥S 95y vl GEE  vBY Pl 1912 018l 88CL 126! (B) el U1 W 1S

808 uny 0§

ov

LLEY 00'00L $268 9826 1518 CELL E6SH 9665 €885 80VS BL'ES €IS ST'EY 05OV 9Lz 8L9l 186 peulgley % M ‘WnD  8Y
2z28L bl S9Z  IVIE 2v'eL ESLL 8yiL 209 IES  89'L L€ v§§ B80St 9L v? ¥80Z OvElL 588 (B)oasiS UL I LY

208 ung o¥

SP

SaANI (vosoiw)  v¥
% |0l 8E> 8E 12 SL 08 901 G2L 0SL 2 02 00E SSE GZv 00OS 008 OLL ezl ejoiued  €F

2y

n 1 S Y o] d o N N 1 ] r ! H 5} 4 3 a] 0 v

g

170



APPENDIX C
SAMPLED DATA
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Runs Mecan Bulk Mixer Page
Particle Solids Speed
Size (ds) Concentration (rpm)
(micron) (Cp)

1-39 410 0.10 545 173
40 - 143 410 0.10 545 175
144 - 196 410 0.10 545 179
197 - 257 410 0.10 680 181
258 - 319 410 0.10 440 184
320 - 344 410 0.10 440,545,680 187
345 - 389 410 0.30 680 188
400 - 503 255 0.30 545 190
504 - 552 410 0.10 440,545,680 194
553 - 600 410 0.30 545 196
601 - 685 410 0.30 545,680 198
686 - 739 82 030 545 202
740 - 761 410 0.01/0.05 545 205
800 - 816 82/500 0.20 545 207
850 - 862 82 0.30 545 208
864 - 907 255 0.30 545 209
908 - 967 500 0.30 680,750 211
970 - 976 410 0.10 440 214

980 - 1002 255 0.10 545 215
1010 - 1014 255 0.30 545 216
1020 - 1039 500 0.10 545 217
1050 - 1062 1000 0.10 680 218
1063 - 1068 1000 0.10 545 219
1069 - 1122 410 0.10 545 220
1123 - 1139 410 0.30 545 223
1140 - 1152 1000 0.10 545 224 |
1153 - 1164 82 0.10 545 225 “
1165 - 1210 410 0.10 545 226 “
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APPENDIX D

CONDUCTIVITY DATA



CONDUCTIVITY DATA

Page

Pipeline Conductivity Data

231

Pipeline Bulk Concentration Data

240

229




Particle Bulk Mixer Page

Size Solids Speed

(micron) Concentration (rpm)

(Co)

410 0.10 545 241
410 0.10 440 243
410 0.30 545 245
410 0.30 680 247

410 0.30 680
249

Rotated to Plane of Baffle
82 0.30 545 250
500 030 750 252
255 0.30 545 254
410 0.10 Various
256
Axial Flow Impeller
410 0.10 Various
257
Axial Flow Impeller

410 0.10 Various 259
255 0.10 545 260
255 0.10 Various 261
255 0.10 545 262
255 0.30 545 263
255 0.30 Various 264
500 0.10 545 266
500 0.10 Various 267
1000 0.10 Various 268
410 0.10 Various 269
410 0.30 545 270
1000 0.10 545 pA) |
82 0.10 545 272
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Filsname: COND-21B.WK1  LAST UPDATE: FEB 20, 1991 (CHECKED WITH RAW DATA AUG 23, 1900)

CONDUGTIVITY PROBE DATA. RADIAL MIXER. 410 micron SAND, CB = 0.100. 545 RPM, 1000 HZ, SQUARE WAVE, 10 mA
NOTES: SCATTER (1) = 100°(High Concentration « Low ConcentrationVAverage Concentration
Position 1 « SMALL FE TO MIXER, 2 = LARGE FE TO FRON™. 3 = LARGE FE TO MIXER, 4 » LARGE FE TO BACK (FE = FIELD ELECTODE)

A B [o] 0 E F G H | J
10 RAun Date {OMYr) 180800 180890 180890 180850 180890 180880 180860
1" Mixer Speed (RPM) 549 549 550 549 550 549 550
12 Temperature {C) 24 24 235 23 225 23 225
13 Tank Position (Z/H) 0.90 0.80 0.70 0.60 050 0.40 030
14 Tank Position (r/R) 0.90 0.90 0.900 090 0.90 0 90 090
15
18 Position 1 - Eo (mvAC) 48 44 44 43 45 44 45
17 -Ec ~-LOW  (mvAC) 48 43 51 50 51 51 53
18 -Ec ~HIGH (mvAC) 49 51 54 52 54 54 55
20 Position 2 - Eo {(mvAC) 48 44 44 43 445 44 45
21 -Ec -LOW  (mvAC) 48 48 52 50 52 52 54
22 -Ec -HIGH (mvAC) 48 52 55 53 53 54 56
24 Positicn 3 - Eo {(mvAC) 48 44 44 43 45 44 45
25 -Ec -LOW (mvAC) 47 48 53 49 52 51 52
268 -Ec -HIGH (mvAC) 49 51 55 52 53 53 54
28 Position 4 - Eo (mvAC, 48 44 44 435 45 435 45
29 -Ec ~LOW (mvAC) 48 48 51 9 49 50 53
30 -Ec -HIGH (mvAC) 48 51 53 51 g2 52 55
31
32 AVERAGE CONCENTRATION - Position 1 0.021 0.077 0114 0.110 0100 0114 0117
3% - Position 2 0.014 0.083 012S 0.116 0.107 0120 0120
34 - Position 3 0.028 0.077 G129 0.104 0100 0 108 0108
35 - Position 4 0.014 0.077 0 1ce (.060 0075 ¢ 103 0117
37 SCATTER (1) - Position 1 (%) 200.0 50.6 3t 4 223 381 314 15¢
38 - Position2 (%) 200.0 e1.7 N RYB 112 196 17 4
39 - Position 3 (%) 97.9 508 17.4 380 120 223 224
40 - Position 4 (%) 200.0 50.6 223 280 507 240 198
41
42 Run Date (DM Yr) 180890 180890 180860 (19870 180890 180890
43 Mixer Speed (RPM) 550 550 548 248 %50 548
44 Temperature (C) 235 235 255 255 248 255
45  Tank Position (ZH) 0.20 0.10 0.90 0.80 0.80 070
48 Tank Position (r/R) 0.90 0.90 0.60 0.80 0.80 0.60
47
48 Position 1 - Eo (mvAC) 4. 43 44 42 42 41
49 -Ec -LOW (mvAC) 49 47 45 48 47 46
50 ~-Ec -HIGH (mvAC) 50 48 47 48 48 48
52 Position 2 - Eo (mvAC) 43 43 44 42 42 41
-Ec -LOW  (mvAC) 49 49 45 a7 47 a7
54 -Ec -HIGH (mvAC) 51 50 47 49 49 48
Position 3 - Eo {mvAC) 44 44 44 42 42 41
57 -Ec -LOW (mvAC) 49 50 45 48 47 47
-Ec ~HIGH (mvAC) 50 51 47 48 49 49
680 Position 4 ~ Ev (mvAC) 43 43 44 42 42 41
81 -Ec -LOW  (mvAC) 48 47 45 48 48 47
82 -Ec -HIGH (mvAC) 49 49 47 48 49 48
63
AVERAGE CONCENTRATION - Position 0.092 0.085 0.029 0.073 0.080 V089
- Position 2 0.098 0.092 0.020 0.087 0.087 0.000
- Position 3 0.077 0.080 0.029 0.073 0.087 0.102
87 - Position 4 0.079 0.072 0.020 0.073 0.080 0.008
69 SCATTER (1) - Position 1 (%) 140 208 978 37.2 18.7 304
70 - Position 2 (%) 258 14.0 978 30.5 305 139
71 - Position 3 (%) 19.8 14.0 978 37.2 305 257
72 - Position 4 (%) 108 37.2 97.8 37.2 50.5 139
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RAun Date (DM Yr) 180890 180800 180890 180890 180890 180890 180890 180880
Mixer Speed (RPM) 550 550 550 550 547 547 547 548
Temperature (C) 248 245 25 25 285 265 28.5 26
Tank Position (2/H) 0.40 0.30 0.20 0.10 0.90 0.80 0.70 0.60
Tank Position (r/R) 0.80 0.60 0.60 0.60 0.30 0.30 0.30 0.30
Position 1 - En (mvAC) 41 41 41 41 43 41 40 40
-Ec -LOW (mvAC) 47 52 45 45 43 42 44 45
-Ec -HIGH (mvAC) 49 54 48 48 45 45 48 48
Position 2 - Eo (imvAC) 41 41 41 41 43 41 40 40
-Ec ~LOW (mvAC) 47 52 48 48 44 43 45 48
-Ec -HIGH (mvAC) 49 54 48 48 45 4¢ 48 47
Position 3 ~ Eo {mvAC) 41 415 41 41 43 41 40 40
-Ec -LOW (mvAC) 48 47 43 48 44 43 44 45
-Ec -HIGH (mvAC) 48 49 48 48 48 48 47 48
Position 4 - Eo (mvAC) a1 415 a1 41 43 41 40 40
~Ec -LOW (mvAC) 46 49 43 46 43 42 43 43
-Ec -HIGH (mvAC) 48 51 45 48 44 44 45 45
AVERAGE CONCENTRATION ~ Position 1 0.102 0.163 0.082 0.082 0.015 0.039 0.077 0.084
- Position 2 0.102 0.163 0.074 0.089 0.023 0.053 0.084 0.098
- Position 3 0.089 0.004 0.053 0.095 0.030 0.053 0.083 0.084
~ Position 4 0.089 0.120 0.048 0.089 0.008 0.031 0.082 0.082
SCATTER (1) - Position 1 (%) 25.7 14.0 50.4 50.4 200.0 117.0 37.0 18.7
- Position 2 (%) 25.7 14.0 74.9 30.4 653 81.9 187 13.8
- Posilion 3 (W) 304 279 81.9 420 97.7 81.9 50.3 18.7
- Position 4 (%) 30.4 20.7 63.9 30.4 200.0 976 47.1 47.4
Run Date (OMYr) 180890 180880
Mixer Speed {RPM) 548 548
Temperature (C) 26 26
Tank Position (2/H) 0.50 0.40
Tank Position (r/R) 0.30 0.30
Position 1 - Eo {mvAC) 40 40
-Ec -LOW (mvAC) 45 44
-Ec -HIGH (mvAC) 48 45
Position 2 - Eo (mvAC) 40 40
-Ec -LOW (mvAC) 45 45
-Ec -HIGH (mvAC) 46 48
Position 3 - Eo {mvAC) 40 40
-E¢c -LOW  (mvAC) 44 45
-Ec ~-HIGH (mvAC) 46 48
Position 4 - Eo {(mvAC) 40 40
-Ec -LOW (mvAC) 44 43
-Ec -HIGH (mvAC) 44 45
AVERAGE CONCENTRATION - Position 0.084 0.070
- Position 2 0.084 0.084
- Position 3 0.077 0.084
- Position 4 0.083 0.082
SCATTER (1) - Position 1 (%) 16.7 20.7
- Position 2 (W) 16.7 187
- Position 3 (W) 37.0 16.7
- Position 4 (%) 0.0 47.1



Filename: COND-228.WK! LAST UPDATE: FEB 20, 1991 (CHECKED WITH RAW DATA AUQ 23, 1900}

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB = 0 100, 440 RPM. 1000 Hz. SQUARE WAVE, 1.0 mA
SCATTER (1) » 100°(High Concentration - Low ConcentrationyAverage Concentration
POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARQE FE YO MIXER 4 = LARQE FE TO BACX (FE = FIELD ELECTRODE)

NOTES:

A (o] o) E F G H | J K

8 Run Date (DM Yr) 180890 180890 180890 180800 180800 180800 180880 189890

9 Mixer Speed (RPM) 442 442 442 442 442 442 443 443
10 Temperature {C) 27 27 27 27 27 27 27 27
1 Tank Position (&/H) 0.90 0.80 0.70 0.60 0.50 0 40 030 020
12 Tank Position (r/R) 0.90 0.90 0.90 0.00 0.90 0 90 080 0 90
13
14 Position 1 - Eo (mvAC) 42 40 40 39 39 39 39 39
15 ~Ec -LOW (mvAC) 42 41 42 41 41 42 43 42
16 ~Ec -HIGH (mvAQ) 43 43 44 43 43 43 44 43
17 Position 2 - Eo (mvAC) 42 41 40 39 39 40 38 39
18 -Ec -LOW {mvAC) 42 41 43 41 42 42 43 42
19 -Ec -HIGH (mvAC) 44 43 45 43 43 44 45 44
20 Position 3 - Eo (mvAC) 42 41 40 39 39 40 39 38
21 -Ec -LOW (mvAC) 42 41 42 41 41 42 42 42
22 ~-Ec -HIGH (mvAC) 44 44 45 43 43 44 44 43
23 Position 4 - Eo (mvAC) 42 40 40 39 39 39 39 k]
24 -Ec ~-LOW (mvAC) 42 41 41 40 40 41 42 41
25 -Ec -HIGH (mvAC) 43 43 44 43 42 43 44 42
28
27 AVERAGE CONCENTRATION - Position  0.008 0.032 0047 0049 0049 0058 0071 0 058
28 - Position 2 0015 0.018 0.082 0.049 0.058 0047 0079 0 ne4
29 - Position 3 0015 0023 0055 0049 0049 0047 0064 0058
30 - Position 4 0003 0032 0.039 0.040 0033 0040 0084 O 041
31 SCATTER (1) - Position 1 (%) 200.0 97.6 638 63.8 83.8 27.0 207 270
32 - Position 2 (%) 2000 200.0 471 e3.8 27.0 63.8 37.0 47.0
33 - Position 3 (%} 200.0 2000 81.8 838 8338 83.8 47.0 270
34 ~ Position 4 (%) 200.0 9768 1189 1188 975 838 47.0 384
35
38 Run Date (DM Yr) 180890 180890 180890 180890 180800 180890 180890
37 Mixer Speed (RPM) 443 441 441 441 441 441 441
38 Temperature {C) 27 288 285 28.5 28.2 288 202
39 Tank Position (zZ/H) 0.10 0.90 0.80 0.70 0.80 0.60 050
40 Tank Position {r/R) 0.90 0.60 0.80 0.60 0.80 0.60 0.60
41
42 Position 1 - Eo (mvAC) 39 42 41 40 40 39 39
43 -Ec ~-LOW (mvAC) 42 42 41 41 41 41 42
44 -Ec ~HIGH (mvAC) 43 43 43 43 42 41 42
15 Position 2 - Eo ‘i1 vAC) 39 42 L] 40 40 39 39
46 ~Ec -LOW pnvAC) 43 42 42 42 42 41 42
47 ~-Ec -HIGH (nvAC) 44 43 43 43 42 42 42
48 Position 3 ~ Eo (mvAC) 39 42 41 40 40 39 39
49 -Ec -LOW  (mvAC) 44 a2 41 41 41 41 41
50 -Ec -HIGH (mvAC) a5 43 43 43 43 42 42
51 Position 4 - Eo (mvAC) 39 42 41 40 40 39 39
52 ~-Ec -LOW (mvAC) 42 42 41 41 41 41 41
53 ~Ec -HIGH (mvAC) 43 43 43 43 42 41 42
54
55 AVERAGE CONCENTRATION - Position  0.058 0.008 0.016 0032 0024 0033 0049
58 - Pogition 2 0.071 0.008 0024 0040 0.032 0.041 0 049
57 - Position 3 0.088 0.008 0.016 0032 0.032 0041 0041
58 - Position 4 0.058 0008 0016 0032 0024 2033 0041
59 SCATTER (1) - Position 1 (%) 27.0 2000 200.0 87.8 85.2 0.0 0.0
.7} - Position 2 (%) 20.7 200.0 65.3 385 0.0 8.4 0.0
1] - Position 3 (%) 16.6 2000 200.0 97.0 T 38.4 384
82 - Pogition 4 (%) 27.0 200.0 200.0 97.8 (N 0.0 384
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Run Date {OMYr) 180890 180880 180890 180890 180880 180890 180890 180880
Mixer Spead {RPM) 441 441 441 441 440 441 440 441
Temperature (C) 28.2 208 262 26.2 28.2 26.2 28.2 268.2
Tank Position (z/H) 0.30 0.20 0.90 0.80 0.80 0.70 0.70 0.860
Tank Position (r/R) 0.80 0.60 0.30 0.30 0.30 0.30 0.30 0.30
Position 1 - Eo {mvAC) 30 39 42 40 40 39 39 39
-Ec -LOW (mvAC) 43 43 42 40 40 41 40 40

-Ec -HIGH (mvAC) 45 48 43 41 42 42 42 -l
Position 2 - Eo (mvAC) 39 38 42 40 40 39 39 39
-Ec -LOW (mvAC) 44 44 42 40 40 41 41 41

-Ec -HIGH (mvAC) 45 47 43 42 42 42 42 42
Position 3 - Eo (mvAC) 39 39 42 40 40 39 39 39
-Ec -LOW (mvAC) 42 43 42 40 40 40 40 41

-Ec -HIGH (mvAC) 43 48 43 42 42 42 42 42
Position 4 - Eo {mvAC) 30 39 42 40 39 39
-Ec -LOW (mvAC) 43 42 42 40 40 40 40 40

-Ec ~HIGH (mvAC) 44 45 43 41 43 41 41 41
AVERAGE CONCENTRATION - Position  0.079 0.085 0.008 0008 0018 0041 0033 0033
- Pogition 2 0.086 0.100 0.008 0.018 0018 0.041 0.041 0.041

- Position 3 0.058 0.085 0.008 0018 0016 0.033 0.033 0.041

- Potition 4 0.07t 0.071 0.008 0.008 0008 0.025 0.025 0.025
SCATTER (1) - Position 1 (%) 37.0 50.2 200.0 2000 2000 38.4 97.5 97.5
- Position 2 (%) 16.8 418 200.0 2000 2000 38.4 38.4 384

- Position 3 (96) 27.0 50.2 200.0 2000 200.0 97.5 97.5 38.4

- Position 4 (%) 20.7 62.4 200.0 2000 200.0 85.2 85.2 85.2

Run Date (DM Yr)
Mixer Spead (RPM)
Temperature )
Tank Position (ZH)
Tank Position (r/R)
Position 1 ~ Eo (mvAC)

-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 2 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 3 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 4 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)

AVERAGE CONCENTRATION - Position
- Position 2
- Position 3
- Position 4
SCATER (1) - Position 1 (%)
- Position 2 (%)
- Position 3 (%)
- Position 4 (%)

180890 180890

441 441
28.2 23.2
0.50 0.40
0.30 0.30
39 8.5

40 40

42 41
39 39

41 40

42 42
39 38.5

4 40

42 41
39 39
40 40

41 41
0033 0.033
0.041 0.033
0.041 0.033
0025 0.025
97.5 48.4
38.4 97.5
38.4 48.4
85.2 65.2
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Filename: COND-238.WK1 LAST UPDATE: SEPT 9, 1601 (CHECKED WITH RAW DATA AUG 23, 1990)

CONDUGTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB = 0.300. 545 RPM, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES: SCATTER (1) = 100°(High Concentration - Low ConcentrationVAverage Concentration

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FF TO BACK (FE « FIELD ELEC

A B Cc ] E F q H 1 J
8 Run Date (DM Yr) 190800 190800 190890 190390 190800 100800
‘] Mixer Speed (RPM) 548 550 550 550 552 552
10 Temperature (C) 245 245 24 24 23 23
1 Tank Position (z/H) 0.40 0.90 0.80 0.70 0.60 050
12 Tank Position (r/R) 0.50 0.90 0.90 0.0 0.90 090
13
14 Position 1 - Eo (mvAC) a9 44 42 42 42 42
15 -Ec -LOW (mvAC) 68 44 43 83 72 73
16 - Ec =HIGH (mvAC) 74 45 46 71 85 80
17 Position 2 - Eo (mvAC) 39 44 43 42 42 w2
18 -Ec -LOW (mvAC) 68 44 43 59 76 78
19 -Ec ~-HIGH (mvAC) 71 44 48 71 85 85
20 Position 3 - Eo (mvAC) 39 44 43 42 42 42
21 -Ec -LOW (mvAC) [ ] 44 43 58 79 76
22 -Ec -HIGH (mvAC) 72 45 47 70 21 82
23 Position 4 - Eo (mvAC) 38.5 44 42 41.5 42 42
24 -Ec -LOW {mvAC) 64 44 43 59 77 72
25 -Ec ~-HIGH (mvAC) [ 44 47 70 85 78
28
7 AVERAGE CONCENTRATION - Position 1 0.353 0.007 0038 0.283 0384 0353
28 - Position 2 0.335 0.000 0.022 0.264 0378 0.385
29 - Position 3 0.338 0.007 00290 0.255 0404 0360
30 - Position 4 0.326 0.000 0045 0.267 0381 0343
31 SCATTER (1) - Position 1 (%) 12.2 2000 1170 231 228 13.2
32 - Position 2 (%) 113 ERR 200.0 38.9 148 109
33 ~ Position 3 (%) 13.3 2000 2000 412 18.7 10.2
34 - Position 4 (%) 121 ERR 1208 3as.s 12,7 12.0
Run Date (DMYr) 19089C 190890 190880 1090890 190800 100890
a7 Mixer Speed (RPM) 552 552 550 550 548 548
38 Temperature (C) 225 225 245 25 27 27
39 Tank Position (2Z/H) 0.40 0.30 0.30 0.20 0.90 0.80
40 Tank Position (r/R) 0.90 0.90 0.90 0.90 0.60 0.60
41
42 Position 1 - Eo (mvAC) 43 43 40 40 41 39
43 -Ec ~-LOW (mvAC) 75 84 81 é8 41 39
44 -Ec ~HIGH (mvAC) 81 91 87 74 41 42
45 Position 2 - Eo {mvAC) 43 43 40 40 41 a9
48 -Ec -LOW (mvAC) 77 85 82 74 41 39
47 -Ec -HIGH (mvAC) 83 92 87 82 41 41
48 Position 3 - Eo (mvAC) 43 43 40 40 41 a9
49 -Ec -LOW {mvAC) 73 76 73 74 41 39
50 -Ec ~HIGH (mvAC) 80 82 m” 81 41 41
51 Position 4 - Eo (mvAC) 43 <3 40.5 40 4 39
52 -Ec -LOW (mvAC) e8 v 74 85 41 39
53 -Ec -HIGH (mvAC) 74 84 81 70 41 42
54
55 AVERAGE CONCENTRATION - Position 1 0.351  0.408 0.423 0.340 0.000 0.024
58 - Position 2 0.384 0.413 0.42¢ 0387 0.000 0.017
57 - Position 3 0.341 0358 0368 0384 0.000 0.017
58 - Position 4 0.302 0370 0378 0314 0.000 0.024
59 SCATTER (1) ~ Position 1 (%) 1.1 93 7.9 12.8 200.0
60 - Position 2 (%) 103 9.0 6.5 12.9 2000
81 - Position 3 (%) 13.8 10.7 7.2 15 200.0
82 - Position 4 (%) 15.0 10.0 11.8 12.5 2000
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Run Date (DM Yn) 190890 190890 190890 190890 190890 190890 180890 180880
Mixer Speed (RPM) 550 554 554 548 552 552 552 548
Temperature (C) 26 25.5 25.5 27.2 27.2 27.2 27.2 24
Tank Position (2/H) 0.50 0.40 0.30 0.20 0.90 0.80 0.70 0.60
Tank Position {r/R) 0.80 0.60 0.60 0.60 0.30 0.30 0.30 0.30
Position 1 - Eo (mvAC) 39 39 39 375 40 38 37 39
-Ec -LOW (mvAC) 682 87 73 70 40 38 42 82
-Ec ~-HIGH (mVAC) a8 72 81 90 40 39 45 88
Position 2 - Eo {mvAC) 38.5 39 39 375 40 38 37 39
-Ec -LOW (mvAC) 62 1] 83 70 40 38 48 63
-Ec -HIGH (mVAC) 68 72 88 90 40 39 52 70
Position 3 - Eo {mvAC) 38.5 39 39 375 40 a8 kY4 9
-Ec -LOW  (mvAC) 82 60 o8 80 40 38 45 &y
~Ec -HIGH (mvAC) -] (] 71 100 40 40 51 T
Position 4 - Eo {mvAC) 39 39 39 375 40 38 37 a8
-Ec -LOW  (mvAC) 82 63 73 70 40 38 43 57
-Ec -HIGH (mvAC) 7 70 78 90 40 39 48 83
AVERAGE CONCENTRATION - Position 1 0.307 0342 0383 0424 0.000 0009 0.104 0.307
~ Position 2 0.314 0.338 0443 0424 0.000 0009 0.176 0.319
- Position 3 0314 0290 0335 0478 0.000 0017 0.164 0322
- Position 4 0.318 0319 0.384 0.424 0.000 0.009 0.131 0.263
SCATTER (1) - Positicn 1 (%4) 18.0 10.8 128 27.5 200.0 41.5 16.0
- Position 2 (%) 15.6 13.3 6.0 275 200.0 41.8 17.4
- Position 3 (%) 15.8 17.8 13 20.1 200.0 48.1 19.5
- Position 4 (%) 22.5 17.4 8.5 275 200.0 51.6 211
Run Date (DM Yr) 190890 190890
Mixer Speed (RPM) 548 548
Temperature (C) 24 245
Tank Position (z/H) 0.50 0.40
Tank Position (r/R) 0.30 0.30
Position 1 - Eo {mvAC) 39 39
~-Ec -LOW (mVvAC) 64 4
-Ec -HIGH (mvAC) n 69
Position 2 - Eo (mvAC) 39 38
~-Ec -LOW  (mvAC) 68 84
-Ec -HIGH (mvAC) 72 Al
Position 3 - Eo {mvAC) 39 39
-Ec -LOW (mvAC) .} 85
-Ec -HIGH (mvAC) 72 7
Position 4 - Eo (mvAC) 39 39
-Ec -LOW (mvAC) 84 62
-Ec -HIGH (mvAC) 70 68
AVERAGE CONCENTRATION -~ Position 1 0.326 0319
- Position 2 0.338 0.320
- Position 3 0.338 0.331
- Position 4 0.323 0.307
SCATTER (1) - Position 1 (%) 166 12.4
- Position 2 (%) 13.3 166
- Position 3 (%) 13.3 139
- Position 4 (%) 14.5 180



Filename: COND-24B.WK1 LAST UPDATE: SEPT 0, 199t (CHECKED WITH RAW DATA AUG 23, 1990)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB = 0.300, 880 RPM, 1000 Hz,
NOTES:
POSITION 1 = SMALL FE TO MIXER, 2 « LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 « LARG

ation - Low C [

SCATTER (1) = 100*(High C

SQUARE WAVE, 1.0 mA

V¥Average Concentration

€ FE TO BACK (FE = FIELD ELECTRODE)

A B o] [»] E F G H | J K

8 Run Date (DM Yr) 200890 200890 200800 200880 200890 50800 200890

9 Mixer Speed (RPM) e85 a79 679 881 681 682 682
10 Temperature (C) 222 26 26 25 25 235 235
1 Tank Position (ZH) 0.40 0.80 0.80 0.70 0.60 0.50 0 40
12 Tank Position (1/R) 0.50 0.90 0.90 0.90 0.90 090 0 90
13
14 Position 1 - Eo {mvAC) 48 47 45 455 45 47 47
15 -Ec -LOW (mvAC) 78 43 59 72 78 74 81
18 -Ec -HIGH (mvAC) 83 52 64 7 84 7% 86
17 Position 2 - Eo {mvAC) 48.5 47 45 46 45 48 48
18 -Ec -LOW (mvAC) 7 49 59 68 86 83 81
19 -Ec -HIGH (mvAC) 82 53 84 74 3] 88 86
20 Position 3 - Eo (mvAC) 40 47.5 45 48 45 48 48
21 -Ec ~LOW (mvAC) 78 48 58 7 86 82 78
22 -Ec -HIGH (mvAC) 80 51 63 78 93 87 84
23 Position 4 - Eo (mvAC) 46.5 47 45 455 45 47 47
24 -Ec ~-LOW (mvAC) 74 48 59 a8 82 75 78
25 -Ec -HIGH (mvAC) 79 52 84 74 88 79 81
26
27 AVERAGE CONCENTRATION - Position 1 0.333 0040 0198 0208 0347 0295 03414
28 - Position 2 0.321 0053 01968 0285 0392 0.3684 0.352
29 - Position 3 0.317 0.027 0.188 0.284 0397 0.358 0.336
30 - Position 4 0.300 0.040 0.198 0.271 0.372 0298 0.308
31 SCATTER (1) - Position 1 (%) 9.7 130.3 245 12.1 10.9 12.0 9.0
a2 - Position 2 (%) 10.3 95.9 245 17.7 7.0 8.1 87
33 - Position 3 (%) 8.6 148.2 264 13.0 0.5 8.3 114
34 - Position 4 (%) 1.7 130.3 245 17.2 94 9.4 11.0
35
36 Run Date (DM Yr) 200890 200890 200880 200800 200890 200880 200890
37 Mixer Speed (RPM) 878 680 678 e79 679 679 879
38 Temperature ) 278 27 278 255 255 24.2 242
39 Tank Position (Z/H) 0.30 .20 0.10 0.90 0.80 0.70 080
40 Tank Position (r/R) 0.90 0.0 0.90 0.80 0.60 0.80 0.60
41
42 Position 1 - Eo (mvAC) 41 42 41 48 44 44 44
43 -Ec -LOW (mvAC) 77 a8 75 a7 67 7 75
44 -Ec -HIGH (mvAC) 83 kA 82 50 72 82 80
45 Position 2 - Eo (mvAC) 40 41 40 48 44 44 44
48 -Ec -LOW  (mvAC) 78 87 80 47 67 78 ]
47 -Ec -HIGH (mvAC) 83 72 51 73 83 84
48 Position 3 - Eo {mvAC) 40 41 40 48 44 44 44
49 -Ec -LOW {mvAC) 70 ] 97 47 85 75 81
50 -Ec -HIGH (mvAC) 75 74 108 51 70 81 85
51 Position 4 ~ Eo (mvAC) 41 42 41 40 44 44 44
52 -Ec -LOW  (mvAC) 77 87 80 48 83 78 7
53 -Ec -HIGH (mvAC) 82 71 00 49 69 82 82
54
55 AVERAGE CONCENTRATION - Position1 0.388 0.304 0.378 0035 0278 0349 0338
56 - Position 2 0.403 0.3168 0.427 0.041 0282 (.349 0382
57 - Position 3 0.351 0.331 0506 0.041 0262 0339 03N
58 - Position 4 0.385 0.300 0418 0.021 0249 0348 0349
59 SCATTER (1) - Position 1 (%) 94 76 1.6 173 14.2 92 99
80 - Position 2 (%) 74 120 12.8 130.2 16.8 129 85
81 - Position 3 (W) 10.0 1.0 7.2 130.2 15.7 1.7 LK1
82 - Fosition 4 (%) 8.0 10.4 133 200.0 208 1.2 9.2
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L
Run Date (DMYn
Mixer Speed (RPM)
Temperature (C)
Tank Position {zH)
Tank Positio 1 (r/R)
Position 1 - Eo (m. «C)
-Ec -LOW (mvAC)
-Ec ~HIGH (mvAC)
Position 2 - Eo (mvAC)
-Ec -LOW  (mvAC)
~Ec -HIGH (mVvAC)
Position 3 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 4 - Eo (mvAC)
-Ec -LOW  (mvAC)
~-Ec -HIGH (mvAC)

AVERAGE CONCENTRATION - Position 1
~ Position 2
- Position 3
- Position 4
SCATTER (1) - Position 1 (%)
- Position 2 (%,

M N 0

200890 200890 200890
&5 884 880
22.2 23.2 27
0.40 0.30 0.20
0.860 0.60 0.60

48 45 42
73 93 90
78 97 101
46 45 42
73 93 95
77 97 104
46 45 42
85 74 85
70 78 94
48 45.5 42
7 88 a6
76 90 92

02090 0425 0458
0.206 0425 0.476
0.237 0314 0.420
0.284 0384 0.427
119 46 11.2
@7 48 8.2

Q R S T v

200890 200890 200890 200890 200880
e78 678 682 884 884

26 20 28.2 27 27

0.90 0.80 0.80 0.70 0.60
0.30 0.30 0.30 0.30 0.30

40 38 38 38 38
41 48 43 58 61
42 53 48 84 85
40 38 38 38
41 47 43 81 81
42 52 48 68 67
40 38 38 36 k.
41 48 44 59 82
42 54 50 85 87
40 38 38 38 38
41 48 42 57 57
43 52 47 81 82

0024 0179 0.148 0.320 0.333
0024 0.167 0.148 0.337 0.34%
0.024 0.184 0.187 0.324 0.345
0.032 0.160 0.135 0298 0.303
85.2 33.0 45.2 13.4 9.9
85.2 385 45.2 121 14.2
85.2 38.0 45.9 15.8 11.5

- Position 3 (%) 17.8 8.9 108
~ Position 4 (%) 13.0 58 7.3 97.8 48.3 51.4 12.2 14.9
Run Date (DM Yr) 200800 200890
Mixer Speed (RPM) 680 680
Temperature (C) 217 27.7
Tank Pogition (@H) 0.50 0.40
Tank Position (r/R) 0.30 0.30
Position 1 - Eo (mvAC) 385 355
-Ec -LOW (mvAC) 58 58
-Ec ~HIGH (mvAC) 64 62
Position 2 - Eo {mvAC) 355 355
-Ec -LOW  (mvAC) 58 58
-Ec -HIGH (mvAC) 82 61
Poeition 3 - Eo {mvAC) 35.5 35.5
-Ec -LOW (mvAC) 58 57
-Ec -HIGH (mvAC) a3 62
Position 4 - Eo (mvAC) 355 355
-Ec -LOW  (mvAC) 58 55
-Ec -HIGH (mvAC) 81 60
AVERAGE CONCENTRATION - Position 1 0.323 0315
- Position 2 0.315 0.301
- Position 3 0.319 02110
- Position 4 0.301 0.282
SCATTER (1) - Position 1 (%) 16.0 1.2
- Position 2 (%) 1.2 15.2
- Position 3 (%) 13.7 14.4
- Position 4 (%) 15.2 16.1
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Fliename: COND-268.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATE AUG 23, 1990)
CONDUCTIVITY PROBE DATA *** BAFFLE PLANE ***, RADIAL MIXER, 410 micron SAND, CB = 0.300, 630 RPM, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:

SCATTER (1) = 100*(High Concentration - Low Concer

¥Average C

tration

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A [+] D E F 0 H | J K
8 RunDate (DM YY) 200890 200790 200890 200880 200890 200890 200880 200290
W Mixer Speed (RPM) 682 w2 681 682 881 a7s 875 875
10 Temperature (C) 205 20.5 27 20.5 27 278 27.8 278
1 Tank Position (z/H) 0.90 0.80 0.70 0.80 0.50 0.40 0.30 020
12 Tank Position (r/R) 0.80 0.60 0.60 0.60 0.60 0.60 060 0.80
13
14 Position 1 - Eo {mvAC) 43 41 43 40 43 41 42 41
15 -Ec -LOW  (mvAC) 45 60 A 85 68 84 79 64
18 -Ec ~HIGH (mvAC) 51 85 75 70 73 89 84 69
17 Position 2 - Eo (mvAC) 43 41 43 40 43 41 42 41
18 ~Ec -LOW (mvAC) 48 85 78 73 89 83 79 89
19 ~Ec -HIGH (mvAC) 54 7 82 78 73 a7 83 74
20 Position 3 - Eo (mvAC) 43 41 43 40 43 41 42 41
21 -Ec ~LOW {mvAC) 47 82 72 "] 73 60 64 68
22 -Ec ~-HIGH (mvAC) 53 a7 77 74 78 64 68 73
23 Position 4 - Eo (mvAC) 43 41 43 40 43 41 42 41
24 -Ec -LOW (mvAC) 45 58 67 63 68 83 75 68
25 -Ec -HIGH (mvAC) 50 84 71 67 71 68 79 72
28
27 AVERAGE CONCENTRATION - Position1 0,070 0.258 0.317 0314 0208 0.203 0.385 0203
28 ~ Position 2 0.100 0304 0.364 0371 0302 0280 0382 0.331
29 ~ Position 3 0098 0276 0328 0344 0328 0254 0275 0.324
30 - Position 4 0084 0244 0287 0204 0283 0284 0357 0320
31 SCATTER (1) - Position 1 (%) 114.3 17.3 9.1 125 128 139 78 13.9
32 - Position 2 (%) e7.3 15.5 6.9 8.9 10.0 12.0 6.3 110
33 - Position 3 (%) 78.7 154 10.7 10.4 6.4 14.2 121 115
34 - Position 4 (%) 106.0 228 11.0 11.3 141 14.6 74 9.4
35
Run Date (DM Yr) 200880
Mixer Speed (RPM) 682
Temperature (C) 205
Tank Position (z/H) 0.20
Tank Position (r/R) 0.80
Position 1 - Eo (mvAC) 40
~Ec -LOW  (mvAC) 83
-Ec =-HIe*  (mvAC) a7
Position 2 - Eo {mvAC)

$20B22BE82862088288848

82

~-Ec -LOW  (mvAC)
-Ec ~HIGH (mvAC)

Position 3 - Eo (mvAC) 40
-Ec -LOW (mvAC) a7
-Ec -HIGH (mvAC) 72
Position 4 - Eo {mvAC)

-Ec -LOW (mvAC)
~-Ec -=HIGH (mvAC)

AVERAGE CONCENTRATION -~ Position 1 0.284
-~ Position 2
- Position 3 0.329
- Position 4

SCATTER (1) -Position 1 (%) 11.3
- Position 2 (%)
- Position 3 (%) 1.4
- Position 4 (%)
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Filename: COND-.
CONDUCTIVITY PROBE DATA, RADIAL MIXER, 82 micron SAND, CB
NOTES:
POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FETO FRONT, 3 = LARGE FE TO MIXER, 4 »

288.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATE AUQ 23, 1990)
= 0.300, 545 RPM, 1000 Hz, SQUARE WAVE, 1.0 mA

SCATTER (1) = 100*(High Concentration - Low Concniralion)/Average Concentration

LARGE FE TO BACK (FE = FIELD ELECTROLE)

A o] D £ F G H 1 J K

8 Run Date {DMYr) 200890 200800 200890 200880 200880 200880 200880

] Mixer Speed (RPM) 544 544 544 540 540 543 543
10 Temperature (C) 23.5 22 22 225 225 22 22
1 Tank Position (z/H) 0.40 0.90 0.80 0.70 0.60 0.50 0.40
12 Tank Position (r/R) 0.50 0.80 0.80 0.90 0.80 0.90 0.90
13
14 Position 1 - Eo (mvAC) 48 57 54 9 49 50 50
15 -Ec -LOW (mvAC) 82 20 88 &4 32 83 85
18 -Ec ~HIGH (mvAC) 85 93 )] Al 84 85 87
17 Position 2 - Eo {mvAC) 48 57 54 49 49 50 50
18 ~Ec -LOW  (mvAC) 82 86 87 85 2 84 86
19 -Ec -HIGH (mvAC) 84 90 90 88 84 85 87
20 Position 3 - Eo (mvAC) 48 57 54 49 49 50 50
21 -Ec ~-LOW {mvAC) 79 91 88 84 81 82 84
22 ~Ec -HIGH (mvAC) 81 o4 90 88 83 84 86
23 Position 4 - Eo (mvAC) 48 57 54 49 49 50 50
24 -Ec -LOW {mvAC) 83 88 87 83 80 81 83
25 -Ec -HIGH (mvAC) 88 92 91 84 81 82 85
26
27 AVERAGE CONCENTRATION - Position 1 0.330 0.287 0.305 0.326 0318 0312 0324
28 - Position 2 0.327 0268 0200 0332 0316 0315 0.327
29 - Position 3 0.308 0.203 0.302 0.329 0310 0305 0.318
30 - Position 4 0.338 0278 0.302 0.319 0300 0.206 0.312
31 SCATTER (1) - Position 1 (%) 5.7 8.2 58 1.9 4.0 4.0 38
32 - Position 2 (%) 38 9.5 8.1 1.8 4.0 2.0 1.8
33 - Position 3 (%) 4.3 8.0 4.0 3.7 4.2 4.2 39
34 - Position 4 (%) 55 8.8 8.0 2.0 2,2 2,2 4.0
35
36 Run Date (OMYn 200880 200880 200860 200890 200890 200890 200890
37 Mixer Speed (RPM) 543 544 542 542 546 544 548
38 Temperature (C) 22 22 21 21 22 235 22
39 Tank Position (2/H) 0.30 0.30 0.20 0.10 0.90 0.90 0.80
40 Tank Position {r/R) 0.90 0.90 0.90 0.90 0.80 0.80 0.80
41
42 Position 1 - Eo (mvAC) 50 54 53 53 53 50 51
43 -Ec -LOW (mvAC) 84 8s 83 86 90 89 85
44 -Ec ~HIGH (mvAC) 87 89 85 88 92 91 88
45 Position 2 - Eo {mvAC) 50 54 53 53 53 50 51
48 -Ec -LOW  (mvAQC) 88 90 87 84 )] 90 87
47 -Ec -HIGH (mvAC) 91 93 90 87 93 93 90
48 Position 3 - Eo (mvAC) 50 54 53 53 53 50 51
49 -Ec -LOW (mvAC) 84 85 85 92 90 89 85
50 -Ec -HIGH (mvAC) 87 88 87 94 92 91 88
51 Position 4 ~ Eo {mvAC) 50 54 53 83 53 50 51
52 ~Ec -LOW {mvAC) 89 as 84 85 90 87 87
53 -Ec -HIGH (mvAC) 92 92 88 87 92 90 89
54
55 AVERAGE CONCENTRATION - Position 1 0.321  0.202 0.280 0.300 0.323 0348 0.317
58 - Pogsition 2 0.345 0.316 0.3090 0.280 0.320 0.350 0.329
57 - Position 3 0321 0288 0.203 0.335 0.323 0.348 0.317
58 - Position 4 0.351 0.311 0.287 0.283 0.323 0.339 0.328
59 SCATTER (1) - Position 1 (%) 57 83 40 4.1 36 3.3 [
60 - Position 2 (%) 5.0 55 58 6.6 34 47
81 - Position 3 (W) 57 66 43 33 36 33 5.
62 - Position 4 (%) 48 5.7 45 43 36 5.2 3.8
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L M N o} P Q R S U
Run Date (DM YN 200890 200890 200890 200880 200800 200890 200890 200890
Mixer Speed (RPM) 550 550 549 549 543 543 543 551
Temperature (C) 22.8 22.8 2?2 22 228 228 228 22.2
Tank Position (2/H) 0.70 0.60 0.40 0.30 0.30 0.20 0.10 090
Tank FA&iion (r/R) 0.60 0.60 0.80 0.60 0.80 0.80 0.60 0.30
Position 1 - Eo (mvAC) 52 52 50 50 51 51 51 52
-Ec -LOW (mvAC) 84 85 84 88 87 82 81 88
-Ec ~HIGH (mvAC) 87 88 87 92 89 84 82 92
Position 2 - Eo (mvAC) 52 52 50 50 51 51 51 52
-Ec -LOW {mvAC) 85 85 87 89 88 81 83 90
~Ec -HIGH (mvAC) 88 89 90 92 00 82 85 93
Position 3 - Eo (mvAC) 52 52 50 50 51 51 51 52
-Ec -LOW (mvAC) 84 84 81 84 82 80 85 87
~Ec -HIGH (mvAC) 87 87 84 86 84 82 87 92
Position 4 - Eo (mvAC) 52 52 50 50 51 51 51 52
-Ec -LOW (mvAC) 83 83 86 85 85 81 84 87
-EBc -HIGH (mvAC) 87 87 88 87 87 83 86 90
AVERAGE CONCENTRATION - Position 1 0.300  0.307  0.321 0351 032 1205 0285 0.327
- Position 2 0.307 0310 0339 0.351 0.332 0285 0.301 0.338
- Position 3 0.300 0.300 0.302 0318 0295 0282 0314 0.324
- Position 4 0.297 0297 0.330 0324 0314 0288 0.308 0.319
SCATTER (1) - Position 1 (%) 8.3 6.0 57 4.8 38 4.4 2.3 71
- Position 2 (%) 6.0 79 52 438 3.5 23 42 5.0
- Position 3 (%) 8.3 83 8.4 3.9 4.4 4.8 3.9 9.0
- Position 4 (%) 8.5 8.5 3.6 3.8 3.9 46 4.1 56
Aun Date (DMYr) 200890
Mixer Speed (RPM) 551
Temperature (C) 22,2
Tank Position (z/H) 0.80
Tank Position (r/R) 0.30
Position 1 - Eo {mvAC) 49
-Ec -LOW (mvAC) 85
~Ec ~HIGH (mvAC) 87
Position 2 - Eo (mvAC) 49
-Ec -LOW (mvAC) 86
~Ec ~HIGH (mvAC) 88
Position 3 - Eo (mvAC) 49
~-Ec -LOW  (mvAQC) 85
-Ec -HIGH (mvAC) 88
Position 4 - Eo (mvAC) 49
-Ec -LOW (mvAC) 83
-Ec ~HIGH (mvAC) 86
AVE-RAGE CONCENTRATION - Position 1 0.335
- Position 2 0.344
- Position 3 n.338
- Position 4 0.328
SCATTER (1) - Position 1 (%) 38
- Position 2 (%) 5.1
- Position 3 (%) 53
- Position 4 (%) 5.7
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Filename: COND-27B8.WK1 LAST UPDAT!

CONDUGTIVITY PROBE DATA, RADIAL MIXER, 500 micron SAND, C8 = 0.300, 760

NOTES:

SCATTER (1) = 100°(High
POSITION 1 = BMALL FE TOMIXER, 2 = LARGE FE TO FRONT, s«

£: SEPT 9, 1991 (CHECKED WATH RAW DATE AUQG 23, 1990)

RPM. 1000 Hz, SQUARE WAVE, 1.0 mA

Concentraticn - Low Concantration)/Average Conceniration
 ARGE FE TO MIXER, 4 = LARGE FETO BACK (FE = FIELD ELECTRODE)

J

K

210890 210860 210890 210890 210880

A o] D E F G H |

8 Run Date (DM Yr) 210890 210890

] Mixer Speed (RPM) 752 748 748 748 748
10 Temperature {C) 28 25.2 252 25.2
1 Tank Position (ZH) 0.40 0.40 0.90 0.80 0.70
12 Tank Position (/R) 0.50 0.50 0.60 0.80 0.80
13
14 Position 1 - Eo {(mvAC) 43 38 45 435 42
15 ~Ec -LOW (mvAC) 63 57 48 55 82
18 -Ec -HIGH ({mvAC) 87 80 48 59 68
17 Position 2 - E0 (mvAC) 43 38 45 43 42
18 -Ec -LOW {mvAC) &2 57 48 54 61
19 -Ec -HIGH (mvAC) B 69 48 80 85
20 Position 3 - Eo {mvAC) 4 38 45 43 42
21 -Ec -LOW  (mvAC) ui 54 48 3 81
22 ~Ec -HIGH (mvAC) 64 58 48 57 85
23 Position 4 - Eo (mvAC) 43 38 45 43 42
24 -Ec -LOW (mvAC) 61 55 48 53 62
25 ~-Ec -HIGH (mvAC) 85 58 4. 37 68
26
27 AVERAGE CONCENTRATION - Position1 0.254 0.284 0.020 “.178 0.258
28 - Position 2 0245 0.264 0.020 0.177 0.250
29 -~ Position 3 0.232 0.239 0.020 0.158 0.250
an - Position 4 3238 0.245 0020 0.158 0.258
31 SCATTER (1 - Position 1 (%) 138 10.8 978 238 13.
32 - Position 2 (%) 14 10.8 97.3 35.% 1a.,
33 - Position 3 (%) i1E 6.9 978 28.2 17
34 - Position 4 (%) 3 123 978 28.2
35
38 Run Date (DM Yr) 210890 21 990 210880 210880 210890
37 Mixer Speed (RPM) 755 S 748 748 750
38 Temperature (%3] 24 4 225 22.5 27
39 Tank Position (zH) 0.40 [N\ c.20 0.10 0.0
40 Tan!- Position (r/R) 0.90 0.80 0.90 0.80 0.60
41
42 Position 1 - €Eo (mvAC) 44 44 48 48 43
43 ~-Ec -LOW  (mvAC) és 85 72 82 48
44 - Ec -HIGH (mvAC) 75 9N 77 90 48
45 Positior: 2 - Ee {mvAC) 44 44 48 48 43
48 -Ec -LOW mvAC) a8 85 75 88 48
47 -Ec -HIGH (mvAC) 7¢ 91 80 95 49
40 Position 3 - &0 {mvAC) 44 44 48 46 43
48 -Es -LOW (mvAC) 88 73 74 100 45
£0 -Ec -HIGH (mvAC) 74 78 79 110 48
51 Position 4 - Eo (mvAC) 44 44 48 48 43
52 ~-Ec -LOW (mvAC) 88 79 72 8o A8
53 ~-Ec -HIGH (mvAC) 72 84 77 90 48
54
55 AVERAGE CONCENTRATION - Position 1 0.283 0.400 0.282 0.386 0.058
56 - Pogsition 2 0.200 0.400 0313 0397 0.085
57 - Position 3 0.200 0323 0308 0.460 0.051
58 - Position 4 0274 0362 0202 0.380 0.058
59 SCATTER (1) - Positicn 1 (%) 18.1 8.2 12.4 127 47.3
60 - Position 2 (%) 15.8 8.2 10.9 kA 828
81 - Position 3 (%) 158 10.8 114 9.2 82.1
82 - Position 4 (%) 17.8 8.5 12.4 105 473

252

748
255
0.60
7.90

41
72
78
41
76
81
41
7

80
41
78
82

0.355
0.378
0.375
0.388
1.2
8.3
8.8
[

210890
750

27

0.80
0.60

41

£7

41

41
58

41

0.23¢
0.254
021
0.240
27.5
14.2
24.C
19.5

748
255
0.50
(-]

41
67
7
41
76
81
41
14
82
41
68
73

0.313
0.378
0.385
0.324
9.8
83
8.0

11.6

:089C
73

¢!

0.70

0.80

73
78

74
78

73
74

0.323
0.328
0.319
0.323
10.8
84
8.8
45



L M N (o] P Q R S i 93
Run Date (DM Yr) 210890 210800 210880 210890 210800 210890 210890 210890
Mixer Speed (RPM) 750 750 752 752 752 748 748 748
Temperature (%] 255 255 27 27 252 252 27
rank Position (Z/H) 0.50 0.4C 0.30 0.20 090 080 0.70 0 60
Tank Position (r/R) 0.80 0.60 0.80 0.60 030 030 030 030
Position 1 - Eo {mvAC} 42 42 40 40 46 42 41 39
~Ec -LOW (mvAC) 59 58 72 85 47 43 683 a5
-Ec -HIGH (mvAC) 83 02 76 2 49 52 68 69
Position 2 - Eo (mvAC) 42 42 40 40 48 42 41 a9
-Ec -LOW (mvAC) 82 57 72 89 47 49 85 67
-Ec -HIGH (mVAC) 68 €0 75 o8 50 54 89 70
Position 3 - Eo (mvAC) 42 42 40 40 40 42 41 39
-Ec -LOW (mvAC) e3 53 81 85 48 48 88 87
-Ec -HIGH (mvAC) e7 58 83 82 50 53 70 7
Position 4 - Eo (mvAC) 42 42 40 40 48 42 41 39
-Ec -LOW (mvAC) 58 58 71 15 47 49 Bn 50
-Ec ~-HIGH (mvAC) 64 59 74 92 19 52 a3 63
SVERAGE CONCENTRATION Dasition 1 6.231 0.222 0.381 0.448 0028 0112 0276 0323
- Poeition 2 0258 0207 0358 0.471 6.035 0.130 0207 0335
- Position 3 0287 (1 0.268 N.44C 0041 0116 0305 0338
~ Position 4 0.238 0197 0.351 0.448 0028 0.118 0250 0273
SCATTER (1) - Positicn 1 (%) €2 il 75 8.0 979 147 2.2 9.7
- Pogition 2 (%) 13.5 144 8 8.9 1173 46.2 10.8 68
- Position 3 (%) 2.2 20.° 8.7 8.0 84.2 52.4 10.3 8.8
- Position 4 (%) . 18.7 15.8 8.0 8.0 97.9 31.2 110 13.2
RAun Date (DM fr) 2:088C 210E70
Mixer Speed (RPM} 748 748
Temperature (C) 27 28
Tank Position (/M) 0.50 0.4é0
Tank Position {r/R) 0.30 0.30
Position 1 - Eo (v G 38 38
-Ec -LOW  (mesl) 83 59
-Ec =HIGH (mvaCh ] 63
Position 2 - Eo sV AGH 19 38
-Ec -LOW  {mvAQ) 84 60
- -HIGH (mvAC) 87 83
Position 3 - Eo {MmVAC) 39 38
~Ec -LOW  (mvAC) 84 80
-Ec ~HIGH (mvAC) 68 82
Position 4 - Eo (mvAC) 39 38
-Ec -LOW  (mvAC) 58 57
-Ec -HIGH (mvAC) .+ 60
AVERAGE CONCENTRATION - Position 1 0.303 0.287
- Position 2 0.312 0.202
- Position 3 0.315 0.287
- Position 4 0.264 0.284
SCATTER (11 - Position 1 {%) 8.2 124
- Position 2 (%) 78 9.1
- n3ition 3 (%) 10.2 6.2
- Position 4 (%) 140 10.8
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filename. COND--
CONDUCTIVITY PROBE DATA, AADIAL MIXER, 255 micron SAND, C!
SCATTER (1) = 100" (High Concentration - Low
POSITION | = SMALL FE TO MIXER, 2 = LARGE FE TOF

NOTES:

28B.WK1 LAST UPDATE: SEPT 9. 1991 (CHECKED WITH RAW DATA AUQG 23, 1900)
8 = 0.300, 545 RPM, 1000 Hz. SQUARE WAVE, 1.0 mA

Concentranon)/Average Concentration
RONT, 3 « LARGE FE TO MIXER, 4 = LARGE FE T0O BACY. (FE = FIELD ELECTRODE)

H

J

K

A c D E F G
8 Run Date (DM Yr) 210890 210890 210890 21088; 210890 210880 210880
P Mixer Speod (RF%a; 547 547 550 550 5§50 554 554
10 Temperature (C) 23.2 245 25.2 252 25.2 24.5 245
11 Tank Position (2/") 0.40 0.40 0.90 0.e2 0.70 0.9 0.50
12 Tark Position (r/R) 0.50 0.50 0.90 0.90 0.90 0.90 0.20
13
14 Peeition 1 - Eo (mvAC) 435 a2 37 35 35 35 35
15 -Ec -LOW  (mye1d) 79 75 a7 52 82 84 60
18 -Ec -HIGH (mvAC) 82 80 39 58 85 a7 82
17 Position 2 - Eo (mvAC) 43 42 37 38 35 35 35
18 -Ec -LCW  (mvAC) ” 7 a7 53 59 88 1]
19 -Ec -HIGH (mvAC) 82 82 40 57 83 69 88
20 Position 3 - Eo (mvAC) 43 42 37 36 35 a5 35
| ~-E¢c -LOW  (mvAC) 75 73 38 53 82 68 63
22 -Ec -HIGH (mvAC) 79 7 40 55 85 71 88
23 Position 4 - Eo (mvAC) 43.5 42 37 35 35 35 35
24 ~-F: ~1L.OW  (mvAC) 78 75 38 54 82 84 59
25 -Gc ~-HIGH (mVAC) 81 79 40 57 85 88 82
28
27 AV ZRAGE C2NCENTRATION - Pesition 1 0382 ..380 0.017 0285 0352 0.367 0.331
28 - ton 0.381 0.373 0.026 0280 0331 0382 0378
P2 S 0.345 0.343 0034 0250 0352 0.39 360
30 . Bopition 4 0.355 0.357 0.034 0.281 0352 0371 0327
31 SCATTER (1) - Position 1 (3t) 52 9.0 200.0 18.5 68 8.2 5.1
32 ~ Position 2 (%) 88 x. 0.0 1568 10.3 5.7 39
33 ~ Position 3 (3%) 7. 8.0 97.4 8.3 6.8 53 8.5
34 ~ Posiion 4 (%) 54 7.4 97.4 10.5 6.8 8.1 7.2
T35
a8 Run Date (DM Yr) 210890 210890 210890 210880 210890 210880 210890
37 Mixar Speed F4PM) 554 352 552 552 552 552 552
38 Temperature ©) 245 24 24 24 26 28 28
39 Tank Position (z/H) 0.40 9.30 0.20 0.10 090 0.80 0.70
40 Tank Position t/R) 0.90 0.90 0.90 0.90 0.80 06.60 0.80
41
42 Pusition 1 - Eo (mvAC) 35 38 36 38 368.5 a5 34
43 -Ec -LOW  (mvAC) 8o e8 63 61 37 57 81
44 -Ec ~HIGH (mvAC) -] 72 ] 64 38 e1 64
45 Position 2 - Eo {mvAC) 35 35.5 35.5 355 38.5 345 34
48 -Ec ™M (mVvAC) 68 74 87 64 a7 58 82
47 -Ec - ¢ (MVAG) ] 4 70 68 39 80 85
48 Position 3 - E0 {mvAC) 35 355 35.8 355 385 345 34
49 -Ec ~-LOW  (mvAC) 84 68 .7 ral 37 53 84
50 -Ec -HIGH (mvAC) 67 -] es 75 39 57 68
51 Position 4 - Eo {mvAC) 35 38 3e 36 385 345 34
52 ~-Ec -LOW  (mvAC) 82 73 84 64 37 54 82
53 -Ec -HIGH (mVAC) 64 75 68 a8 33 57 85
54
85 AVERAGE CONCENTRATION - Position 1 0.382 0.386 0.345 0.329 0618 0313 0.358
58 - Position 2 0.382 0.420 0382 0384 0.0z8 0312 0.388
57 - Pos’tion 3 0.387 0375 0384 0413 0028 0.283 0385
58 - Pouition 4 0.348 0.413 0357 0387 0.018 0.288 0.368
59 SCATTER (1) - Position 1 (%) 5.7 7.2 89 7.8 98.6 11.5 6.8
60 - Position 2 (%) 57 4.3 56 8.4 131.3 1.7 6.4
[}] - Position 3 (%) 8.2 59 8.4 8.3 131.3 140 7.7
62 - Position 4 (%) 4.7 3.1 8.6 86 98.6 10.2 6.4
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L M N [o} P Q S T V]
Run Date (DM Yr) 210890 210890 210890 I1(z90 210390 210890 210200 210890
Mixer Speed {RPM) 553 553 548 549 549 547 547 547
Temperaturs (C) 285 265 225 225 225 232 232 24
Tank Positior 121v4) n.50 0.40 0.30 0.20 0.10 0 90 0.80 070
Tank Position (r/iR) 0.8 0.80 0.80 0.60 0.60 030 030 0
Position 1 = Eo (mvAC) 33 33 44.5 44.5 44.5 47 44 43
-Ec -LOW  (mvA. 59 59 ] 7 7 47 a2 73
-Ec -HIGI§ (m/A0 62 62 o1 a2 80 48 85 78
Position 2 - Eo (mve ™ 33 33 44.5 445 445 47 44 42
-Ec -LOW  (mvAL) 58 60 3 76 85 47 64 "8
-Ec -HIGH (mvAC) 81 64 97 80 90 48 68 79
Position 3 - Eo {mvAC) 33 33 44.5 445 445 47 44 43
-Ec -LOW (mvAC) 58 55 78 74 1] 47 e4 74
-Ec -HIGH (mvAC) 82 58 82 77 83 48 c8 7
Position 4 - Eo (mvAC) a3 33 44.5 44.5 445 47 44 43
~-Ec -LOW  (mvAC) 58 59 84 73 82 47 58 88
-Ec -HIGH (mvAC) 60 83 88 76 85 48 []] 72
AVERAGE CONCENTRATION - Position 1 0.357 0.357 0.418 0344 0337 0.007 0228 0328
-~ Position 2 0.348 0.369 0.431 0.334 0.391 0.007 0250 0348
- Porition 3 0.352 0322 0347 0317 0410 0.007 025 0335
- Position 4 0.335 0.381 ©.378 0310 0.369 0007 0190 0286
SCATTER (1) - Position 1 (%) 7.0 7.0 33 0.4 58 200.0 19 84
- Position 2 (W) 7.4 8.7 4.5 8.0 71 200.0 137 57
- Position 3 (%) X] 8.7 7.4 X} 5.1 20 137 6.1
- Position 4 (%) 10.7 9.1 3.1 (X"} 49 200.0 15.7 10.5
Run Date (DM Y1) 210890 210800 210890
Mixer Speed (RPM) 547 547 547
Temperature (C) 24 24 245
Tank Position (z/H) 0.80 0.50 0.40
Tank Position (r/R) 0.30 0.3 0.30
Position 1 - Eo {mvAC) 43 43 42
-Ec -LOW (mvAC) 78 78 76
-Ec ~HIGH (mvAC) 81 82 80
Position 2 - E0 {mvAC) 43 43 42
-Ec -LOW (mvAC) 77 73 74
-Ec ~HIGH (mvAC) 80 77 )
Position 3 - Eo (mvAC) 43 43 2
-Ec -LOW (mvAC) 75 75 77
-Ec ~-HIGH (mvAC) 80 78 81
Position 4 - Eo (mvAC) 43 43 42
-Ec -LOW (mvAC) 74 7 72
- Ec -HIGH (mvAC) 78 81 75
AVERAGE CONCENTRATION - Positic~ 1 0.381 0.364 0.383
- Position 2 0.355 0.331 0.347
- Position 3 0.348 0.342 0.370
- Position 4 0.338 0.358 0.333
SCATTER (1) -~ Position 1 (%) 53 6.9 7.1
- Position 2  {%) 5.5 8.4 59
- Pogition 3 (%) 9.5 3.9 8.8
- Position 4 (%) LX) 71 6.4

255



Filsname: COND-208.WK1  LAST UPDATE: SEPT @, 109t (CHECKED WITH RAW DATA OCTOBER 8, 1990)

CONDUCTIVITY PROBE DATA, AXIAL MIXER, 410 micron SAND, CB = 0.100, NJ8 TEST, 1000 Hz. SQUARE WAVE, 1.0 mA

NOTES: SCATTER (1) = 100°(High Concentration - Low Concentration)/Average Concentration

POSITION 1 = SMALL FE TO MIXER. 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FETO BACK (f £ = FIELD ELECTRODE)

A B o] o] E F G H | J
8 Run Date DM Yr) 10990 10990 10990 10990 10090 10990 10890
[} Mixer Speed (RPM) 580 631 304 331 285 327 347
10 Tempaerature ©)
1 Tank Fosition (ZH) 0.30 0.30 0.30 0.30 0.30 0.30 0.30
12 Tank Position (r/R) 0.60 0.60 0.60 0.60 0.60 0.80 0.60
13
14 Position 1 - Eo (mvAC) 43 43 42 42 42 42 42
15 -Ec -LOW  (mvAC) 49 47 53 50 51 51 52
18 -Ec - HIGH (mvAC) 51 49 58 53 53 53 54
17 Position 2 - Eo (mvAC)
18 -Ec -LOW  (mVAC)
19 -Ec -HIGH (mvAC)
20 Position 3 - Eo (mvAC)
21 -Ec -LOW  (mvAC)
22 -Ec -HIGH (mvAC)
23 Position 4 - Eo (mvAC)
24 -Ec ~-LOW (mvAC)
25 -Ec -HIGH (wvAC)
26
27 AVERAGE CONCENTRATION - Position 1 0098 0072 0.185 0.131 0.137 0.137 0.148
28 - -osition 2
29 - Posizion 3
30 - Position 4
31 SCATTER (1) - Position1 (%) 25.8 37.2 20.1 27.5 17.3 17.3 15.5
32 - Position 2 (%)
33 - Position 3 (%)
34 - Position 4 (%)
35
as Run Date (OMYr) 10990 10990
37 Mixer Speod (RPM) 269 201
38 Te' \pofidrd (C)
k] Tank Position (Z/H) 0.30 0.30
i Tank & -5 .00 (r/R) 0.60 0.60
41
42 Position 1 - Eo :mvAC) 42 42
43 ~Ec -LOW  (mvAC) 47 +3
44 -Ec -HIGH (mvAC) 48 44
45 Position 2 - Eo (mvAC)
48 -Ec -LOW (mvAC)
47 -Ec -HIGH (mvAC)
48 Position 3 - Eo (mvAC)
49 -Ec -LOW  (mvAC)
50 -Ec -HIGH (mvAC)
51 Position 4 - Eo (mvAC)
52 -Ec -LOW (mvAC)
53 -Ec -HIGH (mvAC)
54
55 AVERAGE CONCENTRATION - Position1 0.080 0.023
56 - Poeition 2
57 - Position 3
- Position 4
59 SCATTER (1) - Position 1 (%) 16.7 85.3
Y - Position2 (%)
61 - Position 3 (%)
62 - Position 4 (%)
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Filename: COND-308.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATA OCT s, 1990)

CONDUCTIVITY PROSE DATA, AXIAL MIXER. 410 micron SAND, CH = 0.100, 440 rpm, 1000 Hz, SQUARE WAVE. 1 0 mA

NOTES: SCATTER (1) » 100°(High C ion - Low C rtration WAverage Concenlration

POSITION 1 « SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FETO MIXER. 4 = LARGE Ff TO BACK (FE =« FIELD ELEC

A B [ D E F G H | J
8 Run Date {DMYr) 150990 150900 150990 150990 150890 150800 150890
9 Mixer Speed (RPM) 444 444 444 445 445 445
10 Temperature C) 23.2 23.2 23.2 23.2 232 232 VISUAL
1 Tank Position (z/H) 0.10 0.20 0.30 0.40 0.50 0680 0.70
12 Tank Position (r/R) 0.90 0.90 0.90 0.90 0.90 090 0 90
13
14 Position 1 - Eo (mvAC) 40 40 40 40 40 40
15 -Ec ~LOW (mvAC) 51 49 52 54 42 40
18 -Ec -HIGH (mvAC) 55 53 85 59 48 42
17 Position 2 - Eo {mvAC} 40 40 40 40 38 40
18 -Ec -LOW (mvAC) 52 51 54 58 41 40
19 -Ec -HIGH (mvAC) 55 54 61 80 45 4
20 Position 3 - Eo (mvAC) 405 405 40.5 40 3985 40
21 -Ec -LOW (mvAC) 53 54 58 58 40 40
22 -Ec -HIGH (mvAC) 56 58 es 83 45 41
23 Position 4 - Eo {mvAC) 40 40 40 39.5 40 40
24 -Ec -LOW  (mv/C) 54 52 53 57 43 40
25 ~-Ec ~HIGH (mvAC) 57 55 59 81 37 41
26
27 AVERAGE CONCENTRATION - Position 1 0.17/ 1154 0.183 0.215 0082 00 0000
28 - Position 2 0.183 0.172 0.224 0230 0.083 0.008 0.000
29 - Position 3 0.187 0.203 0.247 0254 0.047 0.008 0.000
30 - Position 4 0.205 0.183 0209 0247 0078 ¢7% 0000
31 SCATTER (1) - Position 1 (%) 25.4 30.9 18.2 23.9 95.2 2000
32 ~ Position 2 (%) 18.2 19.9 31.3 17.4 5.1 2000
33 - Positcn 3 (%) 17.€ 20.6 18.9 182 184.1 200.0
34 - Pagition 4 (W) 154 18.2 208 155 748 2000
as
38 Run Date {O M Yr) 150890 150990 150990 150990 150990 150990
37 Mixer Speed (RPM) 449 449 ™ 442
38 Temperature {C) 22.8 228 228 23
a9 Tank Position (Z/H) 0.80 0.90 0.10 0.20 0.30 0.40
£ Tank Position (r/R) 0.90 0.80 0.60 0.60 0.60 0.60
a2 Position 1 - Eo {mvAl) 40 40 40 40
43 -Ec -LOW n.+.C) 52 48 49 51
44 ~Ec -HIiC.+ (mvAC) 55 50 52 54
45 Position 2 - Eo (mvaC) 40 40 40 40
48 -Ec -LOW  (mvAC) 49 47 50 53
47 -Ec -HIGH (mvAC) 51 50 55
48 Position 3 -~ Eo (mvAC) 40 40 40 40
49 -Ec -LOW (mvAC) 49 48 51 54
50 -Ec ~HIGH (mvAC) 51 50 53 57
51 Position 4 ~ Eo (mvAC) 40 40 40 40
52 -Ec -LOW  (mvAC) 51 48 50 55
53 -Ec —-HIGH (mvAC) 53 50 52 57
54
AVERAGE CONCENTRATION - Position 1 5.000 0.000 0.183 0.130 0.149 0.172
- Position 2 0.000 0.000 0.143 0.124 0.160 0.189
57 - Position 3 0.000 0.000 0.143 0.130 0.167 0.205
- Poaition 4 0.000 0.000 0.167 0.130 0.i156 0.210
5@ SCATTER (1) - Position 1 (36) 18.2 19.4 24.4 9.9
~ Position 2 (%) 17.2 31.0 229 11.6
61 ~ Position 3 (%) 17.2 19.4 139 15.4
82 ~ Position 4 (%) 139 19.4 154 99
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TRODE)

K L M N o} P R
Aun Date (DM Yr) 150990 150090 150990 150090 150980 120990
Mixer Speed (RPM) 442 442 443
Tomperature (C) 23 23 — VISUAL —— 23
Tank Powition (Z/H) 0.50 0.60 0.70 0.80 0.90 0.40
Tank Position {r/R) 0.60 0.60 0.60 0.60 0.80 0.30
Position 1 - Eo (mvAC) 40 40 40
-Ec -LOW (mvAC) 45 40 45
-Ec -HIGH (mvAC) 50 41 47
Position 2 ~ Eo {mvAhC) 40 4C 40
-Ec -LOW  (mvAC) 42 40 49
-Ec -HIGH (mvAC) 47 41 51
Postion 3 - Eo (mvAC) 40 40 40
-E¢c -LOW  (mvAC) 44 40 51
-Ec -HIGH (mvAC) 50 42 54
Position 4 - Eo (mvAC) 40 40 40
-Ec -LOW (mv4.C) 44 40 51
-Ec -HIGH (mvAC) 50 42 53
AVERAGE CONCENTRATION - Position 1 0110 0.008 0.000 0000 0.000 0.091
- Position 2 0088 0.008 0000 0000 0.000 0.143
~ Position 3 0.103 0018 0.000 0.000 0.000 0.172
- Position 4 0.103 0.018 0.000 0.000 0.000 0.167
SCATTER (1) - Position 1 (%) 680.0 200.0 30.4
-~ Position 2 (%) 105.86 200.0 17.2
- Poeition 3 (%) 78.3 2000 189
- Position 4 (%) 78.3 200.0 13.9
Run Date (OMYr) 150990 150990 150990 150990 150990
tAixer Spoed (RPM) 443 443
Tempeiatuiad {C) 23 23 ——— VISUAL ——
Ye 1k Positic:: {(ZH) 0.50 0.50 0.70 0.80 0.90
Tank Position (\r/R) 0.30 0.30 0.30 0.30 0.30
Poeition 1 - Eo (mvAC) <0 40
-Ec -LCW  (mvAC) 41 40
~-Ec -MHIGH (mvAC) 44 40
Pasition 2 - Eo {mvAC) 40 40
-Ec ~LOW  (mvAC) 42 40
~-Ec -HIGA (mvAC) 44 41
Position 3 - E> (mVAZ) 40 40
~-Ec -LOW  (mvAC) 42 40
-Ec ~HIGH (nvAC) 45 41
Position 4 - Eo (mvAC) 40 40
~Ec -LOW  (mvAC) 43 40
~Ec -HIGH (mvAC) 45 41
AVERAGE CONCENTAATION - Position 1 0.039 0.000
~ Position 2 0.047 0.008
- Position 3 0.085 0.008
- Position 4 0.082 0.008
SCATTER (1) - Position 1 (%) 116.9
- Position 2 (%) 63.8 200.0
- Position 3 (%) 81.8 2000
- Position 4 (%) 47.1 2000
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Filename: COND-31B.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATA OCTOBER 8, 1990)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB « 0. 100, NJS TESTS, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES: SCATTER (1) = 100°(High Concentration - Low Concentration)Average Concantiation

POSITION 1 « SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, & +4ARGE FE TO BACK (FE = FIELD ELECTRODE)

A B o] D E f G H ! J
8 Run Date (OMYr) 150990 150990 150890 1503t-. 150990 150090 150990
9 Mixer Speed (RPM) 838 520 354 710 833 555 457
10 Temperature ©)
11 Tara “osition (2/H) 030 0.30 0.30 ¢ 30 0.30 0.30 030
12 Tank Position (r/R) 0.80 0.60 0.60 0.60 0680 060 080
13
14 Position 1 - Eo (mvAC) 42.5 425 4 42 42 42 42
15 -Ec -LOW  (mvAC) 54 52 45 54 54 53 48
18 -Ec -HIGH (mvAC) 58 53 47 56 58 54 49
17 Position 2 ~ Eo (mvAC)
18 -Ec ~LOW (mvAC)
19 -Bc -HIGH (mvAC)
20 Position 3 - Eo (mvAC:
21 -Ec -LOW (mvAC)
22 -Ec -HIGH (mvAD)
22 Position 4 - Eo [
24 -Ec -LOW (mvAC)
25 -Ec -HIGH (mvAC)
26
27 AVERAGE CONCENTRATION - Position 1 0.164 0138 0052 0171 0.171 0154 0093
28 - Position 2
28 - Position 3
30 - Position 4
a1 SCATTER (1) - Position 1 (%) 13.4 8.6 54.4 12.8 12.3 7.4
as - Position 2 (%)
34 - Position 3 (%)
34 - Position 4 (%)
35
38 Run Date {DMYr) 150090 150990 150990 150000 150990 150090
37 Mixer Speed (RPM) 140 260 344 420 574 890
38 Temperature (C)
38 Tank Position (ZH) 0.30 0.30 0.30 0.30 0.30 0.30
¢ Tank Position (r/R) 0.60 0.80 0.80 0.60 0.60 0.60
4",
4 Position 1 - Eo (mvAC) 42 42 42 42 42 42
: -Ec -LOW (mvAC) 42 43 44 48 52 54
5 -Ec -HIGH (mvAC) 42 43 48 47 54 58
45 Position 2 - Eo {mvAC)
48 -Ec -LOW  (mvAC)
47 -Ec -HIGH (mvAC)
48 Position 3 - Eo (mvAC)
49 -Ec -LOW (mvAC)
50 -Ec -HIGH (mvAC)
51 Position 4 - Eo (mvAC)
52 -Ec -LOW  (mvAC)
53 -Ec -HIGH (mvAC)
AVERAGE CONCENTRATION - Position 1 0.000 0.018 0045 0.087 0.148 0.171
- Foeition 2
57 = PLiiton 3
58 - Position 4
59 SCATTER (1) - Position 1 (%) 64.0 20.8 155 128
80 - Positicr 2 (%)
81 ~ Position 3 (%)
62 - Position 4 (%)
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Fuename: COND-32B.WK1 LAST UPDATE: SEPT 9, 1091 (CHECKED WITH RAW DATA OCTOBER 8, 19%0)
CONDUCTIVITY PROBE UATA. RADIAL MIXER, 266 micron SAND, CB = 0.100, 646 RPM, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES: SCATTER (1) = 100°(High Co ation - Low Co NAverage Cor
POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B c D E F G H | J
8 Run Date (DM Yr) 160990 160990 160990 160800 160680 160880
] Mixer Speed (RPM) 551 548 548 551 548 551
10 Temperature (C) 22.8 23.2 23.2 228 235 22.8
11 Tank Position (zZH) 0.40 0.10 0.20 0.30 0.30 0.40
12 Tank Position (r/R) 0.50 0.60 0.60 0.60 0.60 0.60
13
14 Position 1 - Eo {mvAC) 30.5 39 a9 39.5 39 38.5
15 -Ec -LOW (mvAC) 45 44 43 49 48 45
16 -Ec -HIGH (mvAC) 48 48 45 51 50 46
17 Position 2 - €0 (mvAC) 395 30 39 39.5 39 39.5
18 -Ec -LOW (mvAC) a5 45 43 48 48 45
19 -Ec -HIGH (mvAC) 47 47 45 50 50 47
20 Position 3 - Eo (mvAC) 95 39 39 39.5 a9 385
21 -Ec -LOW (mVAC) 45 45 42 45 45 45
22 ~Ec -HIGH (mvAC) 48 47 44 47 46 48
23 Position 4 - Eo (mvAC) 385 as 39 395 39 20
24 -Ec -LOW (AC) 45 44 43 47 47 ‘
25 -Ec -HiGH (mvAC) 48 40 45 49 48 ’
26
27 AVERAGE CONCENTRATION - Pasition 1 0.092 0083 0079 0.15 0148 O0u»"
28 - Posifion 2 0.099 0.107 0.079 0.138 0.148 0.09¢
20 - Position 3 0.002 0.107 0.084 00890 0.100 0.002
30 -~ Position 4 0.092 0083 ¢.O078 0125 0127 0.009
N SCATTER (1) - Position 1 (%) 15.1 30.3 3%, 18.2 171 15.1
32 - Position 2 (%) 27.8 25.8 3/i9 18.2 17.1 278
33 - Position 3 (%) 15.1 258 47.0 278 138 15.1
34 - Position 4 (%) 15.1 30.3 37.0 20.8 10.3 27.8
35
36 Run Date (OMYN) 160990 180990 160990 160990 160890
37 Mixer Speed (RPM) 548 548 548 548 548
38 Temperature (C) 23.2 23.2 235 235 235
a9 Tank F.gition (Z/H) 0.50 0.60 0.70 0.80 0.90
40 Tank Position (r/R) 0.60 0.80 0.80 0.60 0.80
41
42 Position 1 - Eo (mvAC) 39 395 40 40.5 43
43 -Ec -LOW  (mvAC) 45 45 48 47 48
44 -Ec -HIGH (mvAC) 47 47 48 49 50
45 Position 2 - Eo (mvAC) 39 305 40 40.5 43
48 ~Ec -LOW  (mVAC) 48 45 47 48 48
47 -Ec ~-HIGH (mvAC) 47 47 48 50 50
48 Position 3 - Eo {mvAC) 38 395 40 40.5 43
49 -Ec -LOW (mvAC) 45 45 47 47 49
50 -Ec -HIGH (mvAC) 48 48 48 49 50
51 Position 4 - Eo (mvAC) 39 395 40 40.5 43
52 -Ec -LOW  (mvAC) 45 45 48 47 48
53 -Ec -HIGH (mvAC) 46 46 48 49 50
54
55 AVERAGE CONCENTRATION - Position 1 0.107 0099 0.104 0.110 0085
58 - Position 2 0.114 0080 O0.i11 0.123 0.085
57 - Position 3 0.100 0092 0.111 0.10 0082
58 - Position 4 0.100 0092 0104 0.110 0.085
59 SCATTER(:} ~-Position1 (%; 256 278 25.8 238 30.6
60 - Position 2 (%) 11.8 278 1.8 20.7 30.8
81 - Position 3 (%) 139 15.1 e 238 14.0
62 - Position 4 (%) 139 15.1 258 23.8 30.6



Filenume: COND-338.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATA OCTOBER 8, 1990)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 256 micron SAND, CB = 0.100, NJS TESTS, 1000 Hz. SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100°(High C ion - Low C. WAverage Conosntration

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARG®: FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODF)

A B ] D E F G H 1 J
8 Run Date (DM Yr) 180990 160990 160990 160890 160990 1600600 180990
'] Mixer Speed (RPM) 548 485 391 428 348 234 302

10 Temperature €} 24 24 24 24 24 24 24

11 Tank Position {z/H) 0.30 0.30 0.30 0.30 030 0.30 0.30

12 Tank Position (r/R) 0.60 0.60 0.60 0.80 0.60 0.80 0.60

13

AR Position 1 - Eo (mvAC) 39 38 38 39 39 39 kL)

15 -Ec ~-LOW (m 49 48 44 46 41 40 40

16 -Ec =-HIGH (mv:5; 50 49 45 47 42 40 42

17 Position 2 - Eo (.

18 -Ec -LOW  [finufr),

19 -Ec -HIGH | Av)

20 Position 3 - En {mvAC)

21 -Ec ~LOW  (mvAC)

22 -Ec -HIGH (mvAC)

23 Position 4 - Eo (mvAC)

24 -Ec -LOW (mvAC)

25 -Ec -HIGH (mvAC)

268

27 AJERAGE CONCENTRATION - Position 1 0.152 0.140 0.088 0.114 0.041 0.017 0.033

28 - Position 2

20 - Position 3

30 - Position 4

3t SCATTER (1) ~ Position 1 (%) 8.1 9.1 18.8 118 384 00 975

32 - Position 2 ()

33 - Position 3 (%)

34 - Position 4 (%)

35

36 Run Date (DM Y 160990 160980 180090

a7 Mixer Speed (RPM) 509 849 580

38 Temperature (C) 24 24 24

39 Tank Position (zH) 0.30 0.30 0.30

40 Tank Position (r/R) 0.80 0.60 0.60

41

42 Position 1 - Eo (mvAC) 39 39 39

43 -Ec -LOW (mvAC) 48 49 48

44 ~Ec -HIGH ‘uAC) 49 50 50

45 * gition 2 ~ Eo /AC)

48 ~Fe -LOW  _.vAQ)

47 - s =HIGH  (mvAalt

48 Vs ion '~ EO (mvAC)

49 ~Ec -LOW (mvAC)

50 -Ec =-HIGH (mvAC)

51 Position 4 - Eo (mvAC)

52 -Ec -LOW (mvAC)

53 -EBc =huci: (mvAC)

54

55 AVERAGE CONCENTRATION - Positiony  0.140 0.152 J.148

58 - Position 2

57 - Position 3

58 - Position 4

59 SCATTER (1) - Position 1 (%) 9.1 8.1 17.1

80 - Position 2z (%))

61 ~ Position 3 (%)

682 - Position 4 (%)
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Filerarne: COND-348.WK1 1AST UPDATE: SEPT 9, 1991 (CHECKED VWITH RAW DATA OCTOBER 8, 19%0)

CONDUCTIVITY PROBE DATA,
GCATTER(1) = 100°(High C

POSITION 1 = SMALL FE TOMIVFR. 2= LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 =

NOTES:

++» EQUILIBRATIOM TIME **, RADIAL MIAER, 256 micron

10

- Low C iratiociyAverage Concentration

SAND, CB = 0,100, 545 RPM, 1000 Hz, SQUARE WAVE, 1.0

LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B c D E F G H | J
8 Aun Date (DM Yr) 160090 160990 180990 160990 160880 180980 160890
9 Mixer Speed (RPM) 548 548 548 548 548 548 548

10 Temperature €) 24.2 242 242 24.2 24.2 24.2 24.2

11 Time From Start (minutes) 03 0.83 1.5 2.67 5 7 8.5

12 Tank Position (zH) 0.40 0.40 0.40 0.40 0.40 0.40 0.40

13 Tank Position (r/R) 0.60 0.60 0.60 0.80 0.80 0.60 0.60

14

15 Position 1 = Eo (mvAC)

18 ~-Ec -LOW  (mvAC)

17 -Ec -HIGH (mvAC)

18 Position 2 - Eo (mvAC) 39 39 39 39 39 30 39

19 ~-Ec -LOW  (mvAC) 45 45 A5 45 45 45 45

20 ~Ec -HIGH (mvAC) 48 47 47 47 47 47 47

21 Position 3 - Eo (mvAC)

22 -Ec -LOW (mvAC)

23 -Ec -HIGH (mvAC)

24 Position 4 - E0 {mvAC)

25 -Ec -LOW (mVvAC)

26 ~Ec -HIGH (mvAC)

27 AVERAGE CONCENTRATION - Position 1

28 - Position 2 0.100 0.107 0.107 0.107 0.107 0.107 0.107

29 - Position 3

30 - Position 4

31 SCATTER (1) - Position 1 {3b)

32 - Position 2 (%) 13.¢ 258 26.8 25.68 25.6 258 2586

33 - Position 3 (%)

34 - Position 4 (%)

35

38 Run Date (DM YD) 180990

37 Mixer Speed (RPM) 546

38 Temperature ©) 24.2

39 Time From Start (minutes) 10

40 Tank Pogsition (z/H) n.40

41 Tank Position (r/R) 0.80

42

43 Position 1 - Eo {mvAC)

44 ~Ec -LOW  (mvAC)

45 -Ec ~HIGH (mvAC)

46 Position 2 - Eo {mvAC) hi}

47 -Ec -LOW (mvAC) 25

48 -Ec -HIGH (mvAC) A7

49 Position 3 - Eo (mvAC)

50 -Ec -LOW (mvAC)

51 -Ec -HIGH (mvAC)

52 Position 4 - Eo (mvAC)

53 -Ec -LOW  (mvAC)

54 -Ec -HIGH (mvAC)

55 AVERAGE CONCENTRATION - Positicn 1

58 - Position 2 0.107

57 - Position 3

58 - Position 4

59 SCATTER (1) - Position 1 (%)

3 - Position2 (W) 25.8

81 - Position 3 (%)

62 - Position 4 (%)
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Filename: COND-35B.WK1 LAST UPDATE: SEPT 9, 1981 (CHECKED WITH RAW DATA OCTOBER 8, 1990)

CONDUCTIVITY PROBE DATA, * * EQUILIBRATION TIME **, RADIAL MIXER, 265 micron SAND, CB = 0.300, 545 RP’M, 1000 Hz, SQUARE WAVE, 1 0
NOTES: SCATTER (1) = 100°(High Concentration - Low ConcentrationVAverage Concentration

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRC"" . 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B c 0 E F G H ! J
8 Run Date (DM Yr) . 190890 190000 190060 190990 130000 190090
[*) Mixer Speed (RPM) &0 550 550 &R0 550 550 550
10 Tempe. ature (C) 3 23.5 235 B 235 235 235
11 Time From Start {minutes) 33 0.833 1.5 ‘5 4167 ] 8
12 Tank Position (Z/H) 0.40 c.4 0.40 [N 0.40 6 40 0.40
13 Tank Position (r/R) 0.80 0.60 0.80 0.64, 0.80 0.80 0.80
14
15 Position 1 - Eo (mvAC)
16 ~Ec ~LOW (mvAC)
17 -Ec -HIGH (mvAC)
18 Position 2 - Eo (mvAC) 35 35 35 35 35 35 35
19 -Ec -LOW (mvAC) 85 68 68 85 87 a7 87
20 -Ec -HIGH (mvAC) 72 kAl 70 70 Il 7 72
21 Position 3 - Eo {mvAC)
22 -Ec -LOW (mvAC)
23 -Ec ~-HIGH (mvAC)
24 Positiori 4 - Eo (mvAC)
25 -Ec -LOW (mvAC)
28 -Ec ~HIGH (mvAC)
27 AVERAGE CONCENTRATION - Position 1
28 - Position 2 0.380 0.389 0388 0382 0393 02393 0368
28 - Position 3
30 - Position 4
31 SCATTER (1) - Positicn 1 (%)
32 - Position 2 (%) 12.8 8.1 7.5 9.5 7.2 1.2 8.8
33 - Position 3 (%)
34 - Position 4 (%)
35
38 Run Date (DM Yr) 190990
37 Mixer Speed {RPM) 550
38 Temperature (C) 235
38 Time From Start (minutes) 10
40 Tank Position (Z/H) 0.40
41 Tank Position (r/R) 0.60
42
43 Position 1 - Eo (mvAL)
44 -Ec -LOW (mvAC)
45 -Ec ~-HISH (mvAC)

48 Position 2 - Eo (m3AC) 35
47 -Ec ~LOW  (mviC) ]
48 ~-Ec =-HIGH (mvAC) 72
48 Position 3 - Eo (mvAC)

50 -Ec -LOW (mvAC)

51 -Ec -HIGH (mvAC)

52 Position 4 - Eo {mvAC)

53 -Ec -LOW (mvAC)

54 -Ec -HIGH (mvAC)

55 AVERAGE CONCENTRATION - Position 1

58 - Position 2 0.392
57 - Position 3

58 - Position 4

59 SCATTER (1) - Position 1 (%)

60 - Position2 (%) 10.7
81 - Position 2 (%)

82 - Position 4 (%)
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1991 (CHECKED WIT* ' RAW DATA OCTOBER 8, 180)
* 2 -1, NJS TESTS, 1000 Hz, SQUARE WAVE, 1.0 mA
ation i & ‘~rage Concentiation
3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE « FIELD ELEC

Fllename: COND-388.WK 1 LAST UPDATE: SEPT 9,
CONDUCTIVITY PROBE DATA, RADIAL MIXER, 266 micron SAND, CB <«
NOTES: SCATTER (1) = 100°(High C vtration - Low C

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT,

A B (o] D E F G H ! J
8 Run Date (DM Yr) 190890 190890 190890 190880 190960 190880 180680
9 Mixer Speed (RPM) 542 614 690 764 857 603 535
10 Temperature {C)
15 Tank Position (@H) 0.30 0.30 0.30 0.30 0.30 0.30 0.30
14 Tank Position (r/R) 0.60 0.80 0.60 0.60 0.60 0.80 0.80
13
14 Position 1 - Eo (mvAC) 36 38 38 38 38 38 36
15 -Ec -LOW  (mvAC) 75 75 73 72 71 74 74
18 ~Ec -HIGH (mvAC) 79 78 76 74 73 78 77
17 Position 2 - Eo {mvAC)
18 -Ec -LOW  (mvAC)
19 -Ee -HIGH (mvAC)
20 Position 3 - Eo (mvAC)
21 ~-Z¢ -LOW (mvAC)
22 -Ec -HIGH (mvAC)
23 Position 4 - Eo (mvAC)
24 -Ec -LOW  (mvAC)
25 ~-Ec -HIGH (mvAC)
26
27 AVERAGE CONCENTRATION - Position 1 0.431 0428 0418 0.407 0.400 0.419 0.422
28 - Position 2
29 - Position 3
30 - Position 4
31 SCATTER (1) - Position 1 (%6) 56 42 46 3.2 3.3 3.0 4.4
32 - Position 2 (%)
33 - Position 3 (%)
34 - Position 4 (%)
35
368 Aun aw (DMYr) 1809680 190090 180900 190990 190890 190860
37 Mixer Speed (RPM) 387 841 748 825 831 558
a8 Temperature [(#)]
39 Tank Position (ZH) 0.30 0.860 0.80 0.80 0.60 0.60
40 Tank Fosition (r/R) 0.60 0.80 0.80 0.60 0.860 0.60
41
42 Posit,..n 1 - Eo (mvAC) 8 38 38 36 36 38
43 -Ec -LOW  (mvAC) -] 83 81 80 83 82
44 ~-Ec ~HIGH (mVvAC) 72 a7 85 (<] 87 67
A€ Position 2 - Eo {mvAC)
46 ~-Ec ~LOW (mvAl)
47 -Ec -HIGH (mvAC)
48 Position 3 - Eo (mvAC)
49 -Ec -LOW  (mvAC)
50 ~Ec ~HIGH (mvAC)
51 Position 4 - Eo (mvAC)
52 -Ec -LOW  (mvAC)
53 . & -HIGH (mvAC)
54
55 AVEHRAGE CONCENTRATION - Position 1 1).390 0349 0.333 0321 0349 0345
58 - Pousition 2
57 - Position 3
58 - Position 4
59 SCATTER (1) - Position 1 (%b) 53 9.0 29 8.0 9.0 11.5
] - Position 2 (%)
61 - Position 3 (%)
82 - Position 4 (W)



TRODE)

K L M N (e} P Q R
Run Date (DM Yr) 180690 180990 190890 190680 180990 160990
Mixer Speed (RPM) 483 387 751 618 570 517
Tomperature {©)
Tank Position (z/H) 0.680 0.80 0.20 0.20 0.20 0.20
Tank Position (r/R) 0.60 0.60 0.80 0.60 0.80 0.60
Position 1 - Eo (mvAC) a8 36 38 38 k] 38
~Ec -LOW  (mvAC) 83 84 58 82 82 68
-Ec -HIGH /[mvAC) 87 88 62 85 85 7
Position 2 -~ Eo (mvAC)
-Ec -LOW {(mvAC)
-Ec -HIGH (mvAC)
Position 3 - Eo {mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 4 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
AVERAGE CONCENTRATION - Position 1 0.348  0.357  0.000 0.307 0.337 0337 0375
- Position 2
- Position 3
- Position 4
SCATTER (1) - Position 1 (%) 8.0 8.6 11.6 7.2 7.2 0.6
- Position 2 (%)
- Position 3 (%)
. -~ Position 4 (%)
Run Date (DM Yr) 19990
Mixer Speed (RPM) 448
Temperature (C)
Tank Position (z/H) 0.20
Tank Position (r/R) 0.80
Position 1 - Eo (mvAC) 38
~Ec ~LOW (mvAC) 69
-Ec -HIGH (mvAC) 73
Position 2 - Eo (mvAC)
-Ec -LOW (mvAC)
-Ec -HIGH ({rvAC)
Position 2 - Eo (mvAC)
~-Ec -LOW (mvAC)
-Ec -HIGH (mvAC)
Position 4 - Eo (mvAC)
-Ec -LOW  (mvAC)
~-Ec -HIGH (mvAC)
AVERAGE CONCENTRATION - Position 1 0.393
- Position 2
- Position 3
- Position 4
SCATTER (1) - Position 1 (%) 6.8
~ Position 2 (%)
- Position 3 (%)
- Position 4 ‘(%)
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Fllename: COND-378.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WATH RAW DATA OCTOBER 8, 1990)

CONDUCTMTY PROBE DATA, RADIAL MIXER, 500 micron SAND, CB = 0.100, 545 RPM. 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100°(High Concentration - Low Concentration¥Avsrage Concentration

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACX (FE = FIELD ELEC

A B (o] D E F G H 1 J
R Run Date (DM YR 190980 190980 190960 190990 190990 190900
] Mixer Speed (RPM) 552 5§52 551 551 551 552
10 Temperature (C) 245 245 24 24 24 245
1 Tank Position (2/H) 0.40 0.40 c.10 0.20 0.30 0.40
12 Tank Position (r/R) 0.50 0.50 0.60 0.60 0.80 0.60
13
14 Position 1 - Eo {mvAC) 38 38 38.5 38.. 38.5 38
15 -Ec -LOW (mvAC) 41 41 45 46 45 41
18 -Ec -HIGH (mvAC) 43 42 48 48 47 42
17 Pusition 2 - Eo (mvAC) 38 38 38.5 38.5 38.5 38
18 -Ec -LOW (mvAC) 41 41 48 44 45 42
19 -Ec -HIGH (mvAC) 42 42 48 48 47
20 Position 3 - Eo (mvAC) 38 38 38.5 38.5 385 38
21 -Ec ~-LOW {mvAC) 41 40 43 43 43 41
22 -Ec -HIGH (mvAC) 42 42 45 45 44 42
23 Position 4 - Eo {mvAC) k] 38 38.5 8.5 38.5 38
24 ~Ec -LOW {mvAC) 40 40 45 45 44 41
25 -Ec -HIGH (mvAC) 42 41 48 47 48 42
26
27 AVERAGE CONCENTRATION -~ Position1 0.085 0.058 0.121 0.128 0.115 0.058
28 - Position 2 0.058 0.058 0.128 0.101 0.115 0.073
29 - Position 3 0.058 0.050 0.087 0.087 0.080 0.058
30 ~ Position 4 0.050 0.042 0.121  0.115 0.101 0.058
31 SCATTER (1) - Position 1 (%) 46.9 27.0 331 205 236 270
32 -~ Position 2 (%) 27.0 27.0 20.5 27.7 23.6 20.6
33 = Position 3 (%) 270 83.7 33.3 333 18.4 270
34 - Position 4 (%) 83.7 38.4 33.1 23.8 277 27.0
35
38 Run Date (DM Yr) 190900 190090 190960 190990 190990
37 Mixer Speed (RPM) 551 551 551 551 551
38 Temperature (C) 24 24 24 24 24
39 Tank Position (2/H) 0.50 0.80 0.70 0.80 0.90
40 Tank Position {r/R) 0.80 0.80 0.80 0.80 0.80
41
42 Position 1 - Eo (mvAC) 39 39.5 40 41 43
43 ~Ec ~LOW (mvAC) 41 42 42 42 43
44 -Ec -HIGH (mvAC) 43 43 44 43 44
Position 2 - Eo {mvAC) 39 395 40 41 43
-Ec -LOW (mvAC) 41 42 43 42 43
47 ~Ec ~HIGH (mvAC) 43 44 44 44 A4
48 Position 3 - Eo {mvAC) 39 39.5 40 41 43
49 -Ec -LOW (mvAC) 41 43 42 4 43
50 ~Ec -HIGH (mvAC) 42 45 44 43 44
51 Position 4 - Eo (mvAC) 39 38.5 40 41 43
52 -Ec -LOW (mvAC) 41 42 42 41 43
53 ~Ec -HIGH (mvAC) 42 44 a4 43 44
54
55 AVERAGE CONCENTRATION - Position1 0.049 0048 0.047 0024 0.008
58 - Position 2 0.049 0056 0055 0.031 0.008
57 - Pogition 3 0.041 0.070 0.047 0018 0.008
58 - Potition 4 0.041 0058 0.047 0016 0.008
59 SCATTER (1) - Position 1 (%) 63.8 318 638 853 200.0
[ ] - Position 2 (%) 3.8 54.2 27.0 978 200.0
o1 - Position 3 (%) 38.4 41.5 63.8 2000 2000
82 = Position 4 (%) 38.4 54.2 838 2000 200.0



Filename: COND-38B.WK1 LAST UPDATE: SEPT 9, 1991 (CHECKED WITH RAW DATA OCTOBER 8, 1990)
CONDUCTIVITY PROBE [ATA, RADIAL MIXER, 500 micron SAND, CB « 0.100, NJ8 TESTS, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES: SCATTER (1) » 100*(High C: atlon - Low C lonVA ge Concentration
POBITION 1 = SMALL FE TO MIXER, 2 » LARGE FE TO FRONT, 3 « LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B [o] D E F G H | J
8 Run Date (OMYr) 190980 190990 190990 190890 190990 190860 190890
] Mixer Speed (RPM) 5§51 735 647 506 479 514 380
10 Temperature {C)
1 Tank Position (2/H) 0.30 0.30 0.30 0.30 0.30 0.30 0.30
12 Tank Position (r/R) 0.60 0.60 0.80 0.60 0.80 0.60 0.60
13
14 Position 1 - Eo (mvAC) 38 38 38 38 38 38 38
15 -Ec -LOW {(mvAC) 44 48 48 48 41 42 39
18 ~Ec -HIGH (mvAC) 46 50 50 48 43 44 41
17 Position 2 - Eo (mvAC)
18 -Ec -LOW (mvAC)
19 -Ec -HIGH (mvAC)
20 Position 3 - Eo (mvAC)
21 -Ec -LOW (mvAC)
22 ~Ec ~HIGH (mvAC)
23 Position 4 - Eo (mvAC)
24 -Ec -LOW (mvAC)
25 ~Ec -HIGH (mvAC)
26
27 AVERAGE CONCENTRATION - Position1 0.100 0.182 0.182 0.138 0085 0.080 0.034
28 - Position 2
29 - Position 3
30 - Position 4
31 SCATTER (1) -~ Position 1 (9%) 25.5 153 153 19.2 48.9 38.9 97.4
32 - Position 2 (%) )
33 - Position 3 (%)
34 - Position 4 (%)
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Filename: COND-398.WK1 LAST UPDATE: SEPT 9, 1981 (CHECKED WAITH RAW DATA OCTOBER 13, 1990)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 1000 micron SAND, CB = 0.100, 880 RPM, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100" (High Concentration - Low Concentration)/Average Concentration

MOSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B o] D E F

8 Run Date (DM Yr) 190000 130181 130191

9 Mixer Speed (RPM) 680 545 545
10 Temperature (C)
1 Tank Position {Z/H) 0.40 0.30 0.30
12 Tank Position {r/R) 0.50 0.90 0.90
13
14 Position 1 - Eo {mvAC) 435 4325 435
15 -Ec -LOW (mvAC) 47 47 47
1e ~E¢ -HIGH (mvAC) 48 48 48
17 Position 2 ~ Eo (mvAC) 43.5 44 44
18 -Ec -LOW (mvAC) 47 48 47
19 -Ec -HIGH (mvAC) 48 48 48
20 Position 3 - Eo (mvAC) 435 44 44
21 ~Ec -LOW (mvAC) 46 48 48
22 -Ec -HIGH (mvAC) 47 48 47
23 Pogition 4 - Eo {mvAC) 438§ 43 435
24 -Ec ~LOW (mvAC) 48 48 48
25 ~Ec -HIGH (mvAC) 47 47 47
28
27 AVERAGE CONCENTRATION - Position1 0.058 0.081 0.058
2f ~ Position 2 0.058 0.043 0.050
29 ~ Position 3 0044 0.043 0.038
30 - Position 4 0.044 0.051 0.044
31 SCATTER (1) - Position 1 (%) 23.8 22.1 236
32 - Position 2 (%) 236 4.1 27.2
a3 - Position 3 (%) 31.9 64.1 336
k2 - Position 4 (%) 31.9 271 31.9
35



Filename: COND-40B.WK1  LAST UPDATE: SEPT 9, 1901 (CHECKED WITH RAW DATA FEB 28, 1901)
CONDUCTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB = 0,100, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100°(High C lon ~ Low Con tion)/ Qe Co ath
POSITION 1 « SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODE)

A B c D E F G H | J

8 Run Date (DM Yr) 260791 260291 260291 260291 260201 280201 280291

9 Mixer Speed (RPM) 545 545 5§50 550 550 550 550
10 Temperature (%] 22 22
11 Tank Position (z/H) 0.30 0.40 0.50 0.60 0.70 0.80 0.90
12 Tank Position (r/R) 0.80 0.90 090 0.90 0.90 0.80 0.90
13
14 Position 1 - Eo {mvAC) 385 37 38 36 38.5 37 39
15 -Ec ~LOW (mvAC) L] 43 42 41 43 42 39
16 -Ec -HIGH (mvAC) 45 45 44 43 A5 45 42
17 Position 2 - Eo (mvAC) 37 37 as 38 38.5 375 39
18 -Ec -LOW (mvAC) 4 43 42 43 44 42 39
19 -Ec ~HIGH (mvAC) 40 45 44 45 46 45 42
20 Position 3 - Eo {mvAC) 37 37 3s 38 38.5 375 39
21 ~Ec -LOW (mvAC) 42 42 42 42 41 39
22 -Ec -HIGH {mvAC) 44 44 44 44 47 43 42
23 Position 4 - Eo (mvAC) 38.5 37 38 38 36.5 37 39
24 ~Ec ~-LOW (mvAC) 43 42 40 41 43 41 39
25 ~Ec -HIGH (mvAC) 44 44 42 43 45 43 41
26
27 AVERAGE CONCENTRATION - Position1 0.120 0.112 0.115 0.100 0.120 0.104 0.024
28 - Position 2 0128 0.112 0.1156 0.129 0.134 0.096 0.024
29 - Position 3 0.097 0087 0.115 0.115 0.141 0.074 0.024
30 - Position 4 0.113 0.097 0.084 0.100 0.120 0.082 0.017
31 SCATTER (1) - Position 1 (%) 23.5 25.4 25.4 30.1 235 41.5 200.0
32 - Position 2 (%) 21.9 254 254 218 204 455 200.0
33 - Position 3 (%) 30.2 30.2 25.4 25.4 28.7 41.3 2000
34 - Position 4 (%) 12.7 30.2 38.7 30.1 23.5 388 2000

Run Date (OM Y 280291 2602071 280291 260291 280201 260291

37 Mixer Speed (RPM) 550 550 S48 686 440 440
38 Temperature (C) 23 23 23
39 Tank Position (M) 0.20 0.10 0.30 0.30 0.30 0.30
40 Tank Position (r/R) 0.90 0.80 0.90 0.90 0.90 0.90
41
42  Position 1 - Eo (mvAC) 38 38 38 35 35 35
43 -Ec -LOW (mvAC) 40 3 42 42 a9 39
44 ~Ec -HIGH (mvAC) 41 40 44 44 40 40
45 Position 2 - Eo {mvAC) 38 38 38 36 35.5 35.5
48 -Ec -LOW (mvAC) M 40 43 43 39 39
47 -Ec -HIGH (mvAC) 42 4 44 45 41 40
48 Position 3 - Eo (mvAC) 38 38 3s 38 38 36
49 -Ec -LOW (mvAC) 40 41 41 41 38 ag
50 -Ec -HIGH (mvAC) 41 42 4?2 42 40 30
51 Position 4 - Eo (mvAC) 38 38 s 35 35 3s
52 ~-Ec -LOW (mvAC) 40 39 42 42 38 38
53 -Ec -HIGH (mvAC) M 40 43 44 39 39
54
58 AVERAGE CONCENTRATION - Position1 0.077 0.081 0.115 0.132 0.078 0.079
56 ~ Position 2 0.092 0.077 0.122 0.129 0.078 0.070
57 ~ Position 3 0.077 0082 0.092 0.082 0.052 0.044
58 ~ Position 4 0.077 0.081 0.107 0.132 0.082 0.082
59 SCATTER (1) - Position 1 (34) 205 289 254 21.7 20.5 205
60 - Position 2 (%) 18.5 20.5 "z 21.8 411 233
81 - Position 3 (%) 205 16.8 1858 18.5 635 38.3
82 - Position 4 (%) 205 26.9 13.7 21.7 2068 268
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Filaname: COND-418 WK1  LAST UPDATE: SEPT 9, 1001 (CHECKED WITH RAW DATA FEB 28, 1901)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 410 micron SAND, CB = 0.300, 1000 Mz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100*(High C. - Low Co lonVAverage C. at

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE = FIELD ELECTRODFE)

A B c D E F G

8 Run Date OMYn 280201 260291 50391 50391

9 Mixer Speed (RPM) 545 545 545 545
10 Temperature )
" Tank Position (zZH) 0.50 0.30 0.30 0.50
12 Tank Position (r/R) 0.90 000 090 090
13
14 Position 1 - Eo (mvAC) a2 32 32 32
15 ~Ec ~LOW {mvAC) 58 s 84 54
18 -Ec -HIGH (mvAC) 82 70 70 58
17 Position 2 - Eo {mvAC) 32 32 32 32
18 -Ec -LOW (mvAC) 85 64 62
19 ~Ec —~HIGH (mvAC) 69 73 (-] 74
20 Position 3 - Eo {mvAC) 32 32 32 32
21 -Ec -LOW (mvAC) 63 58 55 58
22 -Ec -HIGH (mvAC) ] o1 60 84
23 Positich 4 - Eo (mvAC) 2 32 32 32
24 ~Ec -LOW  (mvAC) 57 59 58 54
25 -Ec -HIGH (mvAQ) 62 85 84 58
28
27 AVERAGE CONCENTRATION - Positiont 0.368 0425 0.421 0.333
28 - Position 2 0.421 0.438 0.418 0.403
29 - Position 3 0410 0.355 0346 0.376
30 - Position 4 0.384 0384 0376 0.333
31 SCATTER (1) -Position1 (%) 9.0 8.1 9.9 111
32 ~ Position 2 (%) 68 105 85 9.2
33 - Position 3 (%) 8.8 12.2 128 129
34 - Position 4 (%) 11.6 12.4 129 1.1
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Filsname: COND-42B.WK1 LAST UPDATE: SEPT 9, 1901 (CHECKED WITH RAW DATA MARCH 9, 1941)
CONDUCTIVITY PROBE DATA, RADIAL MIXER, 1000 micron SAND, CB = 0.100 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100°(High Concentration - Low C VAverage Col }
POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER. 4 = LARGE FE TO BACK (FE = FIELO ELECTRODE)

A B [} 0 E F G

8 Run Date (DM Yr) 50391 50391 50391 50391

9 Mixer Speed (RPM) 545 545 545 545
10 Temperature (C)
1 Tank Position (z/H) 0.30 0.50 0.30 0.50
12 Tank Position (r/R) 0.90 0.90 0.0 0.8
13
14 Position 3 - Eo (mvAC) 38 39 40 38.5
15 -Ec -LOW (mvAC) 4 40 42 40
18 -~Ec -HIGH (mvAC) 43 42 43 42
17 Position 2 - Eo (mvAC) 40 38 40 38
18 -Ec -LOW (mvAC) 42 40 42 41
19 -Ec -HIGH (mvAC) 43 42 43 42
20 Position 3 - Eo (mvAC) 40 39 40.5 38
21 -Ec -LOW (mvAC) 41 40 41 41
22 -Ec -HIGH (mvAC) 42 42 43 42
23 Position 4 - Eo {mvAC) 39 30 40 38.5
24 -Ec -LOW (mvAC) 40 40 4 40
25 -Ec -HIGH (mvAC) 42 42 42 42
28
27 AVERAGE C/CB - Position 1 0.049 0.033 0.040 0.041
28 - Position 2 0.040 0.033 0.040 0.058
29 - Position 3 0.024 0.033 0.024 0.058
30 - Position 4 0.033 0.033 0.024 0.041
31 SCATTER (1) - Position 1 (%) 63.8 97.5 38.5 77.2
32 ~ Position 2 (%) 38.5 97.5 38.5 27.0
33 - Position 3 (%) 5.2 975 131§ 27.0
34 - Position 4 (%) 97.5 97.5 65.2 77.2
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Filaname: COND—43B.WK1 LAST UPDATE: SEPT 9, 1091 (CHECKED WITH RAW DATA MARCH 8, 1991)

CONDUCTIVITY PROBE DATA, RADIAL MIXER, 82 micron SAND, CB = 0.100, 1000 Hz, SQUARE WAVE, 1.0 mA

NOTES:  SCATTER (1) = 100°(High G lon - Low Cor ¥Average C ation

POSITION 1 = SMALL FE TO MIXER, 2 = LARGE FE TO FRONT, 3 = LARGE FE TO MIXER, 4 = LARGE FE TO BACK (FE  FIELD ELECTRODE)

A B c D E F <] H

8 Run Date (DM Yr) 80391 80391 80391 80391 80391

9 Mixer Speed (RPM) 545 545 545 545 545
10 Temperature ©)
11 Tank Position (ZH) 0.50 0.30 0.30 0.50 0.30
12 Tank Position (r/R) 0.80 0.90 0.90 0.90 0.90
13
14 Position 1 - Eo {mvAC) 41 38 37.5 305 39.5
15 -Ec -LOW  (mvAC) 48 48 46 45 48
18 ~-Ec -HIGH (mvAC) 49 48 48 47 47
17 Position 2 - Eo (mvAC) 41 39 38 39.5 39.5
18 -Ec -LOW  (mvAC) 48 47 48 45 47
19 -Ec -HIGH (mvAC) 49 49 49 47 49
20 Position 3 - Eo (mvAC) 41 39 38 39.5 39.5
21 ~Ec ~LOW (mvAC) 47 46 40 45 48
22 ~Ec ~-HIGH (mvAC) 49 48 48 48 a7
23 Position 4 - Eo {mvAC) 41 38 375 395 395
24 -Ec -LOW (mvAC) 47 47 48 44 48
25 -Ec -HIGH (mvAC) 48 48 48 45 47
26
27 AVERAGE C/CB - Position 1 0.108 0.138 0.144 0.0090 0.108
28 - Position 2 0.109 0.133 0158 0099 0.125
29 - Position 3 0.102 0.120 0.138 0.002 0.108
30 - Position 4 0006 0.143 0.144 0078 0.108
31 SCATTER (1) - Position1 (%) 1.9 19.2 18.0 27.8 128
32 - Position 2 (%) 1.9 19.3 8.0 278 20.8
33 = Position 3 (%) 25.7 220 19.2 151 12.8
34 - Position 4 (%) 138 9.0 18.0 18.5 128
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