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OPTIMIZATION OF AIR-INJECTION SPARGERS
FOR COLUMN FLOTATION APPLICATIONS

Viviana Ramirez Coterio

ABSTRACT

Column flotation cells have become the most popular machine design for
industrial applications that require high purity concentrates. The superior metallurgical
performance of column cells can be largely attributed to their unique geometry which
readily accommodates the use of froth washing systems. This unique feature allows
column cells to provide impressive levels of metallurgical performance closely
approaching the ultimate separation curve predicted using flotation release analysis.
Another very important feature of column cells is the gas sparging system.
Unfortunately, field studies suggest that gas injector systems are not always optimized.
Two possible reasons for this unfavorable status are (i) improper design of the sparging
system and (ii) poor operation practices employed by plant operators. In light of these
issues, an experimental study was performed to develop a better understanding of the
effects of various design and operating variables on the performance of a commercial
gas sparging system. The data collected from this work was used to develop
operational guidelines that plant operators can employ to improve column performance

and to correct flaws in the design of their gas sparging systems.



OPTIMIZATION OF AIR-INJECTION SPARGERS
FOR COLUMN FLOTATION APPLICATIONS

Viviana Ramirez Coterio

GENERAL AUDIENCE ABSTRACT

Column flotation cells have become the most popular separation device designed
for industrial applications requiring the concentration of wanted or unwanted mineral
from the rest material in a pulp. To achieve separation, an air sparging device is
required to produce bubbles in the flotation cell. In column flotation operations sparging
devices generate small bubbles into the cell to carry the desired mineral to the surface
for later recovery and processing. However, field studies suggest that air injector
systems are not always optimized. Reasons contributing to the lack of optimization are:
(i) ineffective internal design of the sparging system, and (ii) poor operation techniques
by the industrial processing plants.

The objective of this present study is to better understand sparging performance
into the column cell and how to optimize sparging systems more effectively. To achieve
this end, data for gas-water injection rate, froth addition, and inlet-pressure are collected
and analyzed. Based on the data collected and its analysis, a guideline to better
operational practices that plant operators can employ to improve column performance
was developed. Furthermore, the correction of flaws in the design of the sparging
devices was possible translating in an improvement in bubble generation inside the

flotation cell.
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1. INTRODUCTION

1.1 Preamble

Column flotation is a separation method that was born within the mining industry
for the recovery of fine particles, normally less than 100 microns in diameter. This
process is now employed in several industries, e.g., in the civil industry for soil recovery
and wastewater treatment, in the paper recycling industry for paper deinking, and in the
petrochemical industry for oil-water separation. In the mining industry, column flotation
is well suited because this technology offers better efficiency than others technologies in
the selective separation of particles. The high selectivity is attributed to the employment
of wash water that is added to the top of the column to reduce the hydraulic entrainment
of fine hydrophilic particles. Column flotation machines make use of a variety of gas
aeration systems for bubble generation. As stated by Rubinstein (1995), optimal
performance of the aerator system is imperative as this is responsible for bubble
generation. The bubble size generated by the aerator system is considered to be one of
the most important parameters affecting column flotation performance. However, few
aerator systems offer the possibility to monitor, control, and even less, predict the
bubble size generated within the column. This unfavorable situation can create a
number of issues within the column operation, including poorer concentrate grade and
lower recovery, among others.

A basic understanding of column flotation operation is essential in order to
recognize the critical function of the gas sparging system. A column flotation cell is
basically a cylindrical vessel with a large height-to diameter ratio. Gas is introduced

near the bottom of the cell through a gas distributor system. The dispersed bubbles rise



in countercurrent fashion to the downward flow of feed slurry. Through the introduction
of gas into the pulp, air bubbles selectively adhere to naturally or chemically altered
hydrophobic particles. The bubbles carry these hydrophobic particles to the surface
where they are recovered as a froth phase. The remaining hydrophilic particles stay in
the pulp phase and are removed as a tailings stream through a discharge valve located
at the very bottom of the column. As mentioned before, the use of wash water at the top
of the column improves selectivity by washing undesirable material that may get
hydraulically entrained into the froth phase.

A mayor constraint on column flotation capacity is froth overloading. The carrying
capacity of the froth depends on the bubble surface area available for bubble-particle
attachment. The bubble surface area, and hence carrying capacity, can be increased by
reducing the average size of bubbles for a given gas flow rate. Efficient and proper air
sparging performance is vital to the success of column flotation operation as an
increase in bubble size decreases gas holdup or gas volume in the flotation pulp, thus
decreasing the probability of bubble-particle collision and attachment. The introduction
of finer bubbles to the cell also improves flotation kinetics and increases the total bubble
surface area flux (Laskowski, 2001). Based on this concept, it can be said that spargers
become the most important device for column flotation operations; therefore, without
burping or surging, they should produce the maximum rate of bubble surface area
throughout the column (Kohmuench, Mankosa, Wyslouzil, & Luttrell, 2009). This
objective can be achieved by controlling the gas dispersion performance of the sparger,
which is heavily dependent on the proper balance of gas and water flows and the

design of the sparger.



Among the available aeration systems to be employed in column flotation
operations, the market offers both static and dynamic sparging systems. In the static
sparging system category, porous bubblers are widely used in several industries.
However, due to plugging problems, porous bubbles often cannot be employed in
mineral processing operations due to plugging issues. In the mining industry, porous
spargers are therefore usually confined to laboratory testing or pilot plant evaluations.
In the dynamic sparging system category, the market offers several options including
jetting, Microcel and CavTube spargers. These three types of sparging systems are
widely employed and accepted in the mining industry for column flotation operations
due to their high efficiency, low cost and reliability, to name a few advantages. Moreover
research has shown that dynamic spargers, which employ high energy dissipation to
disperse gas within the column, are the most suitable devices for the control and

prediction of bubble size in column operations.

1.2 Problem Statement

The performance of column flotation is strongly influenced by the effectiveness of
the gas sparging system. Unfortunately, field studies suggest that gas injector systems
used for column sparging are not always optimized. This unfavorable condition can
create a number of issues within the concentrator, including lower recoveries, poorer
metallurgical upgrading, decreased capacities, increased circulating loads, higher
reagent consumption and inefficient energy usage. In order to avoid these problems and
to obtain an optimal level of performance, the sparging system must be properly
designed, installed, operated, and maintained. An effective sparging system should

create small and uniform bubbles throughout the column (Yoon and Luttrell, 1989).



The present study is focused on the evaluation and optimization of the very
populari S| amJet 0 gansfactnedby thpesHriez Flotation Division (EDF). Field
studies suggest that this type of gas injector system is often not fully optimized, which
can translate into poor column performance. Therefore, in order to have peak column
performance, the sparging system must to be properly designed and well operated. In
terms of design, this level of performance requires the upfront selection of the proper
number of sparger nozzles, the best choice of nozzle diameters, and the best sparger
distribution pattern across the column cross-sectional area. Because in the
manufacturing industry there is uncertainty as to how to design a sparging system that
can bring optimum results to the mineral processing operations, this study focused on
the development of guidelines that can be adapted by plant operators to improve
sparging system performance and, at the same time, can positively impact column
performance in terms of throughput capacity and separation efficiency. The techniques
and modifications proposed from this work can also be used to improve future designs

of gas injector sparging systems.

1.3 Objectives

The main objective of this project is to review the important criteria that govern
sparging system operation. The investigation also reviews how the design of these
sparging systems can influence column flotation performance. This study primarily
focuses on one type of gas dispersion system, the SlamJet® sparger, which has shown
increased popularity in the mining industry for mineral processing applications. The
SlamJet® sparger, which is manufactured by the Eriez Flotation Division, operates by

passing compressed gas (and often a small amount of water) through a small discharge



nozzle. Fluid turbulence created by the exiting gas (and water if used) disperses and
distributes small bubbles into the flotation pulp.
The main aims of this study are:
1 To collect data required to improve sparging systems designs.
1 To determine gas/water flow rates, inlet pressure, frother addition and
frother type for optimum sparging system operation.
1 To better understand the performance of jetting-type sparger systems in

column flotation.

1.4 Literatu re Review
1.4.1 Froth Flotation

Froth flotation is a physical method that relies on the naturally or chemically
altered hydrophobicity of certain minerals. This method is used to selectively separate
valuable minerals from unwanted gangue. In the mining industry, froth flotation is
typically used as the last stage of the mineral recovery/concentration system. It is used
to recover or upgrade materials that conventional gravity or magnetic separators cannot
recover due to the very fine particle size. Froth flotation allows the economic recovery of
valuable minerals from low-grade ores that were not possible to obtain decades ago.

Froth flotation cannot be possible without the introduction of air bubbles into the
flotation pulp. The froth flotation concept relies on the ability of air bubbles to adhere to
hydrophobic mineral surfaces. The bubble-particle aggregates rise to the surface of the
flotation pulp where they are later skimmed off as froth to make the separation. The
remaining unwanted material is then evacuated from the flotation machine as a tailing

stream. Froth flotation methods can also be employed to recover naturally hydrophilic



minerals. This is possible by altering the mineral particle surface from hydrophilic to
hydrophobic through chemical treatment so that air bubbles can attach to the mineral
and the separation can take place. The ability to change the mineral/material surface
through chemical treatment expanded the use of froth flotation in the mining industry
and also into new non-mining industries including water treatment, deinking of paper,
removal of organic contaminants in the dairy and beer industries, the remediation of
contaminated soils in the civil field, as well as other industries (Kantarcia, Borakb and
Ulgen, 2004). To increase hydrophobicity, or make a hydrophilic mineral hydrophobic,
fatty acids and oils were first employed as reagents during the early years of flotation
technology development. Now, a wide range of chemicals, including collectors, frothers,
activators, depressants, and pH regulators, are commonly used as a complement to
enable the flotation process and to increase the recoverability of valuable materials.

In 1869, William Haynes introduced the concept of flotation to separate sulfides
from gangue using oils. This process was called bulk oil flotation. The separation was
possible by bubbles generated through three different methods: (i) the entrainment of
air during mixing, (ii) the reduction of pressure to generate bubbles, and (iii) the addition
of sulfuric acid to create carbon dioxide bubbles (Fuerstenau, Jameson and Yoon,
2007). Later, in 1877, the Bessel brothers patented what is known today as froth
flotation to concentrate graphite minerals. They innovated the industry by using
nonpolar oils and by generating bubbles through the buoyancy of water to raise graphite
flakes to the surface. In 1896, Frank EImore, in conjunction with his brother Stanley and
father William, developed, commercialized, and installed the first industrial-sized

flotation process to concentrate sulfide minerals in The Glasdir copper mine in North



Wales. The process patented by Frank in 1989 was not froth flotation, but it used oil to
agglomerate pulverized sulfides and bring them to the surface by buoyancy (Fuerstenau
etal ., 2007) . Al t h o u gshccessiully mproved theeseplaration af
sulfides from non-sulfides, new research realized the importance of bubbles in the froth
flotation process. Therefore, the flotation process was independently reinvented in other
places, especially in Australia at the beginning of 1900. Some of the new Australian
inventors were Charles Vincent and Guilleame Daniel Delprat.

Further improvements in the flotation process were accomplished throughout
history, but two flotation methods are very well established in the mining industry today

for mineral processing: the conventional mechanical cell and the column cell.

1.4.1.1 Conventional Mechanical Cell

The conventional mechanical flotation cell consists of a tank equipped with an
impeller and stator mechanism. The rotating impeller is located in the lower part of the
cell or tank. The air required to generate bubbles is introduced through a small-diameter
orifice near the impeller or through an orifice inside of the impeller (Rubinstein, 1995). In
the flotation cell, three distinct zones are observed during operation: (I) the turbulent
zone, (Il) the quiescent zone, and (lll) the froth zone. According to Miskovic (2011), théi
rotating action of the impeller in the turbulent zone (l) provides the energy necessary to
keep particles in suspension, enables the generation of small bubbles, and maintains
the hydrodynamic conditions needed for efficient bubble-particle interactiono (Miskovic,
2011). In Zone Il, entrained gangue particles are separated or liberated from the

aggregates. In addition, Zone Il helps to maintain the froth in a stable state. Zone (lll) is

gy



the cleaning zone of the process; it is the zone were valuable material is skimmed off.

These three zones can be more clearly appreciated in Figure 1.1.

Motor and
Impeller
Drive

Air Supply

T Froth

——
Zone
—

Concentrate z
- Quiescent

Zone
Slurry )
Bubbles
Tailings - Turbulent
Impeller/Stator Zone

Assembly

----

Figure 1.1 Flotation cell with its main components and zones

Because conventional mechanical flotation cells present low selectivity of
valuable material and entrainment of slimes (Rubinstein, 1995), it is necessary for these
cells to be configured in multi-stage circuits otenc onsi sti ng of Arougher
and Acleanero cell s. Rougher, scavenger, and
in different configurations, as shown in the example in Figure 1.2. From the previous
explanation, it can be deduced that the use of conventional mechanical cells requires
higher capital and operational costs and more maintenance due to wear and tear of the
impeller that can become clogged by coarse particles. Banks of conventional cells can

also consume up to 3 to 4 times more floor space in the plant due to the multiple cells



needed for optimum operation, and it does not offer the possibility for air flow control

(Sastri, 1998).

Feed Rougher Tailings Final Tailings
—_— Rougher —_— Scavenger ———>
I Scavenger Concentrate
t Final Concentrate
> Cleaner —_—
Rougher Concentrate |
Cleaner Tailings

Figure 1. 2 Possible configuration of Rougher 7 Scavenger i Cleaner Flotation Circuit

1.4.1.2 Column Cell

Column flotation depends on the principle of mass separation in a countercurrent
flow of air and slurry, which is ideally used in the flotation of fine (<100 microns)
particles (Kohmuench et al., 2009). Some of the characteristics that distinguish the
column flotation cell from the mechanical cell are its shape, which is cylindrical and
taller (up to 16 meters in height) (Kohmuench, Yan and Christodoulou, 2012), its bubble
generation system, and its use of wash water (Dobby & Finch, 1990).

Column flotation is the most recent major innovation in flotation equipment. Its
first design dates from 1919, when M. Town and S. Flynn developed a countercurrent
flow of slurry and air in a cylindrical tank. Inside the tank, previously conditioned pulp
was continuously fed into the middle part of the cylinder. Pressurized air, required for
bubble generation, was generated from a cloth aerator, or sparger, located at the
bottom of the cylinder (Rubinstein, 1995). As a result of problems suchasparti cl es

sedimentation at the bottom of the apparatus and clogging of the air sparging system (a



cloth aerator or sparger), the use of the column cell was not popular. It was not until the
mid-sixties when researchers, P. Boutain and R. Tremblay, began to investigate the
mass separation process that occurred on a countercurrent slurry and air in a column.
The column flotation developed by these researchers, initially intended for the chemical

industry, i s known as the ACanadian Col

umno

industry for miner al processing. The operatio

the same as that developed by Town and Flynn: the material/slurry, previously
conditioned with reagents, is fed into the column from the middle part of it. Once in the
column, the slurry encounters an ascendant stream of air bubbles rising from the bottom
of the column and generated by pressurized air from the sparger system.

The first commercial column cell installed at a mineral processing plant was used
to clean molybdenum ore in 1981 at Les Mines Gaspe in Quebec, Canada. After its
successful application to clean molybdenum, the column flotation apparatus became
accepted, and its use widely expanded i
roughing stage of sulfide and gold ores; the cleaning stage of copper, lead, zinc, and tin;
and for ash removal from coal (Rubinstein, 1995).

Throughout the investigation of the column flotation process, it has been found
that countercurrent flow provides a better condition for bubble/particle attachment,
which is governed by relative velocity, contact time, and inertia forces. The optimum
relative velocity for boarding, or attachment, to occur was found by F. Dedek. He
discovered that the optimum collision occurs under the following conditions: a relative
velocity of bubble and particles in the countercurrent of 10 i 12 cm/s, a bubble size of

1.57 2.5 mm, and a slurry superficial flow rate of 2 cm/s (Rubinstein, 1995). The joined
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condition of the countercurrent flow of slurry and air reduces the bubble rise velocity.
These conditions increase retention time and reduce gas requirements, which in turn
improve the performance of the cell. With the absence of an impeller, which generates
high turbulence, the inertial forces that cause bubble/particle detachment are negligible.

| n ot her wor ds, as R uab cdumtercuerenty thee prgbabdity ofs ,
bubble/particle collision is higher because of the large aerated volume of the cell and
the long distance the particle and bubble have to travel along the column heighto
(Rubinstein, 1995).

The reduced cross-sectional surface area of a column cell benefits froth stability
and the formation of a deep froth bed. Having a deep froth bed facilitates the washing of
undesirable impurities from the floated product in the bubble swarm by the wash water,
which enters from the top of the cell. The primary advantage of having wash water at
the top of the cell is the superior separation performance it offers to the column cell
compared with the conventional mechanical cell (Kohmuench et al., 2012). Introducing
wash water from the top of the cell allows it to permeate through the froth zone,
removing dirty and nonselective entrainment of particles trapped between the bubbles.
Furthermore, it improves the stability and movement of the froth, allowing a relatively
deep (up to 1.5 meters) froth bed to be utilized. The deep froth promotes upgrading and
ensures good distribution of the wash water. Figure 1.3 schematically illustrates a

column cell with its main components and zones previously mentioned.
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Despite the fact that the column apparatus produces a product grade superior to
conventional mechanical apparatus, its capacity is limited by the amount of bubble

surface area available to carry the particles into the froth phase. According to Sastri

Figure 1. 3 Schematic of a column flotation cell and its zones

Wash Water

ﬂl

Feed

Air ——>

(1996), the car ryi ng

terms of mass of solids overflowing per unit of time and per unit of column cross
sectional area. This is related to the maximum achievable coverage of air bubbles by
particles and gives an upper limit to the capacity of flotation columnso (Sastri, 1996).

The carrying capacity of a column cell can be determined by the following equation:

where:

b
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D, is the particle diameter in the froth

Dy is the bubble diameter in the froth

Qg is the gas flow rate

According to the equation above, carrying capacity can be increased if the
superficial bubble surface area rate is increased. Increased carrying capacity can be
attained by raising the aeration rate or by reducing bubble size. Studies have shown
that in the normal range of operation, air rate and column diameter have only a marginal
effect on carrying capacity (Sastri, 1996). Therefore, it can be inferred that optimal
carrying capacity can be achieved when the compressed gas system used in the
column is conducted at the maximum air velocity providing the minimum average

bubble size.

1.4.2 Sparging Syst ems

The aeration or sparging system, also known as the bubble generator device, is
the heart of the process in column cells, according to Rubinstein in his book, Column
Flotation. The service life, operational costs, and economical parameters of flotation
columns are tied to the design and operation of the device (Rubinstein, 1995). Proper
design and performance of the sparging system is essential for column flotation, as
spargers dictate and control bubble size, rise velocity, and air distribution. Hence,
spargers dictate both the radial and axial hold-up profiles as well as the liquid phase
flow patterns which translate to better flotation column performance (Kulkarni and Joshi,
2011). There are two methods of aeration systems. The first method is the internal air
system which is placed near the bottom of the column to directly inject air. The second

method is the external air system where gas and the liquid/slurry are introduced into the
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column via external contacting. This type of sparger is used to aerate the moving slurry,
which is pumped from the bottom of the flotation cell and is recirculated as a pulp-air
mixture. External spargers present a great advantage in the column flotation process
compared to internal spargers since they can be maintained and repaired while the
column is in operation. In addition, external spargers are easily operated. These
advantages have expedited the development of column flotation.

In 1914, the first sparger devices were made to operate a pneumatic flottyoin
column from porous material such as filter cloth and perforated rubber (Rubinstein,
1995). At that time, researchers and operators used a perforated metal frame wrapped
in a woolen cloth. The air was then introduced to the slurry through the covered frame.
I n the early stages of sparger devel opment (¢
used, which all suffered from (i) plugging due to particles and/or precipitates, (ii)
improper gas distribution requiring large numbers of spargers to maintain bubble sizes
below 2-3mm, (iii) poor reliability due to tearing and deterioration with use, and (iv) the
need to shut down column operation to change them (Finch, 1994). All of these early
drawbacks forced operators and developers to improve sparging technologies;
however, the more significant improvements only in occurred the last few decades. As
sparging technologies improved, the popularity of column flotation significantly grew.
Thus, it is important to note that conditions present in the laboratory setting completely
differ from conditions at industrial settings. These differences restricted low-pressure
internal spargers for use only in the laboratory and for pilot test units (Kulkarni and

Joshi, 2011).
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Although the overall goal of air sparging is the same for both internal and
external spargers; the design, sparging method, and features vary substantially
between the sparger types. In the mining industry, three types of spargers dominate the
mineral processing field. These are porous spargers, air injectors, and dynamic
spargers. A brief explanation on the design and operation of these three types is

provided bellow to illustrate their advancements and differences in the mining industry.

1.4.2.1 Static Sparging Systems. Porous Spargers

Perforated plates or pipes, sometimes covered by a porous filter cloth or
perforated rubber, wer e the first type of spargitog syst
operate pneumatic column flotations. With porous materials, bubble generation occurs
by the formation of individual bubbles at each orifice. The use of porous materials offers
finer bubble sizes if operated at low pressure. Furthermore, since bubbles created by
this type of gas distributor are numerous and relatively small, the gas-liquid interfacial
area is greater, offering more efficient mass transfer (Kazakis, Mouza, and Paras,
2008). Porous spargers also are less costly and can be reclaimed through washing
(Rubinstein, 1995). Perforated and/or porous spargers come in a variety of designs
including perforated pipes, frames, rings, grids, and plates/sieves.

While these types of spargers can be used in mineral processing operations, the
perforations (or holes) must be large enough to overcome clogging caused by the high
concentration of solidsint he ¢ ol u mnddsthe brgtopemton times demanded
in industrial settings. Unfortunately, in practice, the ability to reduce the hole size to
minimize the average bubble size while eliminating fouling, is still an impossibility.

Therefore, this inability confines perforated spargers to be implemented for laboratory
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testing and not in mineral processing applications at an industrial scale. Another
disadvantage of perforated spargers that makes them inadequate for mineral
processing operations at an industrial scale is the need to shut down flotation
operations for repair, and the potential for slurry to permeate into the air system
(Rubinstein, 1995).

To compensate for the lack of control in generating optimum bubble sizes,
researchers developed various forms of porous spargers; however, persistent fouling
also confined them to only laboratory scale work. Figure 1.4 shows a perforated plate
and perforated pipe/tube sparger configuration. Here, it can be seen that the perforated
plate sparger embraces the full cross sectional area of the column, while the perforated
tubes sparger configuration is designed to achieve the necessary air distribution

(Kulkarni and Joshi, 2011).
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Figure 1. 4 Two types of perforated spargers . Left: perforated plate, Right: perforated pipes
(Kulkarni and Joshi, 2011)

While various materials have been employed to manufacture porous spargers for
industry, such as glass, ceramic, metals, and fabric, the most accepted type for gas
dispersion is the sintered porous metal sparger. At the present time, the Mott

Corporation, established in 1959, is the lead company in the manufacture of porous
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spargers through the use of different metals and alloys. The principle of sintered porous
metal spargers is to introduce gas into the liquid/pulp through thousands of tiny pores,
creating far more numerous smaller bubbles than with drilled pipe spargers. Sintered
porous metal spargers result in a larger gas-liquid/slurry contact area thereby reducing
the time and volume required to disperse gas into liquid/slurry. The thousands of pores
over the surface allow a large volume of gas to be released with a high specific area
(Mott Corporation, 2015). Motté gorous spargers are not only known for their uniform
gas dispersion, but they are also known for their rigid and durable construction.

Sintered metal spargers are comprised of powdered metal which has been
ligated together by subjection to heat below its melting point. This technique produces
average pore sizes in the 60 to 100 microns range, thereby allowing them to produce
extremely fine bubbles. The most common metals and alloys used in the construction of
porous spar ger Ostainless steelahbstelloy, maomel, nickel, titanium, and
alloy 20. The choice depends on the application and special customer requirements
such as greater temperature and corrosion resistance (Mott Corporation, 2016). A study
conducted at the Aristotle University of Thessaloniki found that sintered metal spargers
with a smaller average pore diameter have a more uniform porosity and therefore
maintain a more even air distribution. Along with this, a study conducted by the
University of Florida found that the average diameter of a bubble emitted from a
sintered aluminum or stainless steel sparger ranges from 0.7 to 0.9 millimeters (Kazakis
et al., 2008).

Although sintered metal spargers generate very fine average bubble diameters,

they still experience plugging problems when exposed to slurry even at a low
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percentage of solids concentration. For example, according to a study by Rosso and
Stenstrom (2006) conducted at 21 wastewater treatment facilities, sintered porous metal
spargers used at the facilities require periodic cleaning with water and acid to prevent a
rapid decline due to slimes plugging. The study showed that porous spargers require
filtered air and water to promote successful continuous flotation, both of which are
difficult to attain in mineral processing applications.

Two types of perforated spargers, namely single-phase and two-phase, can be
arranged in multiple configurations inside a vessel or tank. A single-phase sintered
metal sparger introduces air only through a porous membrane directly into the column,
whereas a two-phase sintered metal sparger injects air through porous media around
the circumference of a moving stream of water (EI-Shall and Svoronos, 2001). These
two types of configurations are applied in deinking flotation, wastewater treatment, olil
and water separation, hydrogenation, ozonation, pH control, and others. Unfortunately,
due to their high maintenance requirements, the use of single- and two-phase spargers
is not applicable to mineral flotation processes and is typically confined only to

laboratory settings.

1.4.2.2 Dynamic Sparging Systems
1.4.2.2.1 Jetting Sparger System
As previously mentioned, one of the biggest drawbacks to the porous sparging
method is plugging when operated in the presence of solids. This prevents them from
being used for mineral processing in the mining industry. For this reason, several
groups including the U.S. Bureau of Mines (USBM), Cominco, and Canadian Process

Technologies (CPT) have developed various forms of high pressure fjettingo spargers
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(Kohmuench et al., 2007). A jetting sparger is a device that allows numerous air bubbles
to emerge from a small circular orifice known as a nozzle. As Finch (1994) explains,
i nsi de a bublpes fogneas a resilt of instabilities of the jet surface,0 and the
amount of bubbles and their sizes are dependent on the length of the jet (Finch, 1994).
A sparger device is meant to be operated at high pressure to generate bubbles, further
reducing the problem of plugging, which porous spargers present. However, the high-
pressure requirement translates into an increased horsepower demand, and, therefore,
increased operational cost.

Cominco and the US Bureau of Mines created the first two-phase, high velocity
spargers. These spargers mix water and high-pressure air through a small nozzle inside
the column before the discharge occurs. The purpose of adding water to the sparger is
to create a finer bubble distribution inside the column by shearing the incoming air
passing through the sparger (Finch, 1994). The addition of water to the sparger was first
proposed to be less than 1% of the volume of gas. Though the jetting spargers
proposed by USBM and Cominco showed great improvements in bubble distributions
and the possibility to be used for mineral processing, the inability to maintain them
without shutting down column operations was still unattainable. Later, a Canadian
company called Canadian Processing Technologies, Inc. (CPT) developed a single air
phase sparger, called SparJet, and introduced the concept of on-line maintenance.
SparJet is a removable air lance that ejects pressurized air from a single nozzle through
the side wall of the flotation column. The concept of on-line maintenance is achieved by
arranging multiple air lances of varying lengths around the column perimeter. Air is fed

into the end of each sparger via tee-valves, which allow the airflow to be adjusted or
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completely blocked in the event of pressure loss or for required maintenance. The
arrangement of multiple spargers around the column not only allows for continuous
flotation operation, but it also ensures aeration of the full cross sectional area of the
column.

CPT made a number of improvements to previous design of their sparger, which
eventually lead to the development of the SlamJet sparger. To facilitate maintenance

and prevent slurry from entering the airline, CPT replaced the tee-valve system with a

high-t ensi on spring | oc at e dTheispringtchngrols she aaozgee r 6 s

aperture as pressurized gas enters the sparger, allowing the position of an internal rod
to move towards or away from the nozzle aperture. The spring tension can be adjusted
by loosening or tightening a screw located at the end of the sparger, as shown in Figure
1.5 (Kohmuench et al., 2012). With this design, if air pressure were lost, the spring
would close the nozzle of the sparger, preventing the backflow of slurry into the air

system.

Adjustment
SErew M Rod Tip

Sparger
Spring

Diaphragm Sparger
Nozzle

Figure 1. 5 SlamJet sparger with its main components

CP T hew design also maxi mi zed bubble popul ation

concept into the operation of the sparger. According to the concept, the total population
of bubbles can be acquired by extending the jet length into the column. This can be
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achieved through an increase in air density by adding water (Finch, 1994). With this in
mind, the SlamJetd s p er f & enhanced with the addition of water below the air
supply manifold. High pressure-water and air enter the lance together and are
discharged into the column.

In 2007, the Eriez Flotation Division (EFD) acquired CPT. EFD claims that the
flotation kinetics in the column is greatly improved due to the high rate of gas dissolution
achieved by the SlamJet sparger (Eriez Flotation Division, 2016). Thousands of these
spargers have now been placed into commercial service in the minerals processing

industries.

1.4.2.2.2 Microcel

Column flotation has been acknowledged as one of the best technologies
available to separate fine particles of valuable minerals from their associated unwanted
matter. However, the process is less efficient when ultrafine particles in the slurry have
to be separated (Yoon, Luttrell, Adel and Mankosa, 1992). It was not until 1988 that
professors working a t Virginia Techos Mi n i n gpar@anant
developed a new flotation technology called Microcel™ Column Flotation. The

objectives of the Microcel™

system are (i) to create microbubbles, normally in the 50 to
400 microns range, without creating plugging problems, (ii) to generate microbubbles
using slurry instead of fresh water in order to minimize fresh water demand, and (iii) to
ensure the bubble generator can be maintained and repaired as required without
equipment shutdown (U.S. Patent No. US5397001 A).

To accomplish the objectives of the Microcel Column, microbubbles are

generated by pumping slurry from the lower part of the column and passing it through
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parallel, in-line static mixers, which conduct the slurry back to the column at a larger
height from the slurry exit port (Kohmuench et al., 2009; U.S. Patent No. US5397001
A). The air required for bubble generation is injected at a high rate into every static
mixer at the front end. The slugs of gas formed at the entrance are then broken by the
shearing action of the blades, which in turn create microbubbles ranging from 0.1 to 0.4
mm in size (Lakshmanan, Roy and Ramachandran, 2015; Yoon et al.,, 1992). A

schematic of the static mixer is displayed in Figure 1.6.

Microbubbles

=%

Shirry

Figure 1. 6 Schematic of the Microcel Static Mixer ( Yoon et al., 1992)

The principle of Microcel technology is based on the improvement of flotation
kinetics by combining pressurized air at a high intensity with small bubbles, which in
turn enhances the frequency of bubble-particle collisions and attachment (Kohmuench,
et al., 2009; Lakshmanan et al., 2015). Yoon describes the process taking place in the
Microcel™ Column Flotation as a three-stage flotation circuit. The use of the static mixer
in column flotation applications are as follows: (i) a roughing stage, whereby air rising in
the flotation column collides and attaches with hydrophobic particles that are flowing

downward into the column flotation; (ii) a cleaning stage, whereby risen bubble-particles
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of unwanted material are washed in the froth bed to minimize hydraulic entrainment;
and (iii) a scavenger stage, whereby the implementation of direct particle contact within
a static mixer recycle-circuit gives particles a final opportunity to attach to the air
bubbles (U.S. Patent No. US5397001 A, Yoon et al., 1992). A schematic design of the

Microcel™ Column Flotation with its three process stages is shown in Figure 1.7.
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Figure 1. 7 Schematic Microcel Column Flotation with its three stages  (Yoon et al., 1992)

Microcel™ Column Flotation was initially popular for coal cleaning operations, but
studies showing metallurgical improvements extended its success for processing other
non-coal minerals (Lakshmanan et al., 2015). Based on studies of the Microcel
t ec hnol o gmaiics, copdeiatel at the Red Dog Mines in North-Western Alaska, it
was found that the mean bubble size diameter was reduced from 3.4 to 1.9 mm

compared with previous sparger technologies. This reduction in bubble size translates
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to an improvement in zinc grade by 0.04% and sphalerite by 0.16%. As a result, the
final recovery improvement was 2000 tons more of higher grade zinc concentrate per
year (Pyecha, Lacouture, Sims, Hope and Stradling, 2006). A similar study was
conducted in Peru at the Antamina copper/zinc mine. Microcel technology was
employed at Antamina for the cleaning of copper and molybdenum. The process
showed a reduction of bubble size from 3.7 to 2.6 mm, representing a 6% increase in

copper recovery and a 20% increase in molybdenum (Lakshmanan et al., 2015).

1.4.2.2.3 CavTube

The CavTube is a sparging device that uses hydrodynamic cavitation to generate
tiny bubbles, also known as pico-bubbles, in the order of 10 microns in size (Concha
and Wasmund, 2013). Hydrodynamic cavitation occurs when the liquid pressure is
abruptly reduced below its vapor pressure by subjecting it to high flow velocity (Fan,
Tao, Honaker, and Luo, 2010). In essence, the CavTube system is a venturi tube
wherein the liquid passing through the conical convergent zone increases its velocity
due to the dramatic reduction in diameter. This diameter change can be observed in
Figure 1.8. The cavitation phenomena results from a pressure change in the liquid while
crossing the tube. The liquid has a higher pressure and lower velocity prior to entering
the throat than while crossing it. After it passes the throat, the pressure decreases and
the velocity increases. This sudden contraction and expansion results in the cavitation,
also known as nucleation phenomena (Wasmund and Bain, 2014; Zhou, Xu and Finch,

1993).
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Figure 1. 8 CavTube sparging system in a clear plastic model (courtesy of Eriez Flotation Division)

Hydrodynamic cavitation was introduced as a sparging system by inducing the
flotation pulp and compressed gas into the venture tube (CavTube) at high velocity. The
high velocity combined with the throat geometry generate cavitation in the pulp, which in
turn improves flotation due to the attachment of ultrafine particles to the ultrafine
bubbles (Zhou et al., 1993; Kohmuench et al., 2012). At the same time, pico-bubbles
promote flotation by boosting the attachment of larger bubbles. The pico-bubbles serve
as an auxiliary collector of particles (Kohmuench et al., 2009; Concha and Wasmund,
2013). This phenomenon is illustrated by Figure 1.9. The utilization of pico-bubbles in
the flotation process decreases the required dosage of collector and increases the
probability of bubble/particle attachment. It also decreases the probability of
bubble/particle detachment (Kohmuech et al., 2009; Zhou et al., 1993; Wasmund,
2013). These improvements translate into the possibility of floating ultrafine particles,

which was impossible with previous technologies.
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2. EVALUATION OF AIR -INJECTION SPARGERS
2.1 Introduction

Column flotation cells have become the most popular machine design for
industrial applications that require high purity concentrates. The superior metallurgical
performance of column cells can be largely attributed to their unique geometry which
readily accommodates the use of froth washing systems. The wash water minimizes the
non-selective entrainment of ultrafine gangue material that would otherwise be
hydraulically carried in the water reporting to the froth concentrate. The larger height-to-
diameter ratio of columns allows a deep froth to be maintained, which is essential to
achieve even water distribution. With this unique feature, column cells can provide
impressive levels of metallurgical performance closely approaching the ultimate
separation curve predicted by flotation release analysis (Kohmuench et al., 2007).

Another very important feature of column cells is the design of the gas sparging
system. One popular choice in the minerals processing industry is the Eriez SlamJet®
sparger. As shown in Figure 2.1, this type of sparger operates by passing compressed
gas through a small discharge nozzle. Fluid turbulence created by the exiting gas
disperses and distributes small bubbles into the flotation pulp. The sparger is equipped
with an internal moveable rod that is attached to a pressure diaphragm in the back
housing of the sparger. The internal rod automatically moves back/forward and
opens/closes the nozzle outlet when the compressed gas is switched on/off. This
patented design effectively eliminates the accidental backflow of flotation pulp into the

injection tube during shutdowns. The sparger can be operated as a gas-only injector or
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with the introduction of a small amount of high-pressured water (Kohmuench et al.,

2009).

G i Tip Closed Position
(No gas pressure)

Gas
Sparger
By el Tip Open Position Nozzle

(Pressure >200 kPa)

Spring

Figure 2. 1 Eriez SlamJet sparger

In order to obtain optimal levels of performance, the sparging system must be
properly designed, installed, operated and maintained. An effective sparging system
should create small and uniform bubbles throughout the column (Yoon and Luttrell,
1989; Hardie, 1998). In terms of design, this level of performance requires the upfront
selection of the proper number of sparger nozzles, the best choice of nozzle diameters,
and the best sparger distribution pattern across the column cross-sectional area. After
these design decisions have been made, the sparger operating conditions must then be
adjusted until optimal levels of performance are achieved for a given application.
Typically, operating parameters that can be field adjusted include gas flow rate, water
injection rate (if used), inlet pressure, and frother type and dosage. In practice, poorly
operated or improperly maintained spargers have the potential to produce undispersed
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slugs of gas and unwanted burping. This undesirable condition can cause issues for

operators such as low recoveries, decreased capacities, and inefficient energy usage.

2.2 Theory

In column flotation, gas dispersion properties play an essential role in mineral
recovery. Bubble diameter (dp), gas flow (Q), and gas holdup (O are some of the
properties that govern column cell performance. However, in order to control and
determine these properties, the gas dispersion provided by the sparging system into the
column should first be determined. This requires an analysis of internal sparger design
and nozzle discharge coefficient.

The design of the gas sparging system is perhaps the single most important
factor in determining the effectiveness of gas dispersion in column flotation. For
injection-type spargers, the design typically involves a nozzle throat that discharges
compressed gas directly into the flotation pulp through a small diameter orifice. Ideally,
the operating pressure is set so that the nozzle operates under choked flow conditions.
The choked flow condition occurs when high pressure fluid (air/water) is forced to pass
through a restricted orifice (nozzle, hole, orifice, etc.) into a lower pressure zone. There,
the velocity eventually reaches a point
vel ocityo. At this point, as o0bs aeswaeplaeau
that is independent of the pressure differential. This velocity is known as sonic velocity

and its creation is based on the law of mass conservation.
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Figure 2. 2 Sonic Velocity Mach =1

For homogeneous fluids, the physical point at which choking occurs for adiabatic
conditions is when the exit plane velocity is at sonic conditions or, in other words, when
the velocity reaches Mach number = 1. If the heat capacity ratio (k) for an ideal gas is
known, choked flow occurs when the pressure ratio exceeds this velocity. The pressure

radio is described by the following expression:

Q p (1]
where:
0 Downstream absolute pressure
0  Upstream absolute pressure
"Q Heat capacity radio
For dry air (k= 1.4), Py¢/P,=0.528. (0+14.7) psia / (13.17+14.7) psia = 0.528. Thus,

choked flow occurs when P4 <0.528 P, or P,>1.89Pq.
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Equation [2] can be used to determine the mass of fluid passing through

restricted orifices (e. g. nozzle orifices and valves) when the velocity is choked.

Q p [2]
where:

C = discharge coefficient

A = nozzle/orifice area

r = gas density

From this very well-known equation (Loomis, 1982), it can be inferred that:

0] for choked flow of gases, mass flow rate is independent of downstream
pressure and depends only on temperature and pressure on the
upstream side of the restriction;

(i) the equation mathematically implies that mass flow rate is proportional
to hole area and square root of pressure; and

(i) the mass flow rate is only weakly dependent on gas temperature (via
density).

These three phenomena can be observed in Figure 2.3. These two plots show that the
gas velocity exiting the nozzle reaches Mach 1 (1129 ft/s) when the absolute pressure
ratio exceeds about 0.528. The volumetric air flow rate, however, increases past this
point in response to simple compression of the upstream flow and not to an increase in

exit velocity.
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Figure 2. 3 Mass of fluid at restricted orifices

Although jetting spargers are based on the concept of choked flow, industrial
limitations like the required system to avoid back flow into the air line, limit the flow of
spargers. Due to the spring, rod, and tip combi nat i on i n ,sgparger
mathematical choked model is not perfectly matched. This phenomenon is better
appreciated in Figure 2.4. This plot shows the normalized gas flow (i.e., measured
standard gas flow rate divided by the maximum standard gas flow rate observed) as a
function of the normalized inlet pressure (i.e., set gas pressure divided by the maximum
gas pressure observed). Normalized values were used in this plot to protect the
confidentiality of operational data for the sparger manufacturer. Because of the spring
backpressure, this particular plot shows that the sparger did not reach choked flow

conditions unit a P/Pmax ratio of about 0.7 was reached.
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Figure 2. 4 Comparison of theoretical pressure vs flow curve for nozzle and actual curve obtained
in je tting systems

In jetting spargers, like the commercially available Eriez SlamJet spargers, a flow
restrictor (an integration of spring, rod, and tip) moves back as the cracking pressure is
approached. This is due to the compressed gas that creates a counter-pressure to the
spring and moves it back, as already illustrated in Figure 2.1. Without the presence of
the spring, jetting spargers will match the theoretical pressure-flow relationship, also
known as critical flow. Although the flow restrictor is beneficial in the way it avoids back
flow of slurry into the air line in plant operations, it is also responsible for unwanted
pressure drop in some sparger systems. It can be a detrimental due to higher energy
consumption required to reach the theoretical curve. When the flow restrictor is fully
open, it is possible to achieve the highest velocity. The best gas dispersion is expected

under this condition. Figure 2.5 is a representation of this theory.
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To facilitate calculations and keep consistency in this study, equation [2] can also
be written as (Loomis, 1982):

. 0 d [3]

where:

Q = gas flow (volumetric flow of fluid)
A = area of orifice

C = coefficient of flow

Pu = upstream total pressure

T = Upstream total temperature

To make use of equation [3], it is essential to determine the coefficient of flow,
which entirely relies on the internal configuration and roundedness of the sparger.
These coefficients depend on the nozzle design, but normally are in the 97% to 61%
range for simple phase fluid and smooth edge nozzles. When dealing with two phase
fluids, such as gas/water, a second coefficient has to be considered in the previous
equation. To avoid confusion, the gas coefficient flow can be denoted as C,, and the
water coefficient flow as C,. Thus, equation [3] can be written as (Loomis, 1982):

. 00 6 0 [4]
U ™ 0 TH6——
ny

Because the work in this study is empirical, the gas coefficient flow was
determined from experimental data. In light of this, the gas flow obtained from multiple

tests representing a set of data were averaged and fitted to a model. Likewise, the
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water coefficient had to be determined. For this purpose, an empirical model based on
pressure gauge, water addition, and a fitting coefficient, was employed. This coefficient
is described by equation [5].

P =~ p [5]

where:
K1 = fitting coefficient
P = pressure

W = water flow passing through the nozzle

2.3 Experimental

For the evaluation of commercially available SlamJet spargers, a pilot-scale
continuous and closed loop air/water test column was designed and constructed at
Virginia Tech-Mining Engineering laboratory (Figure 2.6). The configuration of the
apparatus for running the tests consisted of two major components: gas flow apparatus
and pilot-scale column flotation. Additionally, a data acquisition system was developed
and implemented into the circuit for performance monitoring.

Gas-liquid injection rate, frother addition, and inlet pressure are the crucial
factors in running sparging systems. This work focused on the study of these factors
with the goal of finding the optimum operation of a sparger to assist plant operators in
improving recoveries from their column cells. To facilitate this goal, the current study
was conducted to quantify changes in gas flow rate, gas holdup, and degas time
obtained for different running conditions, two different internal sparger designs, and

several different nozzle sizes.
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The first type of sparger tested was the standard Eriez SlamJet (SLJ) shown

previously in Figure 2.1. Tests with this type of sparger were carried out with standard

nozzle sizes that are commercially available. The second type of sparger is a modified

SlamJet sparger that consists of multiple blades placed along the internal rod with the

aim to mix air and water before discharge takes place into the column cell. The new

sparger is known as the SlamJet with Turbo Air Jet (SLJ-TAJ). To evaluate this type of

sparger, test work was carried out using the SLJ-TAJ sparger equipped with a 4-mm

diameter gas discharge nozzle. To account for different running conditions and to
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evaluate the predictive capabilities of Eqg. [3], tests were conducted at low and high inlet
pressures, ranging from 40 PSIG to 80 PSIG with 10 PSIG increments; different water
flow rates of 0, 0.15, 0.30 and 0.45 GPM; and two different frother concentrations of O

PPM and10 PPM.

2.3.1 Gas Flow Apparatus
The left side of Figure 2.6 provides a schematic of the experimental gas flow
apparatus constructed to evaluate the proposed SlamJet sparger system. During
operation, compressed gas (air) was introduced to a pressure regulator set to hold a
constant pressure of 620 kPa (90 PSIG). An on-off valve was installed after the
pressure regulator to initiate/terminate the gas flow during a test run (Figure 2.7). The
compressed gas from the on-off valve was passed to a gas rotameter and 0-134 KPa
(0-150 PSI) pressure gauge assembly. The rotameter was equipped with a manual
control valve that allowed for precise control of the gas inlet pressure. A check valve
was installed after the rotameter to minimize problems associated with the back-flow of
pressurized water into the gas monitoring instrumentation. The gas flow from the check
valve was passed into a distribution manifold that was connected via a flexible hose to
the sparger unit. The distribution manifold was equipped with another 0-134 KPa (0-150
PSI) pressure gauge so that the inlet pressure to the sparger hose could be constantly
monitored.
When required, water was added to the distribution manifold after passing
through another water rotameter, control valve and pressure gauge assembly. The
injection water was pressurized using a high-pressure multi-stage pump. A by-pass loop

and pressure relief valve was used to ensure that the high-pressure pump did not
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exceed safe operating conditions. Water was supplied to the high-pressure pump from a
test column filled with water. The closed-loop circuit made it possible to run a wide

range of water flow rates without impacting the column water or frother levels.

Figure 2. 7 Equipment for air/water supply system

2.3.2 Test Column

The right side of Figure 2.6 provides a schematic of the experimental pilot-scale
flotation cell used to evaluate the proposed SlamJet sparger system. The column
employed has a height of 3.5 m and an inner diameter of 0.76 m. In order to hold a
constant water level in the test column and maintain a constant frother concentration, an
auxiliary storage sump equipped with a low-pressure circulation pump was placed next

to the test column (Figure 2.8a). This setup, which allowed water to continuously
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overflow from the test column, made it possible to rapidly recharge water displaced by
the gas held up in the system during different test runs.

Two external site tubes for hydrostatic pressure monitoring were installed along
the column height for the manual monitoring of gas holdup. The connection ports for the
upper and lower manometers tubes were located at distances of 67.5 and 98.5 inches,
respectively, from the top of the test column overflow level. In order to monitor gas
holdup into the column, readings were made by taking multiple photographs to the
manometer tubes for each condition. Then, the readings were averaged to obtain the
Ameaml chup ( %) 0 v a l)urbesave(ageifrgctionaégas2hol@up - in the test
column (i.e., between elevations "O and "O) was calculated from the level of liquid in the
first manometer using the expression:

- O QF0 0. [6]

For comparison, the average fractional gas holdup - in the upper section of the
test column (i.e., between elevations 'O to "O) was also calculated using:

- O QFr0 0. [7]

Generally, the holdup values determined in the upper section were lower than
those in the lower section due to an increase in bubble size resulting from the lower
hydrostatic head as bubbles rise to the top of the column.

Thet ot al fractional gas holdup (&) can

- Q Q10 0 [8]
where:

hi-h, = delta height in manometer levels

Hi-H, = delta height in manometer mounts
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Figure 2. 8 Pilot -scale flotation column
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Figure 2. 9 Simplified volumetric balances for total flow (left) and gas flow (right)
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For the pilot-scale test column used in the sparging evaluations, the gas holdup
can be estimated from a simple volume balance given by equation [9], as illustrated in
Figure 2.9.

- 070 0 Y& [9]
where:

Qg = volumetric gas flow rate

Qw = volumetric water flow rate

Uy = bubble swarm hindered rise velocity

X = column cross-sectional area

To improve accuracy and more precisely determine the gas holdup in the test
column, the manometer tubes were replaced with four high-speed electronic pressure
transmitters that were connected to a data acquisition system (LabView). The
transmitters were installed at different heights to assess potential differences in bubble
size distributions in each section of the test column. A combination of scheme pressure
transmitters and data acquisition system allows monitoring of the pressure differences
by real time. Likewise, to monitor gas flow in real time, an electronic vortex flowmeter
was installed along the airline right after the head gas supplier and connected to the
data acquisition system (LabView). The data acquisition system was set up so 10
readings per second can be obtained from the pressure transmitters and vortex
flowmeter.

Figure 2.10 shows an example of data obtained from each pressure transmitter
in a single test. The gas sparging performance was monitored by means of dynamic

pressure transmitter readings taken after the gas was shut off, 60 seconds after running
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at a known inlet pressure, frother concentration and water injection rate. The pressure
difference was taken from the average values of pressure transmitters 2-3 and 3-4

(Figure 2.11).
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Figure 2. 10 Data obtained from individual pressure transmitters

The massive amount of data obtained from the data acquisition system from a
single test made it difficult to evaluate the sparger performance in terms of gas flow and
gas holdup. This necessitated a model that would be suitable to analyze, predict, and
compare sparger performance over a wide range of conditions. The conditions were

chosen as follows:
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In total, the amount of data collected employing the data acquisition system was from 80
tests. Here it is easy to see the importance on relying on a balanced model that can
facilitate the process of analyzing, comparing, and predicting the percentage of gas
holdup and gas flow for each test. Figure 2.12 shows a balance model obtained from a
test performed on the SlamJet with Turbo Air Jet (SLJ-TAJ) at a low inlet pressure,
intermediate water addition, and 0 PPM frother condition. From this model, it can be
observed that the delta holdup into the column was 2.08%, 5.4 SCFM of gas flow during
aeration, and 10.98 seconds for a complete column degas once the gas has been shut

of f .

Figure 2. 11 Data collection using pressure transmitters

1 Two types of spargers employing the same nozzle diameter: SLJ and SLJ-TAJ,

1 5 different inlet pressures ranging from 0 psig to 100 psig with 10 psig increments,

1 4 different water additions in GPM, and

1 OPPM and 10 PPM frother dosage conditions.

Due

0O huma&o hf eéert ome

shut off, had to be manually input for each test.
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Based on PT On/Off - -- 0.12 - - 137 - - 2.08 -
During Aeraton ...
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Figure 2. 12 Balance model for Gas Holdup and Gas Flow from a single test
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From the model, a plot of Predicted Gas Holdup (%) vs Measured Gas Holdup
(%) can also be obtained, as shown in Figure 2.13. This plot shows how well the model
predicts for an individual test or how much scatter is associated with the test data. The
more out of line and the farther the points are from the predicted line, the larger the
scatter was in the data collection. Figure 2.13 shows that a good fit between predicted
and measured could be obtained for most of the experimental tests conducted with the

SlamJet sparger system.

Predicted Gas Holdup (%)

0.5

4] 1 2 3 4 5 6 7
Measured Gas Holdup (%)

Figure 2. 13 Gas Holdup (%) model -prediction for a single test

Appendix A contains the following information for tests performed with the

SlamJet sparger at 0 PPM frother dosage and employing the data acquisition system: (i)

testing summary, (i iTi nieGa(ss eFcl)oow a(nSdC FiViG a sv sHo | d

(sec)o from 50 seconds to the degas cul

gas holdup profiles.
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2.4 Results

2.4.1 Effect of Inlet Pressure

As stated in previous sections, the design of the gas sparging system is perhaps
the single most important factor in determining the effectiveness of gas dispersion in
column flotation. For jetting-type spargers, such as the patented SlamJet® technology,
the design typically involves a nozzle throat that discharges compressed gas directly
into the flotation pulp through a small diameter orifice. Ideally, the operating pressure is
set so that the nozzle operates under choked flow conditions. As indicated previously in
the theory section, Equation [10] describes the flow of gas passing through a restricted
opening (e. g. nozzle, orifice, hole, etc.) when air only is employed for the sparger
operation and Equation [11] when both air and water are employed for their operation.

rrrrr

o & [10]

00 6 0 [11]

Where:

Q = gas flow

A = area of orifice

C = coefficient of flow (air only)

Cn = coefficient of flow for nozzle without water

Cw = coefficient of flow multiplier for nozzle with water
Py = upstream total pressure

T = Upstream total temperature
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Once the flow coefficients are known, Equation [11] can be used to create a
model that predicts gas dispersion into the column at specific condition of pressure
gauge, nozzle size, and temperature. [Note: Numerical values of the flow coefficients
are considered proprietary since sparger manufacturers spend large amounts of time,
effort, and funds to accurately determine these values for their particular nozzle
designs.] Interestingly, Equation [11] shows that gas flow rate varies linearly with inlet
pressure (i.e., increasing the pressure by 10% increases the gas flow by 10%). This
inherent characteristic is an attractive feature of injection-type spargers since it allows
for simple throttling and control logic. On the other hand, Equation [11] cannot be used
to conclude that a 10% increase in orifice area will result in a 10% increase in gas flow
rate since C is typically also a function of nozzle design/diameter. Therefore, the
selection of an appropriate nozzle size is generally best made in direct consultation with
the sparger manufacturer.

To offer guidance in choosing the most appropriate sparger size, sparger
manufacturers can also provide plant operators with power demand, in terms of inlet
pressure, to achieve a desired gas dispersion into their column flotation operation for
the chosen sparger size. In Figure 2.14, normalized graphs of Gas Flow vs. Inlet
Pressure are shown for two different sparger sizes (nozzle diameters). The data in
these plots have been normalized by dividing the flows and pressures by either the
maximum gas flow rate (Qmax) or maximum pressure (Pmax). In general, a larger
nozzle size demands more energy, in terms of inlet pressure, than a smaller nozzle.
However, it cannot be concluded that a bigger nozzle size provides better performance

in terms of gas dispersion. The same gas dispersion can be achieved with different
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nozzle sizes. Herein lies the importance of selecting the appropriate sparger size for a

given gas dispersion application in direct consultation with the sparger manufacturer.
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2.4.2 Effects of Water Injection

The addition of water improves gas dispersion by creating a jetting flow of high-
velocity water droplets that efficiently transfer kinetic energy into the flotation pulp as
they exit the nozzle. The resultant energy dissipation generates turbulent eddies that
help to shear any undispersed pockets of gas into smaller bubbles. The downside of
water injection is that it also reduces the gas flow rate. Since the reduction in gas flow
with water addition varies for each type and size of nozzle, the manufacturer should
generally be consulted prior to attempting this improvement to ensure that the gas
compressor and ancillary equipment can handle the new flow and pressure demands.

In order to illustrate the effects of water addition on sparger performance, several
series of experiments were conducted using the test column apparatus. In these
experiments, a SlamJet sparger equipped with a B-size nozzle was evaluated without
water addition (i.e., gas only) and with the addition of three different water injection
rates. In each run, the gas holdup (fractional volume of gas to total volume of gas plus
liquid contained in the column) was monitored using the externally mounted
manometers (Figure 2.8b). The fractio n a | gas holdup (&) was
by employing Equation [12] and [13], shown in previous section:

U= 1:(hP/ (Hi-Hy) [12]

- 0FT0 0 YO [13]
Based on theoretical expression given by Equation [13], gas holdup must increase as
the gas rate increases and bubble size decreases (i.e., rise velocity of the bubble
swarm decreases). Thus, for a given gas flow rate, a higher holdup would be associated

with smaller bubbles resulting from improved dispersion (Miskovic and Luttrell, 2012).
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The experimental data from the water injection tests are plotted in Figure 2.15.
As expected, the gas holdup in the column increased in proportion to the normalized
gas rate (Q/Qmax) for all water addition rates evaluated. More importantly, the gas
holdup versus gas rate curves shift upward to higher values as the water injection rate
increased. When operating at 70% of the maximum gas flow rate tested, the holdup
increased from about 15% for the gas-only case to about 17.5% with the addition of a
low amount of injection water (which represented about 50% of the maximum water
injection rate recommended by the manufacturer. The holdup further increased to near
20% by further Il ncreasing the water I njecti
recommended by the sparger manufacturer. The holdup increased by nearly 25% as
the flow increased from zero (gas only) to the maximum value tested. These data
provide strong evidence for the important role of water addition in attaining good gas

dispersion for gas injection type spargers.
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Figure 2. 15 Effect of gas flow rate and water injection rate on gas holdup (10 PPM frother)
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2.4.3 Effects of Water -Gas Mixing

In order to work effectively, the pressurized water added to a gas injection
sparger must be well mixed into the gas prior to exiting the discharge nozzle. For well-
designed systems, this mixing is accomplished using internal networks of gas and water
pathways that are incorporated into the structural design of the sparger. The pathways
provide turbulence that is sufficient to completely homogenize the gas and water
mixture, but not so intense as to create unwanted pressure drops that would otherwise
adversely impact the sparger gas rate, dispersion performance and energy demand.
The design of the network of mixing pathways, which is proprietary to each
manufacturer of commercial spargers, is a key feature that is often not considered by
plant operators when purchasing a new gas sparging system or when replacing existing
gas spargers from different suppliers.

The importance of the design of the gas-water mixing network is illustrated by the
test data shown in Figure 2.16. In this case, experimental tests were carried out using
two types of spargers: the standard SlamJet (SLJ) and the SlamJet with Turbo Air Jet
(SLJ-TAJ). These series of tests were conducted at 10 PPM of frother using either a

Al owoumtim of i nj ec tS0% of thevwatee rate (ecomreended hy the

manufacturer) or a fAnormal 6 | evel o f i nject |

recommended by the manufacturer). At each water addition rate, two sets of tests were
conducted with and without the network of pathways (TAJ) required to achieve complete

mixing of gas and water prior to exiting the discharge nozzle.
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Figure 2. 16 Effect of gas -water mixing pathways on gas holdup (10 PPM frother)
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addition rate of injection water. This suggests that the range of gas velocities spanned

in this series of tests were already sufficient to ensure good mixing of water and gas

without the need for any source of additional turbulence. However, when pushed to the

hi gher

i ater mjecdidn datesy the sparger equipped with the mixing pathways

provided a notably higher gas holdup compared to the otherwise identical counterpart

that was not equipped with the mixing pathways. For a gas flow representing about 60%

of the full range tested, the gas holdup improved from about 17% to over 20% via the

incorporation of the mixing pathways (TAJ) as part of the sparger design. Once again,

this data suggests that small changes to the basic design of sparger components can

have a dramatic impact on gas dispersion performance.
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2.4.4 Effects of Frother Addition P oint

One of the most important factors in determining the overall performance of a
gas sparging system is the type and dosage of frother employed. Frothers are
surfactants that lower the surface tension of the flotation pulp so as to permit the
generation of small gas bubbles and promote the formation of a stable froth phase.
Chemicals used commercially as frothing agents include various types of aliphatic
alcohols, natural (pine) oils and cresylic acids (Laskowski, J. 1989). For columns,
stronger frothing agents such as polyglycolethers may also be used to accommodate
the large froth depths required for froth washing. When used, these stronger frothers
are typically used as mixtures with other types of frothing agents to minimize the buildup

of persistent downstream froth in launders, sumps and piping networks.
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Figure 2. 17 Effect of frother addition point on flotation recovery for plant sites (a) and (b)

One often overlooked factor in frother use is the location of the injection point.

For example, Figure 2.17 shows the effect of injecting frother into different locations
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around a column cell. In each case, the total dosage of frothing agent added by the
reagent pumps was held constant. Five different frother addition methods were
examined: (i) all frother added to the feed sump, (ii) all frother added to the sparger
water injection pump, (iii) frother split equally between the feed sump and sparger water
injection pump, (iv) all frother added to the wash water drip pan and (v) frother split
equally between the wash water drip pan and the sparger water injection pump.

The evaluation of frother injection point was conducted at two different plant
sites. For the first site, the in-plant test data (Figure 2.17a) shows that the best overall
recovery of floatable solids was obtained when the frother was equally split between the
feed sump and water injection pump. This provided nearly a 3-4 percentage point
increase in recovery compared to adding all the frother into either the feed sump or
sparger pump alone. However, for the second plant site, the test data plotted in Figure
2.17b) indicated that the best addition point was the feed sump. This addition point
provided a recovery that was 3-4 percentage points higher than when added to the
sparger pump and 2-3 percentage points higher when split between the feed sump and
sparger water pump. Another important observation from both these plots is that any
addition of frother to the wash water resulted in a substantial decline in recovery. This
result was not unexpected since most of the wash water reports to the froth product
launder, thereby reducing the amount of residual frother available to enter the flotation
pulp for small bubble creation/stabilization. These data suggest that plant operators
should carefully evaluate frother dosage levels and frother injection points to identify
optimal operating conditions during routine performance audits of gas sparger

installations.

55



2.4.5 Pressure vs . Time Monitoring

In order to determine improvements in gas dispersion offered by a new sparger
type called SlamJet with Turbo Air Jet (SLJ-TAJ) and the effect of frother dosage in
mineral processing applications, experimental tests were carried out in a pilot-scale
flotation cell at different frother conditions with two types of spargers offered by Eriez
Flotation Division: SlamJet and SlamJet with Turbo Air Jet. Both spargers were
equipped with the same nozzle size of 4 mm for a fair comparison. As previously
explained, the TAJ sparger type is a modified SlamJet sparger that consists of multiple
blades designed and placed along the internal rod with the aim to mix air and water just
before the discharge takes place in the column cell.

The series of tests were conducted at 0 and 6 PPM of frother, at the same inlet
pressure, and usi ng a fAnormal o | evel of i nject.
recommended by the manufacturer). At each frother dosage, two sets of tests were
conducted with and without the network of pathways (TAJ) required to achieve complete
mixing of gas and water prior to exiting the discharge nozzle. The tests were monitored
employing the pressure transmitter and data acquisition system (LabView) in a
continuous mode, but with different two time period: (i) the spargers run for a fixed time
(e.g., 180 sec) to allow air-holdup to come to steady state value and (ii) gas and water
flow rates completely cut off while the monitoring system actively records gas holdup as
a function of time (e. g., 120 sec) while gas releases from the column.

It is known that small bubbles have a lower rise velocity than large bubbles;
therefore, the longer the gas takes to be released from the column cell, the better the

gas distribution into the column due to the creation of smaller bubbles. The shape of
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such a fAde gshavoin Eigure 2.88. Tihesdata provided in this plot is indicative
of bubble size distributions present in the column that were generated by two different
sparger types at two different froth levels. From the profiles, it can be observed that the
sparger with the network pathways (Turbo Air Jet) improved gas dispersion when
operated under low froth condition (6 PPM) compared to the standard SlamJet. This
improvement can be observed from the longer period of time this curve takes to
completely release the gas and reach a stable condition of 0% gas holdup. From the
profiles it also can be observed that tests carried out with both spargers, standard
SlamJet and SlamJet with TAJ, at 0 PPM do not show any difference in terms of gas
dispersion. In conclusion, the TAJ modification appears to improve sparger gas
dispersion only when frother is added to stabilize the formed bubbles, but not under test

conditions with surfactant-free solutions.

SlamJet (0 PPM)

08

- Turbo Air Jet (0 PPM)

- SlamJet (6 PPM)

Turbo Air Jet (6 PPM)

%L 102 150 250 320

Time (sec)

Figure 2. 18 Effect of frother dosage for test performed with SLJ and SLJ -TAJ
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2.5 Discussion

2.5.1 Performance Modeling

To facilitate the selection of the sparger device, n Pr essur e vsurvédas FIl o
were developed for all the available industrial-size SlamJet spargers manufactured by
the Eriez Flotation Division. These curves allow the plant operator to do a better
selection of the aeration system that can bring an optimal column flotation performance
without increasing energy consumption. It is important to know that this selection must
be made with a manufacturer representative since they have an ample understanding of
sparger performance, operation, and energy demand.

Figure 2.19 displays normalized graphs of Gas Flow vs Inlet Pressure for all full-
scale commercial operations of SlamJet spargers offered by the Eriez Flotation Division
for this study. The experimental data in these plots have been normalized by dividing
the flows and pressures by the maximum gas flow rate (Qmax) and maximum inlet
pressure (Pmax). As mentioned in a previous section, in terms of inlet pressure, a larger
sparger nozzle demands more energy consumption than a smaller sparger. However, a
larger sparger does not always deliver better gas dispersion to the column cell. Here it
is important to consult sparger manufacturers for a better selection of sparger that is
specifically designed for a given application. Furthermore, in order to compare all
spargers offered by Eriez Flotation Division, a plot of the experimentally measured and
mathematically predicted gas flow rates for the SlamJet spargers evaluated in this study
is provided in Figure 2.20. As already indicated, these data were collected using several
different sparger sizes that are used in full-scale commercial operations within the

minerals processing applications. Figure 2.20 shows that extremely good correlations
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were obtained between the predicted and measured gas flow rates. The data provide a

correlation coefficient of R? = 0.998 for the entire experimental data set. The ability of

sparger manufacturers to accurately estimate gas flow rates based on sparger design

and operating data is a valuable asset for plant operators.
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Figure 2. 19 Gas Flow vs Gas Pressure for all industrial
Manufacturing
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Figure2. 20Corr el ati on of M@AMeasured Gas Flow vs Predicted

2.5.2 Sparger Maintenance

2.5.2.1 Pressure Calibration

SlamJet® spargers are equipped with an adjustable screw that allows the
pressure at which the internal rod pulls back away from the nozzle to be set. This
pressur e, which is commonly referred to as t
the factory to 200 kPa (30 PSI) prior to delivery to customers. Unfortunately, the
cracking pressure may need to be readjusted in the field to accommodate changes

caused by routine maintenance or normal wear-and-tear. When this occurs, it is
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possible that the cracking pressure will be incorrectly set, resulting in spargers that
operate along different flow-pressure curves. This improper calibration of cracking
pressures results in less than optimal operating conditions since less gas flow is
obtained for the given compressor load. More importantly, the difference in gas flow rate
from each sparger has the potential to induce unwanted axial mixing of the flotation
pulp. The occurrence of such back-mixing has long been known to be detrimental to the
metallurgical performance of column-type flotation cells (Dobby and Finch, 1985).
Proper balancing of sparger flows and cracking pressures is necessary to ensure that

this condition never occurs.

2.5.2.2 Non 1T OEM Components

As with any engineered device, the performance of a gas sparger depends on
the integration of many individual components. For example, field experience has
shown that the replacement of wear-resistant ceramic nozzles with locally fabricated
metallic nozzles offers much shorter life spans and poorer long-term performance in
terms of gas dispersion due to nozzle erosion/corrosion. Such changes often have large
costly impacts on metallurgical performance while only saving pennies in replacement
costs. While operators often understand the importance of utilizing high-quality OEM
(original equipment manufacturer) parts for critical parts such as gas nozzles, they
occasionally fail to recognize that the replacement of other types of parts assumed to be
non-critical can also have a dramatic impact on sparger performance. For example,
Figure 2.21 shows a flow-pressure curve for a commercial sparger in which the gas
connector port was replaced with a similar connector. The data in this plot have been

normalized by dividing the flows and pressures by either the maximum gas flow rate
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(Qmax) or maximum pressure (Pmax). At the highest pressure, the non-OEM

replacement part reduced the gas flow rate by nearly 20%.

1.0

0.9 )OEM Fittings
08 Non-OEM Fittings
0.7
0.6
0.5

0.4

Gas Flow (Q/Q,,,.,)

0.3

0.2

0.1

0.0

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Gas Pressure (PIP,,,,)

Figure 2. 21 Impact of installing a non -OEM gas inlet port on gas flow -pressure performance

A close inspection of the sparger equipment showed that the reduction was
created by a non-OEM connector that, unknown to the owner of the sparger, had a
smaller internal orifice (see Figure 2.22). The smaller orifice inadvertently restricted the
gas flow, which in industrial practice would lower the gas flux through the column and
reduce recovery. To compensate, the operator would be forced to run at a higher gas
pressure to attain the same gas flow rate. This condition would result in a higher
compressor load and power cost to attain the same net recovery of floatable materials.
In this case, fractions of pennies would be saved at a tremendous cost to metallurgical

performance. Therefore, plant operators are highly encouraged to conduct a detailed
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study of all components i even those thought to be relatively minor and non-critical 1

when performing audits of their gas sparging systems.

Figure 2. 22 Photograph of an incorrectly sized gas connector having too small

2.6 Conclusion s

The effectiveness of a gas sparging system is highly dependent on a wide range
of design and operating parameters. In industrial practice, these parameters can be
optimized to ensure that peak metallurgical performance is achieved in column flotation
circuits. The optimization often requires plant operators to schedule performance audits
of the gas sparging system. By working with the sparger manufacturers, plant operators
can compare expected and actual levels of performance to determine whether they
have selected the proper sparger design, nozzle size, internal parts, distribution pattern,

proper balancing of gas/water flows, elimination of unnecessary pressure drops, staged
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injection of frothing agents, and operating conditions for their particular application. This
information can be used to fine tune the functionality of the sparging system in response
to ever changing plant feed conditions. Sites where such audits have been performed
have noted marked improvements in performance including enhanced flotation kinetics,
better system stability and reduced power demand. It is recommended that plant
operators conduct this type of audit on an annual basis to ensure that optimal levels of
performance are maintained in their column circuits.

As with any flotation system, a failure to identify and correct any unfavorable
conditions can result in lower recoveries, poorer metallurgical upgrading, decreased
capacities, increased circulating loads, higher reagent consumption and inefficient
energy usage. Fortunately, most sparger manufacturers are willing to assist in the
performance audits and to make recommendations as to how these issues can be
avoided and eliminated. Most improvements require comparatively little cost compared

to the losses in revenue that may result from poor performance.
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Appendix A - Balance Model

SLAMUET SPARGER TESTING |

[
=

12
Sparger Type:  Slamjet Frother (PPM): 0 T 0 i
Description: Standard Nozzle Gas Off (sec): 59.8 o, E &
"‘;' 8 i :":: Measured
PT#1 PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PT#3 PT#4 PT#3-4 GasFlow| 3 ; PoA - smoothed
(Inch) (inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (Inch) (SCFM) I;G E
PT Height (Inches romtop) 88.10 66.60 21.50 66.60 4560 21.00 45.60 2450 21.10 - o’ i
Local Gas Holdup (%) : H b
Based on PT Height - -- 1.23 -- - 2.65 -- -- 4.37 -- o : \_
Based on PT On/Off -- - 0.98 -- -- 2.02 -- -- 4.63 -- 50 35 &0 65 0 5 80 85 90
During Aeration Time (Sec)
Average 83.81 6257 2124 6257 42,13 2044 42,13 2195 20.18 12.60 7 .
Maximum 87.39 66.60 20.79 66.60 44.60 22.00 44.60 23.93 20.67 13.16 . i Measured
Minimum 7940 59.09 r2031 r55‘.09 39.31 r15“]’8 r39.31 20.31 r19.00 11.86 _ E - Model Fit
Range 7.99 7.51 048 7.51 5.28 2.22 5.28 3.62 1.66 1.30 X 5 L s iy
Standard Deviation 097 0.84 0.13 0.84 0.67 0.17 0.67 0.55 0.12 0.21 Sa i
High Outiner (+4 Sigma)  87.68 6592 21.76 6592 4480 21.12 4480 2416 20.64 13.43 3 s i
Low Qutlier (-4 Sigma) 79.893 55.22 2071 59.22 3945 19.77 39.45 19.74 19.72 11.76 2 i i
After Degassing o i 3
Average 8387 6242 2145 6242 4156 20.87 4156 2040 21.16 0.00 i i K
Maximum 8406 6260 2146 6260 41.72 20.88 41.72 2057 21.15 0.55 0 ;
Minimum 8368 6227 2141 62.27 4139 20.88 41.39 20.23 21.16 0.45 0 5 &0 65 0 s 80 8 0
Range 038 033 005 033 033  0.00 033 034 -001 1.00 Time (Sec)
Standard Deviation 006 006 0.0 006 008 -0.02 0.08 007 0.01 0.16 ' - i
High Outiner (+4 Sigma)  84.12 62.66 2146 6266 41.87 20.80 4187 2066 2121 064 " v
Low Outlier (-4 Sigma) 8362 6218 2144 6218 4125 2094 4125 2014 2111 0.64 g d
2,
b P
g
PT #3-4 Gas Holdup Fitting Parameters ﬁ f."f
Average Gas Holdup (Gas On): 463 % Delta Holdup 463 % Time@ 0.99 60.17 sec g'u_jh
Average Gas Holdup (Baseline): 0.00 % Imperfection 0.01 - Time@ 0.75 60.99 sec K ;
Time to Midpoint Holdup (sec): 6147 sec Epm 0.55 sec Time @ 0.5 6147 sec l..
Power Termin Fitting Model: 8857 -- 2 X Epm 1.09 sec Time@ 0.25 63.93 sec
Power Term in Fitting Model: 2244 - Degass Time 2210 sec Time@ 0001 8227 sec Measured Gas Holdup (%) ’
Sum-of-Squares 685 -

Figure A . 1 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 60.9
PT#1 PT#2 PT#1-2 PT#2 PT#3 PTH2-3 PTH#I PT#4 PT#H3-4 Gas Flow|
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM)
PT Height (Inches fombop)  88.10 6660 21.50 6660 4560 21.00 4560 2450 21.10 --
Llocal Gas Holdup (%)
Based on PT Height -0.10 2.74 326 -
Based on PT On/Off -0.36 2.33 3.31 -
During Aerafion ...
Average 8415 6263 2152 6263 4221 2042 4221 2179 2041 9.94
Maxirmum 8940 69.13 2027 69.13 4544 2369 4544 2449 20.95 10.42
Minimum 7952 5833 2119 5833 3860 19.74 3860 19.08 1952 9.48
Range 988 1080 ' -092 "1080 6384 " 3.96 "684 541 " 143 0.94
Standard Deviafion 1.53 1.32 0.22 1.32 1.15 0.16 1.15 0.86 0.29 0.17
High Outiner (+4 Sigma) 9029 6791 2239 6791 46.82 21.08 46.82 25.23 21.59 10.62
Low Outier (-4 Sigma) 7801 5736 2066 5736 3759 19.77 37.59 1835 19.24 9.27
After Degassing ...
Average 8384 6240 2144 6240 4148 2091 41.48 2037 2111 0.08
Maxirmum 8405 6256 2149 6256 4168 20.88 41.68 2057 2111 0.56
Minimum 8363 6224 2139 6224 4125 20.99 41.25 2020 21.04 -0.39
Range 042 0.32 0.10 0.32 0.43 -0.12 0.43 0.36 0.07 0.95
Standard Deviation 0.07 0.06 0.01 0.06 0.08 -0.02 0.08 0.07 0.01 0.16
High Outiner (+4 Sigme) 8413 62.63 2150 6263 41.80 20.82 41.80 20.64 21.16 0.74
Low Outier (-4 Sigma) 83,55 6217 2139 62.17 41.17 21.00 41.17 20.10 21.06 -0.58
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 331 % Delta Holdup 331 % Time@ 099 61.36 sec
Average Gas Holdup (Baseline): 000 % Imperfection 0.02 Time@ 075 63.02 sec
Time to Midpoint Holdup (sec): 64.00 sec Epm 1.12 sec Tme@ 05 64.00 sec
Power Term in Fitting Model: 45.00 2 x Epm 2.24 sec Time@ 0.25 6573 sec
Power Term in Fitting Model: 33.00 Degass Time 16.67 sec Time@ 0.001 78.03 sec
Sum-of-Squares 1108
Figure A . 2 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 61.4
PTH#1 PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PTH#3 PT#4 PT#3-4 Gas Flow|
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) {Inch) {SCFM)
PT Height(Inches fomiop) 88.10 66.60 21.50 66.60 4560 21.00 45.60 24.50 21.10 -
Llocal Gas Holdup (%)
Based on PT Height - - 0.51 -- - 231 - - 2.94 -
Based on PT On/Off - - 0.52 - - 122 -- - 330 -
During Aeration ..
Average 8512 6373 21.39 63.73 4321 2051 4321 2273 2048 7.07
Maxirmum 89.79 68.22 21.57 68.22 46.82 2140 46.82 26.25 2057 7.59
Minimum 79.09 5864 2045 58.64 3941 19.23 3941 17.18 2223 6.64
Range 1071 959 " 112 959 741 " 217 "741 907 "-186 0.95
Standard Deviaion 1.81 154 0.27 1.54 135 0.20 1.35 1.06 0.28 0.17
High Qutiner (+4 Sigma) 9237 6990 2247 69.90 4860 2130 4860 2699 2161 7.74
Low Outier (-4 Signa) 77.86 57.55 20.31 57.55 37.83 19.73 3783 1848 1935 6.39
Afer Degassing ...
Average 85.02 6352 21.50 63.52 4275 2077 42.75 2157 2118 0.38
Maximum 8526 6373 2154 63.73 4295 2078 4295 2180 2115 2.29
Minimum 8479 6331 21.49 63.31 4254 2076 42.54 21.37 2117 -0.42
Range 0.47 042 0.05 0.42 040 0.02 0.40 0.43 -0.03 2.71
Standard Deviafion 0.09 0.07 0.01 0.07 0.07 0.00 0.07 0.08 0.00 0.42
High Oufiner (+4 Sigma) 8537 63.82 21.55 63.82 4305 20.77 4305 2188 21.17 2.05
Low Cuflier (-4 Sigma) 84.68 63.22 21.45 63.22 4246 2077 4246 21.27 21.19 -1.29
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 330 % Delta Holdup 330 % Time@ 099 5949 sec
Average Gas Holdup (Baseline): 000 % Imperfection 002 - Time®@ 075 6169 sec
Time to Midpoint Holdup (sec): 63.00 sec Epm 151 sec Time@ 05 63.00 sec
Power Term in Fitting Model: 3300 -- 2 x Epm 3.01 sec Time@ 025 6460 sec
Power Term in Fitting Model: 3500 -- Degass Time 16.46 sec Time@ 0.001 7595 sec
Sum-of-Squares 1876 --

Figure A . 3 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0 = m—‘*‘i\‘_

Description: Standard Nozzle Gas Off (sec): 62 § 5 i ‘

; 4 Py Measured
PTH#1 PTH#2 PT#1-2 PT#2 PT#H#3 PT#2-3 PTH#3 PT#4 PT#3-4 Gas Flow 2 2 i ”‘ - Smoothed
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM) § , i ?

PT Height{Inches fombp)  88.10 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 - | v\

Local Gas Holdup (%) ' i \\\
Based on PT Height - —- 045 - —- 140 - - 251 - e = w5 n r = = w
Based on PT On/Off -- - 0.16 -- -- 0.90 -- -- 2.57 -- Time (Sec)

During Aeration ... . :

Average 8531 6391 2140 6391 4320 20.71 4320 2263 20.57 6.37 !

Maximum 91.48 6954 2194 6954 4809 21.45 48.09 2660 21.49 6.87 . ; Measured
Minimum 79.80 5841 2148 58.41 3834 20.06 3834 1893 1941 578 || ® i - Model it
Range 11.59 11.13 " 0.45 "1113 975 " 138 975 767 " 208 1.09 e |

Standard Deviaton 2.10 1.87 0.23 1.87 1.70 017 1.70 1.22 048 0.17 % ™ E

High Outiner (+4 Sigma) 93.72 71.39 2233 71.39 5000 21.39 50.00 2753 2247 7.05 ; : 1

Low Outiier (-4 Sigma) 76.90 56.42  20.48 56.42 3640 20.02 3640 1774 18.67 5.70 °.

Afler Degassing ... 13
Average 8498 6354 2144 63.54 4265 20.89 4265 2154 21.11 0.00 o : \

Maximum 85.23 63.70 21.53 63.70 4285 20.86 4285 2179 21.05 051 05 @ 6 0 s 80 8 %0
Minimum 84.77 63.35 21.42 63.35 4242 20093 4242 2134 21.08 -0.61 Time (Sec)
Range 0.46 0.35 0.11 0.35 0.43 -0.07 0.43 0.45 -0.03 1.12 )
Standard Deviafon 0.09 007 002 007 008 -002 0.08 008 001 0.17 [
High Cufiner (+4 Sigma) 8534 63.81 21.52 63.81 4299 2082 4293 2184 2115 0.69 - R
Low Qutlier (-4 Sigma) 84.63 63.27 2135 63.27 4231  20.96 4231 2124 21.08 -0.69 g
3 7 o

PT #3-4 Gas Holdup Fitting Parameters %

Average Gas Holdup (Gas On): 257 % Delta Holdup 257 % Time@ 099 57.76 sec g .

Average Gas Holdup (Baseline): 0.00 9% Imperfection 004 - Time@ 075 61.34 sec s

Time to Midpoint Holdup (sec): 63.50 sec Fpm 251 sec Time@ 0.5 63.50 sec S B

Power Term in Fitting Model: 20.00 -- 2 x Epm 502 sec Time @ 0.25 65.12 sec l’

Power Term in Fitting Model: 35.00 - Degass Time 18.78 sec Time@ 0.001 76.55 sec e ! : y '

Sum-of-Squares 717 - Measured Gas Holdup (%)

Figure A . 4 Model Summary for SLJ
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18 [
Sparger Type:  Slamjet Frother (PPM): 0 3 Lﬁl :"-1
Description: Standard Nozzle Gas Off (seq): 60.6 S ., i :
g’ 10 i : Measured
PTH#1 PTH#2 PT#1-2 PT#2 PT#3 PT#H2-3 PT#3 PT#4 PT#3-4 Gas Flow I__E s E - Smoothed
(inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM) 2 . t
PT Height(Inches fomiop) 8810 6660 21.50 66.60 45.60 21.00 45.60 24.50 21.10 -- @ 4 i xﬁ
Local Gas Holdup (%) 2 i
Based on PT Height - - 148 -- -- 4.10 - - 5.50 - o ;
Based on PT On/Off - - 1.06 - . 359 N N 581 N 0 55 60 6 0 75 8 8 %
During Aerafion .. Time (Sec)
Average 8270 6152 21.18 61.52 41.38 20.14 4138 2144 1994 16.30 8 :
Maximum 86.37 6454 2183 64.54 4345 21.09 4345 2270 20.75 16.96 7 E Measured
Minirum 7635 5958 16.78 59.58 38.65 20.93 3865 20.11 1854 15.66 6 E - Model Fit
Range 1001 496 ' 505 "a496 4380 " 016 "a80 259 " 22 1.30 £ N
Stendard Deviafon 081 061 021 0.61 048 0.3 048 039 009 0.22 g, AN
High Oufiner (+4 Sgma) 8596 6395 22.02 63.95 4329 20.66 4329 2299 20.30 17.17 s AN
Low Outier (-4 Sigma) 7944 59.10 2035 59.10 39.48 19.62 3948 1990 1958 15.43 v’ Y
Afler Degassing ... bl P
Average 8260 6119 2141 61.19 40.30 20.89 40.30 19.13 21.17 -0.03 1 i 3
Maximum 8282 6139 2143 61.39 40.44 20.95 4044 1929 2116 0.45 0 H \
Minirum 8244 61.02 2142 61.02 40.18 20.84 40.18 19.01 21.17 -0.51 005 0 8 0 L 0
Range 038 038 001 0.38 027 0.11 0.27 028 -0.01 0.96 Time (Sec)
Standard Dewviation 0.08 0.07 0.01 0.07 0.06 0.02 0.06 0.06 0.00 0.16 !
High Qutliner (+4 Sigma) 8292 6149 2143 61.49 40.54 20.95 40.54 19.37 21.17 0.59 .
Low Outier (-4 Sigma) 8228 6090 2138 60.90 40.07 20.83 40.07 1890 21.17 065 | B h o
§ ‘
2.
PT #3-4 Gas Holdup Fitting Parameters § i 7,:-""
Average Gas Holdup (Gas On): 581 % Delta Holdup 581 % Time@ 0.99 58.06 sec ki _a’;'
Average Gas Holdup (Baseline): 0.00 % Imperfection 0.04 -- Time@ 0.75 62.06 sec % ’
Time to Midpoint Holdup (sec): 6450 sec Epm 2.83 sec Tme@ 05 64.50 sec &‘
Power Term in Fitting Model: 1800 -- 2 x Epm 5.67 sec Time@ 0.25 65.77 sec
Power Term in Fitting Model: 4500 -- Degass Time 16.53 sec Time@ 0.001 7459 sec *o i 2 s« s e ;s
Sum-of-Squares 658 -- Measured Gas Holdup (%)

Figure A.5 Model Summary for SLJ
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14
Sparger Type: Slamjet Frother (PPM): 0 3 z
Desaription: Standard Nozzle Gas Off (sec): 60.7 5w
% 8 Measured
PTH#1 PT#2 PT#1-2 PTH#2 PT#3 PT#2-3 PTH#3 PTHA PT#3-4 Gas Flow| é . Smoothed
{iInch) (Inch) (Inch) {Inch) (Inch) (Inch) {Inch) (Inch) (Inch) (SCFM) @
PT Height (Inches fombop)  88.10 66.60 21.50 6660 45.60 21.00 4560 2450 21.10 - L \,_,\
Local Gas Holdup (%) 2
Based on PT Height - -- 091 -- -- 3.03 - -- 4.06 - 0
Based on PT On/Of - - 062 - - 2.54 - - 4.23 - R S
During Aerafion ... Time (Sec)
Average 8352 6222 2130 6222 4185 2036 4185 21.61 2024 12.41 8 T
Maximum 8983 66.12 2372 66.12 4534 20.77 4534 2403 21.31 12.96 7 E Measured
Minimum 7806 5796 20.10 5796 3863 1932 38.63 1867 19.97 11.79 —5 E - Model Fit
Range 1177 816 ~ 361 "s16 671 " 145 "671 536 135 1.17 £ E
Standard Deviafion 153 1.16 037 1.16 1.06 0.10 1.06 0.82 0.24 0.18 _g' . i
High Outiner (+4 Sigme) ~ 89.64 66.86 22.77 66.86 46.10 20.77 4610 24.88 21.22 13.15 ° E \
Low QOutfier (-4 Sigma) 7741 5757 1984 5757 3761 19.96 37.61 1834 19.27 11.68 F 3 Y
Afler Degassing 9, Pz
Average 8292 6148 2144 6148 40.59 20.90 40.59 1945 21.14 0.04 1 E _
Maximum 83.14 61.67 2147 6167 40.76 2091 40.76 19.65 21.12 0.62 0 H N
Minimum 8271 6128 2142 61.28 40.38 20.90 40.38 19.27 21.11 -0.50 0 5 @ 65 0 [ & &
Range 044 039 0.04 0.39 0.38 0.01 0.38 0.37 0.01 1.12 Time (Sec)
Standard Deviafion 0.07 0.08 -0.01 0.08 0.08 0.00 0.08 0.05 0.03 0.17 ‘_. -
High Outiner (+4 Sigma) ~ 83.20 61.82 2138 6182 4091 2091 4091 1965 21.26 0.72 ‘ e
Low Quflier (-4 Sigma) 8264 6114 2149 61.14 40.27 20.88 40.27 1925 21.02 -0.63 £ ,’;,
g ; ‘;:
PT #3-4 Gas Holdup Fitting Parameters § B S
Average Gas Holdup (Gas On): 423 % Delta Holdup 423 % Time@ 099 61.72 sec 3 »
Average Gas Holdup (Baseline): 000 % Imperfection 0.02 - Time@ 0.75 63.70 sec § , L
Time to Midpoint Holdup (sec): 64.87 sec Epm 1.34 sec Time@ 0.5 64.87 sec a r;,""‘
Power Term in Fitting Model: 3806 - 2 x Epm 269 sec Time@ 025 6574 sec e
Power Term in Fitting Model: 6553 - Degass Time 9.96 sec Time@ 0001 7167 sec "o : , . s s ' s
Sum-of-Squares 1227 - Measured Gas Holdup (%)

Figure A . 6 Model Summary for SLJ
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10 E
Sparger Type:  Slamjet Frother (PPM): 0 5 H
Description: Standard Nozzle Gas Off (sec): 60.8 w8 ! \‘
LA iz
5 T Measured
PT#1 PT#H#2 PT#1-2 PT#2 PTH#3 PT#2-3 PT#3 PTHA PTH#34 Gas Flow E i - Smoothed
(inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM) Z 4 P
PT Height(Inches fomfop) 8810 6660 21.50 66.60 4560 21.00 4560 2450 21.10 -- © , E ‘
Local Gas Holdup (%) ! 3
Based on PT Height - - 0.87 - - 2.77 - - 351 - 0 H \\
Based on PT On/Off - - 0.85 -- - 1.76 -- - 3.88 -- e T
During Aeration ... Time (Sec)
Average 8460 6329 2131 6329 4287 2042 4287 2251 2036 8.65 7 :
Maximum 90.11 6796 22.15 6796 46.83 21.13 46.83 2572 21.12 9.20 6 i Measured
Minirrum 7887 5864 20.23 5864 37.91 20.73 3791 2000 1790 8.21 . | - Model Fit
Range 1124 932 " 192 "932 893 " 040 "893 571 "321 0.99 ®° g
Standard Deviafion 1.77 155 0.23 155 1.34 0.21 134 0.98 0.36 0.16 _g' 4 —i-\
High Qufiner (+4 Sigrma) 9169 6947 2222 6947 48123 2124 4823 2644 2179 9.29 E 3 ' g
Low Qutlier (-4 Sigma) 7751 57.10 2041 57.10 3751 19.59 3751 1858 18.93 8.00 @ E _
Afler Degassing ... o’ Y
Average 8456 6306 2150 63.06 4228 20.78 4228 21.10 21.18 -0.05 1 i \
Maximum 8480 6321 2159 6321 4244 2077 4244 2130 21.14 0.54 0 H
Minirum 8433 6289 2145 6289 4215 20.74 4215 2096 21.19 -0.52 50 55 50 65 0 s 80 8
Range 046 032 015 032 029 003 029 034 -0.05 1.06 Time (Sec)
Standard Deviafion 0.09 0.08 0.01 0.08 0.05 0.02 0.05 0.07 -0.01 0.16 ‘
High Qutiner (+4 Sigma) 8490 6336 21.54 6336 4250 2087 4250 2136 21.14 0.59 ' . -
Low Cuflier (-4 Sigma) 84.22 6276 2146 6276 4206 20.70 4206 2083 2123 -0.68 g,:
5.
2. B
PT #3-4 Gas Holdup Fitting Parameters § X &
Average Gas Holdup (Gas On): 388 % Delta Holdup 3.88 % Time@ 099 61.86 sec 3 . a3 -
Average Gas Holdup (Baseline): 000 % Imperfection 0.01 - Time@ 075 6272 sec % . 3.1
Time to Midpoint Holdup (sec): 6323 sec Epm 0.57 sec Time@ 05 6323 sec a .
Power Termin Fitting Model: 86.69 - 2 x Epm 1.15 sec Time@ 025 6493 sec N P
Power Termin Fitting Model: 33.00 - Degass Time 15.23 sec Time@ 0.001 77.09 sec "o 1 : : . E . '
Sum-of-Squares 17280 -- Measured Gas Holdup (%)

Figure A . 7 Model Summary for SLJ
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° i
Sparger Type:  Slamjet Frother (PPM): 0 g j h—““;\
Desaiption: Standard Nozzle Gas Off (sec): 61.2 5 . E %
< 5 ] :-_ Measured
PT#1 PT#2 PT#1-2 PTH#2 PTH#3 PT#H2-3 PTH#3 PTH#4 PT#3-4 Gas Flow| § 4 E ) Smoothed
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (inch) (SCFM) w . E :
PT Height(Inches fombop) 88.10 66.60 2150 6660 4560 21.00 4560 2450 21.10 - @, E _
local Gas Holdup (%) 1 ' X
Based on PT Height - - 0.04 - - 1.62 - - 3.16 - 0 H S
Based on PT On/Off - - -0.20 - - 1.09 . . 3.04 » 55 60 6 0 715 80 8
During Aeralion .. Time (Sec)
Average 8463 63.14 2149 63.14 4248 20.66 4248 2204 2043 8.11 6
Maximum 91.20 6847 2273 6847 4735 2112 4735 2510 2225 8.68 Measured
Minirrum 7887 57.92 2096 5792 3770 20.22 3770 1800 19.70 758 7 - Model Fit
Range 1232 1055 " 177 "1055 965 " 0091 "985 710 " 255 1.10 3
Standard Deviafion 2.21 1.85 0.36 1.85 1.76 0.09 1.76 121 0.55 0.18 _%'
High Oufliner (+4 Sigma) 9348 70.54 22.94 7054 4952 21.01 4952 2690 2263 8.82 ° :
Low Qutflier (-4 Sigrma) 75.77 5573 20.04 55.73 3543 2031 3543 17.19 1824 7.39 22
After Degassing .. ©
Average 8435 6290 2145 6290 42.01 20.89 4201 2094 2107 -0.02 !
Maximum 84.56 63.14 2142 63.14 4223 2091 4223 2108 21.15 0.52 0
Minimum 84.06 6264 2142 6264 4174 2091 4174 20.75 2098 -0.47 35 60 63 70 s 80 &
Range 0.49 0.49 0.00 049 0.50 0.00 0.50 033 0.17 0.99 Time (Sec)
Standard Dewviafion 0.07 0.08 -0.01 0.08 0.08 0.00 0.08 0.07 0.01 0.17
High Qufiner (+4 Sigma) 8462 6321 2141 6321 4234 20.87 4234 2122 21.12 0.64 . ” - -
Low Outlier (-4 Signa) 84.07 6258 2148 6258 4168 20.90 4168 2065 21.03 -0.68 % o
2
2 N
PT #3-4 Gas Holdup Fitting Parameters § . £
Average Gas Holdup (Gas On): 304 % Delta Holdup 304 % Time@ 099 6114 sec 3 ‘
Average Gas Holdup (Baseline): 0.00 % Imperfection 002 -- Time@ 075 6314 sec ﬁ -
Time to Midpoint Holdup (sec): 64.33 sec Epm 1.36 sec Time@ 05 6433 sec [
Power Term in Fitting Model: 37.24 -- 2 xEpm 2.72 sec Time@ 025 66.12 sec
Power Term in Fitting Model: 32.03 - Degass Time 17.76 sec Time@ 0.001 7890 sec i : : . B . 1
Sum-of-Squares 1584 -- Measured Gas Holdup (%)

Figure A. 8 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 60.1
PTH#1 PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PT# PT#4 PT#3-4 Gas Flow|
(Inch) (inch) (inch) (Inch) (Inch) (Inch) (Inch) (Inch) ({Inch) (SCFM)
PT Height(Inches fombop)  88.10 6660 21.50 6660 4560 21.00 4560 2450 21.10 -
Local Gas Holdup (%)
Based on PT Height - - 2.36 -- - 5.05 - -- 6.94 -
Based on PT On/Off -- -- 1.97 -- - 455 -- -- 7.28 --
During Aeration ...
Average 8175 60.75 2099 60.75 4081 19954 40.81 21.18 1964 19.32
Maximum 8588 62.75 23.13 62.75 4253 2022 4253 2277 19.77 19.88
Minimum 7862 5867 1995 5867 3889 19.78 38.89 19.75 19.14 18.74
Range 726 408 318 " 408 364 " 044 "364 302 " 063 1.14
Standard Dewviafion 0.77 0.65 0.13 0.65 0.53 0.11 0.53 0.43 0.10 0.18
High Outiner (+4 Sigma) ~ 84.83 6334 21.49 63.34 4294 2039 4294 22.89 20.05 20.04
Low Qutlier (-4 Sigra) 78.66 5817 2049 58.17 3869 1948 3869 1946 19.22 18.59
Afler Degassing ...
Average 8154 6013 2141 60.13 3924 2089 39.24 18.06 21.18 0.03
Maxirmum 81.73 6028 2145 60.28 3937 2092 39.37 1826 21.11 1.43
Minimum 8130 5995 2135 5995 3910 20.85 39.10 17.93 21.17 -0.44
Range 043 033 0.09 0.33 0.27 0.06 0.27 0.33 -0.06 1.87
Standard Deviafion 0.07 0.06 0.01 0.06 0.06 0.00 0.06 0.06 -0.01 0.25
High Oufiner (+4 Sigma) 8183 6038 2145 6038 39.47 2091 39.47 1832 21.15 1.01
Low Qutfier (-4 Sigrma) 8125 59388 2138 5988 39.01 20.87 39.01 17.81 21.20 -0.96
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 728 % Del ta Holdup 7.28 % Time@ 099 61.13 sec
Average Gas Holdup (Baselinge): 0.00 % Imperfection 0.02 -- Time@ 0.75 63.28 sec
Time to Midpoint Holdup (sec): 6455 sec Epm 1.46 sec Time@ 0.5 64.55 sec
Power Term in Fitting Model: 3478 -- 2 x Epm 293 sec Time@ 0.25 6577 sec
Power Term in Fitting Model: 4700 -- Degass Time 13.06 sec Time@ 0.001 74.19 sec
Sum-of-Squares 504 --

Figure A . 9 Model Summary for SLJ
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18 I
Sparger Type:  Slamjet Frother (PPM): 0 3 i i
Description: Standard Nozzle Gas Off (sec): 60.6 & - :‘%,_
§' 10 i __ Measured
PT#1 PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PT#3 PT#4 PT#3-4 Gas Flow 2, i - - Smoothed
(inch) (inch) (Inch) (Inch) (Inch) (Inch) (Inch) {Inch) {Inch) (SCFM) ® 6 vy
PT Height (Inches fomtop) 8810 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 - 9, i
Local Gas Holdup (%) 3 i
Based on PT Height - - 1.26 - - 3.28 - - 4.86 - 0 i
Based on PT On/Of - - 0.84 - - 2.96 - - 4.95 - T
During Aerafion . Time (Sec)
Average 8282 6159 2123 6159 4128 2031 41.28 2121 20.07 14.40 8 :
Maxirmum 8847 6806 2041 6806 4488 2318 4488 2358 2130 15.24 7 i Measured
Minirmum 7848 5449 2399 5449 3758 1691 3758 1831 19.28 13.63 6 i - Model Eit
Range 1000 1357 " -357 "1357 730 " 6.28 "730 528 "202 1.62 g i
Standard Dewviaion 155 144 0.11 1.44 1.13 0.31 1.13 0.84 0.29 0.27 _%' :\-;_
High Outiner (+4 Sigme) ~ 89.02 6735 21.67 6735 45.80 21.54 45.80 2457 21.23 15.45 ° ! L3
Low Ouflier (-4 Sigma) 76.62 5584 20.79 55.84 36.76 19.08 36.76 17.84 18.92 13.34 o’ i
Afier Degassing @, Y
Average 8220 6079 2141 60.79 39.86 20.93 39.86 1874 21.12 0.01 1 i 3
Maximum 8243 6097 2146 6097 40.10 20387 40.10 1894 21.16 0.54 o : \
Minimum 8203 6059 2144 6059 39.73 20.86 39.73 1857 21.16 -0.50 0 5 60 & 70 5 & & 0
Range 039 038 001 038 037 002 037 037 0.0 1.04 Time (Sec)
Standard Dewviaion 0.08 0.08 0.00 0.08 0.07 0.01 0.07 0.05 0.02 0.16 ’
High Oufiner (+4 Sigma) 8253 61.12 2141 61.12 40.16 20.96 40.16 18.95 21.21 0.63
Low Outier (-4 Sigma) 81.87 6047 2141 60.47 39.56  20.90 39.56  18.53 21.03 -0.61 g . T
5.
E
PT #3-4 Gas Holdup Fitting Parameters &
Average Gas Holdup (Gas On): 495 % Delta Holdup 495 % Time@ 0.99 60.50 sec 3 . :;-"
Average Gas Holdup (Baseline): 0.00 % Imperfection 0.02 -- Time@ 075 62.63 sec % 7
Time to Midpoint Holdup (sec): 63.89 sec Epm 1.45 sec Time@ 0.5 63.89 sec e, )‘
Power Term in Fitting Model: 3481 -- 2 x Epm 2.89 sec Time@ 0.25 6547 sec ;:"":”"‘
Power Term in Fitting Model: 36.00 -- Degass Time 16.11 sec Time@ 0.001 76.62 sec : 2 ) : s P
Sum-of-Sguares 1268 -- Measured Gas Holdup (%)

Figure A . 10 Model Summary for SLJ
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Sparger Type:  Slamjet

.
=

-
o

Figure A. 11 Model Summary for SLJ
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Frother (PPM): 0 =
Description: Standard Nozzle Gas Off (sec): 60.4 & v
‘(-;' 8 i '=.__ Measured
PT#1 PTH2 PT#1-2 PTH#2 PT#3 PT#2-3 PT#3 PT#4 PT#H3-4 Gas Flow| é 6 i smoothed
(Inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (Inch) (inch) (SCFM) @ i
PT Height(Inches fomip)  88.10 66.60 2150 66.60 4560 21.00 4560 2450 21.10 - o * PoA
local Gas Holdup (%) 2 i \—_’/\
Based on PT Height - - 0.54 - - 3.17 - - 353 - 0 H
Based on PT On/Off -- - 0.44 - - 2.18 . - 392 » 50 55 60 65 70 75 80 85 %0
During Aerafion ... Time (Sec)
Average 84.08 6269 2138 62.69 4236 20.33 4236 2200 2036 10.60 8 :
Maxirmum 89.89 66.97 2292 66.97 46.84 20.14 4684 2549 2134 11.17 7 : Measured
Minimum 78.18 57.55 2062 57.55 38.29 19.27 38.29 18.89 1940 10.03 —5 i - Model Fit
Range 11.71 942 " 230 "942 855 " o087 "855 661 194 114 || £, ;
Standard Deviafion 1.75 150 0.25 150 1.30 0.19 130 1.08 023 0.19 _%' . E
High Oulliner (+4 Sigrra) 91.07 68.67 2239 68.67 47.56 21.11 4756 2630 21.26 11.37 g —:’\
Low Outier (-4 Sigma) 77.09 5671 2038 5671 37.15  19.56 37.15 17.70 19.45 9.83 o ? Y
Afier Degassing .. O Y
Average 83.85 6237 2148 6237 4159 20.79 4159 2040 21.19 -0.05 1 i %
Maxirmum 84.04 6253 2151 62.53 41.77 20.76 41.77 2058 21.19 0.47 0 H \\
Minimum 8364 6220 2144 6220 4144 2077 4144 2025 21.18 -0.48 50 55 60 65 70 75 80 85 %20
Range 040 033 007 033 034 -001 034 033 001 0.95 Time (Sec)
Standard Devialion 0.06 0.06 0.00 0.06 0.08 -0.01 0.08 0.07 0.01 0.16
High Outiner (+4 Signe) ~ 84.11 62.63 21.48 6263 4189 2074 4189 2066 2123 0.60 ' — -
Low QOutier (-4 Sigma) 83.60 62.12 2148 6212 41.29 20.84 4129 2014 21.15 -0.71 _s
®
PT #3-4 Gas Holdup Fitting Parameters § s ;;"
Average Gas Holdup (Gas On): 392 % Delta Holdup 392 % Time@ 099 6093 sec E . r,‘!
Average Gas Holdup (Baseline): 0.00 % Imperfection 0.03 - Time@ 0.75 63.43 sec & '
Time to Midpoint Holdup (sec): 64.92 sec Epm 1.72 sec Time@ 05 64.92 sec
Power Term in Fitting Model: 2985 -- 2 x Epm 343 sec Time@ 025 66.05 sec
Power Term in Fitting Model: 51.06 -- Degass Time 12.86 sec Time@ 0.001 73.79 sec : . 4 5 6 ] s 1
Sum-of-Squares 1606 -- Measured Gas Holdup (%)
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (seq): 60.8
PT#1 PTH#2 PT#1-2 PT#2 PT#3 PT#2-3 PT#3 PT# PT#3-4 Gas Flow
(inch) (Inch) (Inch) (Inch)  (Inch) (inch) (Inch)  (Inch) (Inch) (SCFM)
PT Height(Inches fomibp)  88.10 66.60 21.50 66.60 45.60 21.00 45.60 2450 21.10 --
Local Gas Holdup (%)
Based on PT Height - 1.07 2.87 - 3.78 -
Based on PT On/Off - 0.84 2.51 - 3.55 -
During Aeration ..
Average 8410 62.83 2127 62.83 4243 2040 4243 2213 2030 9.43
Maxirrum 9005 69.29 20.75 £9.29 50.19 19.10 50.19 25.37 24.83 10.08
Minimum 7588 56.13 19.76 56.13 36.03 20.10 36.03 1824 17.78 8.91
Range 1416 13.16 " 1.00 "13.16  14.17 " -1.00 "1417 712 " 7.05 1.16
Standard Deviaton 236 204 033 2.04 1.76 0.28 1.76 1.29 0.47 0.18
High Oufiner (+4 Sigma) 9355 70.97 22.59 70.97 49.46 21.50 49.46 27.29 2217 10.16
Low Qutiier (-4 Sigma) 7464 5468 19.95 5468 35.39 19.29 35.39 16.96 18.43 8.71
Afler Degassing ..
Average 83.70 6225 2145 62.25 41.33 20.92 4133 20.28 21.05 -0.02
Maxirum 8393 6243 2150 62.43 41.53 20.90 41.53 2047 21.06 0.50
Minimum 8348 6206 2143 62.06 41.20 20.86 4120 20.14 21.06 -0.49
Range 044 037 0.07 0.37 0.33 0.04 0.33 0.33 -0.01 0.99
Standard Deviaton 0.08 0.08 0.00 0.08 0.07 0.01 0.07 0.06 0.02 0.17
High Qutiner (+4 Sigma) 8404 6258 2146 62.58 41.63 20.95 4163 2050 21.12 0.65
Low Quilier (-4 Sigma) 8337 6193 2144 £1.93 41.04 20.89 41.04 20.06 20.98 -0.70
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 355 % Delta Holdup 355 % Time@ 099 5840 sec
Average Gas Holdup (Baseline): 000 % Imperfection 0.03 Time@ 075 61.28 sec
Time to Midpoint Holdup (sec): 63.00 sec Epm 1.99 sec Time@ 0.5 63.00 sec
Power Term in Fitting Model: 25.00 2 x Epm 3.98 sec Time@ 0.25 65.01 sec
Power Term in Fitting Model: 28.00 Degass Time 21.17 sec Time @ 0.001 79.58 sec
Sum-of-Squares 1667

Figure A . 12 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 60.1
PTH#1 PTH2 PT#1-2 PT#2 PT#3 PT#2-3 PTH#3 PT#4 PTH34 Gas Flow|
(Inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (Inch) (inch) (SCFM)
PT Height(Inches fomiop)  88.10 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 --
local Gas Holdup (%)
Based on PT Height - - 3.09 - - 6.59 - - 7.52 -
Based on PT On/Off - - 2.79 - - 6.02 - -- 7.76 -
During Aerafion
Average 80.73 59.89 20384 5989 4028 1962 4028 2076 1951 22.23
Maxinmum 86.26 6290 2336 6290 4191 2099 4191 2189 2002 22.75
Minimum 77.60 56.97 2082 56.77 3823 1854 3823 1724 2099 21.76
Range 866 613 254 "613 368 " 244 "368 466  -097 0.99
Standard Deviafion 0.81 0.74 0.08 074 0.54 0.20 054 043 0.06 0.19
High Qufiner (+4 Sigma) ~ 83.99 62.84 21.14 62.84 4244 20.40 4244 2270 19.74 22.99
Low Cufiier (-4 Sigma) 77.47 5694 2053 5694 3811 18384 38.11 18.82 19.29 21.47
Afler Degassing ...
Average 80.63 59.19 2143 59.19 38.32 20387 38.32 1717 21.16 0.48
Maximum 80.79 59.41 2137 5941 3855 20.87 3855 1733 2121 2.75
Minimum 80.37 59.05 2132 59.05 38.15 20.90 38.15 1698 2117 -0.48
Range 0.41 0.37 0.05 037 040 -0.03 040 035 0.04 3.23
Standard Deviafion 0.08 0.09 -0.01 0.09 0.08 0.01 0.08 0.05 0.03 0.71
High Outiner (+4 Sigma) 8095 5954 2140 5954 3863 2091 3863 1736 21.27 3.30
Low Qutlier (-4 Sigma) 80.31 5884 2147 58.84 38.01 2033 3801 1697 21.04 -2.35
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 776 % Delta Holdup 776 % Time@ 099 59.44 sec
Average Gas Holdup (Baselineg): 000 % Imperfection 0.04 - Time@ 075 63.38 sec
Time to Midpoint Holdup (sec): 65.76 sec Epm 2.78 sec Time@ 05 65.76 sec
Power Term in Fitting Model: 18.74 -- 2 xEpm 5.55 sec Time@ 025 66.72 sec
Power Term in Fitting Model: 60.65 -- Degass Time 13.81 sec Time@ 0.001 73.25 sec
Sum-of-Squares 629 -

Figure A . 13 Model Summary for SLJ
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Sparger Type: Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 60
PTH#L PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PTH#3 PT#4 PT#3-4 Gas Flow|
(inch) (inch) (Inch) (Inch)  (inch) {inch) (Inch) (Inch) (Inch) (SCFM)
PT Height(Inches fomiop) ~ 88.10 66.60 21.50 66.60 45.60 21.00 4560 2450 21.10 -
Local Gas Holdup (%)
Based on PT Height 1.95 4.13 6.14 -
Based on PT On/Off 153 3.74 6.30 -
During Aeration ...
Average 8230 6122 21.08 61.22 41.09 20.13 41.09 21.28 19.80 17.12
Maximum 9442 6725 2717 67.25 4403 2323 4403 2356 2047 17.71
Minimum 7657 5015 2642 50.15 37.00 13.15 37.00 1882 1818 16.42
Range 1785 17.10 ' 074 "17.10 7.03 "10.08 "703 474 " 229 1.29
Standard Deviaiion 1.72 135 037 1.35 0.97 0.38 0.97 0.70 0.26 0.22
High OCutiner (+4 Sigrma) 89.18 66.61 2258 66.61 4495 21.65 4495 2410 20.86 18.00
Low Qutier (-4 Sigrma) 7543 5584 1959 55.84 37.23 18.61 37.23 1847 1875 16.24
Afler Degassing
Average 81.78 6037 2141 60.37 3945 20.92 39.45 1831 21.14 0.00
Maximum 8198 6059 2139 60.59 39.77 20.82 39.77 1846 2130 0.55
Minimum 8148 60.18 2130 60.18 39.25 20.93 39.25 18.13 21.13 -0.52
Range 050 041 0.09 0.41 0.52 -0.11 0.52 0.34 0.18 1.07
Standard Dewiafion 0.08 0.08 0.00 0.08 0.08 0.01 0.08 0.05 0.03 0.16
High Qutiner (+4 Sigma)  82.11 60.70 2142 60.70 39.76 20.94 39.76 1852 2124 0.64
Low Qutfier (-4 Sigra) 8144 6004 2140 60.04 39.15 20.89 39.15 1811 2104 -0.64
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 630 % Delta Holdup 630 % Time@ 0.99 59.68 sec
Average Gas Holdup (Baseline): 000 % Imperfection 0.03 Time@ 0.75 62.68 sec
Time to Midpoint Holdup (sec): 6448 sec Epm 2.08 sec Time@ 0.5 64.48 sec
Power Term in Fitting Model: 2449 2 x Epm 416 sec Time@ 025 6591 sec
Power Term in Fitting Model: 40.00 Degass Time 16.25 sec Time@ 0.001 7594 sec
Sum-of-Squares 923

Figure A . 14 Model Summary for SLJ
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Figure A . 15 Model Summary for SLJ
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14
Sparger Type:  Slamjet Frother (PPM): 0 s .
Description: Standard Nozzle Gas Off (sec): 60.4 o
g’ 8 Measured
PT#1 PTH2Z PT#H1-2 PT#2 PT#3 PT#2-3 PT#3 PTHA PT#H3-4 Gas Flow| E . Smoothed
{Inch) (inch) ({Inch) {Inch) (inch) ({Inch) {inch) (inch) (Inch) (SCFM) @
PT Height (Inches fromtop)  88.10 66.60 21.50 66.60 4560 21.00 45.60 2450 21.10 -- o ¢ 3
Local Gas Holdup (%) 2 K
Based on PT Height — — 1.79 — — 4.04 — - 4.48 - 0 —
Based on PT On/Off - - 1.50 _ _ 3.13 - _ 4.89 N 075 g0 & 9
During Aeration ... Time (Sec)
Average 83.27 62.16 21.12 62.16 42.01 20.15 4201 2185 20.15 12.66 7 -
Maximum 89.27 6578 23.49 65.78 4517 20.61 4517 2486 2032 13.41 . i Measured
Minimurm 77.10 57.60 19.50 57.60 37.82 19.78 37.82 1806 19.77 11.99 _ i - Model Fit
Range 1217 819 ' 399 819 735 o084 "735 680 " o055 1.43 R e A
Standard Deviation 1.80 133 047 133 115 0.8 115 099 016 0.23 S Pt
High Outiner (+4 Sigma) ~ 90.46 67.48 2298 67.48 4661 20.87 46.61 2582 2079 13.58 3 R Py
Low Outlier (—4 Sigma) 76.09 56.84 19.25 56.84 3741 1943 3741 17.89 19.52 11.73 E i ‘
Afier Degassing o2 E 3
Average 83.03 6160 2144 61.60 4079 20.80 40.79 1960 21.19 -0.05 1 i K
Maximum 83.25 61.75 21.50 61.75 40589 20.76 40.99 19.80 21.19 0.47 0 ;
Minimum 82.88 61.38 2149 61.38 40.68 20.71 40.68 1941 21.27 -0.56 50 55 60 65 70 7S & & %0
Range 037 037 0.01 037 031 005 031 040 -0.08 1.03 Time (Sec)
Standard Deviation 0.08 0.07 0.00 0.07 0.06 0.01 0.06 0.08 -0.01 0.17
High Outiner (+4 Sigma)  83.35 61.89 21.45 61.89 4105 20.84 41.05 1991 21.14 0.63 _
Low Outier (-4 Sigma) 82.72 6130  21.43 61.30 4054  20.76 40.54 1930 21.24 -0.72 % ) A
3
2
PT #3-4 Gas Holdup Fitting Parameters § :
Average Gas Holdup (Gas On): 189 % Delta Holdup 189 % Time@ 0.99 6161 sec g ,
Average Gas Holdup (Baseline): 000 % Imperfection 0.02 -- Time@ 0.75 63.48 sec B ,
Time to Midpoint Holdup (sec): 6458 sec Epm 1.26 sec Time@ 0.5 6458 sec &, /”T
Power Termin Fitting Model: 4027 — 2 x Epm 253 sec Time@ 0.25 66.99 sec
Power Termin Fitting Model: 2400 -- Degass Time 23.20 sec Time@ 0.001 8481 sec "o 1 : J 3 6 J
Sum-of-Squares 897 _ Measured Gas Holdup (%)
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 60.3
PTH#1 PT#2 PT#1-2 PT#2 PT#3 PT#H2-3 PTH#3 PT#4 PT#3-4 Gas Flow|
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM)
PT Height(Inches fomiop)  88.10 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 -
local Gas Holdup (%)
Based on PT Height - - 3.16 - -- 3.35 - - 4.36 -
Based on PT On/Off -- - 3.00 - -- 2.87 -- - 4.23 -
During Aeraton .
Average 8335 6253 2082 6253 4223 2030 4223 2205 20.18 1164
Maxirmum 8946 7069 1877 7069 46.89 23.80 46.89 2544 2146 12.19
Minimum 6245 5534 711 5534 3746 17.88 37.46 1851 18.96 11.15
Range 2701 1535 " 1166 "1535 943 " 592 "943 693 " 250 1.04
Slandard Deviafion 256 2.04 053 2.04 1.65 0.39 1.65 1.29 0.36 0.18
High Outiner (+4 Sigrre) 9360 70.67 2293 7067 4882 21.85 48.82 2720 2161 12.34
Low QOutier (-4 Sigma) 73.10 5438 1871 5438 35.65 18.74 35.65 16.90 18.74 10.94
Afer Degassing ..
Average 83.32 6186 2146 61.86 4096 20.90 4096 19.89 21.07 -0.02
Maximum 8348 62.08 2141 62.08 41.21 20.86 4121 2006 21.15 0.60
Minirum 83.13 6164 2149 6164 4075 20.89 40.75 18.70 21.05 -0.55
Range 035 043 -0.09 0.43 0.46 -0.03 0.46 0.36 0.10 1.15
Standard Deviafon 0.08 0.08 0.00 0.08 0.08 0.00 0.08 0.06 0.02 0.18
High Outiner (+4 Sigme) 8364 6219 2145 62.19 41.29 20.90 41.29 2013 21.16 0.69
Low Outflier (-4 Sigma) 8301 6153 2148 6153 4064 20.89 4064 1966 20.98 -0.72
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 423 % Delta Holdup 423 % Time@ 0.99 60.51 sec
Average Gas Holdup (Baseline): 000 % Imperfection 0.02 - Time@ 0.75 62.14 sec
Time to Midpoint Holdup (sec): 63.10 sec Epm 1.10 sec Time@ 05 63.10 sec
Power Term in Fitting Model: 4514 -- 2 x Epm 220 sec Time@ 025 6511 sec
Power Term in Fitting Model: 2800 - Degass Time 19.20 sec Time@ 0.001 79.70 sec
Sum-of-Squares 1473 --

Figure A . 16 Model Summary for SLJ
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SLAMJET SPARGER TESTING »

5 _ﬁ:
Sparger Type:  Slamjet Frother (PPM): 0 3 H
Description: Standard Nozzle Gas Off (seq): 59.7 g 2 H
'g 15 E 2 Measured
PT#1 PT#2 PT#1-2 PT#2 PT#3 PT#2-3 PT#3 PT#4 PT#3-4 GasFlow| 2 i smoothed
(lnch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM) g i E
PT Height(Inches fomibp)  88.10 66.60 21.50 66.60 45.60 21.00 4560 2450 21.10 - @ . b
Local Gas Holdup (%) E o
Based on PT Height - - 3.05 - - 7.61 - - 8.50 - 0 : '
Based on PT On/Off - - 264 - -- 697 - - 8.78 e E o B ® s w
During Aeratfion ... Time (Sec)
Average 80.13 5928 20384 59.28 39.88 19.40 39.88 20.58 19.31 25.01 12 :
Maximum 88.51 6163 2687 61.63 41.73 19.91 41.73 22.00 19.73 25.53 i; : Measured
Minirmum 75.10 5465 2045 5465 3723 1742 37.23 1912 1811 24.53 9 i - Model Fit
Range 1341 699 643 "699 450 " 2.48 "as50 289 " 162 100 | £ AN
Standard Deviation 106 076 030 076 061 0.15 061 047 013 0.17 § ; B
High Outiner (+4 Sgma) 8437 6232 2206 62.32 4230 20.01 4230 2246 19.84 2567 | 2, Y
Low Outlier (-4 Sigma) 75.88 56.25 19.63 56.25 3746 18.79 3746 1869 18.77 24.34 B 4 i %
Afler Degassing .. @ s : 3
Average 79.82 5841 2141 58.41 37.55 20.85 3755 16.39 2117 0.73 i i H
Maximum 80.01 5863 2138 58.63 37.78 20.85 37.78 16.53 21.25 2.17 0 : AN
Minirrum 79.63 5825 2138 58.25 37.30 20.96 3730 1620 21.09 -0.70 e
Range 038 038 000 038 049 -0.10 049 033 0.16 2.87 Time (Sec)
Standard Deviafion 0.07 0.08 -0.01 0.08 0.09 -0.01 0.09 0.05 0.04 0.62 b
High Oufiner (+4 Sigma) 80.09 5872 2137 58.72 3791 2081 3791 1660 2131 3.20 T
Low Outlier (-4 Sigma) 79.55 58.10 2145 58.10 37.20 20.90 37.20 16.18 21.02 -1.74 % )
5
g
PT #3-4 Gas Holdup Fitting Parameters 8° /
Average Gas Holdup (Gas On): 878 % Delta Holdup 8.78 % Time@ 099 60.33 sec E :
Average Gas Holdup (Baseline): 000 % Imperfection 0.03 -- Time@ 075 63.28 sec E '
Time to Midpoint Holdup (sec): 65.06 sec Epm 2.05 sec Time@ 0.5 65.06 sec &
Power Term in Fitting Model: 2509 -- 2 xEpm 4.10 sec Time@ 0.25 65.96 sec o
Power Term in Fitting Model: 64.00 -- Degass Time 11.73 sec Time @ 0.001 7206 sec %o : B . » u
Sum-of-Squares 812 - Measured Gas Holdup (%)

Figure A . 17 Model Summary for SLJ
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Sparger Type:  Slamjet Frother (PPM): 0
Description: Standard Nozzle Gas Off (sec): 598
PT#1 PTH2 PT#H1-2 PT#2 PT#3 PT#H2-3 PT#3 PT#4 PT#3-4 Gas Flow|
(Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (Inch) (SCFM)
PT Height(Inches fomtop) 88.10 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 --
Local Gas Holdup (%)
Based on PT Height -- 298 - - 476 - - 6.79
Based on PT On/Off - 258 -- - 438 - - 6.94
During Aeration ...
Average 8150 6065 20.86 60.65 40.64 20.00 40.64 2098 1967 19.86
Maxirmum 8791 6713 20.78 67.13 43380 2333 43.80 23.12 2068 20.39
Minimum 7166 5767 1399 57.67 3816 1951 38.16 1866 1949 19.36
Range 1625 946 ' 679 "9.46 584 " 382 "564 446 " 119 1.03
Standard Deviaton 1.43 1.05 0.39 1.05 0.90 0.15 0.90 0.68 0.23 0.17
High Oufiiner (+4 Sigma) 8724 6484 2240 64.84 4426 2059 4426 23.69 2057 20.56
Low Qufier (-4 Sigma) 7577 5645 19.31 5645 3703 1942 37.03 18.27 1877 19.16
Afer Degassing ...
Average 81.18 5977 2141 59.77 3885 2092 3885 17.72 2113 -0.01
Maximum 8138 5994 2143 5994 3903 2092 39.03 1791 2112 0.48
Minimum 8100 5960 2140 5960 3871 20489 3871 1752 2119 -0.54
Range 0.38 0.34 0.03 0.34 032 0.02 0.32 0.39 -0.07 1.02
Standard Deviaton 0.07 0.06 0.01 0.06 0.07 -0.01 0.07 0.07 0.01 0.16
High Outiner (+4 Sigrra) 8145 6002 21.44 60.02 39.13 2088 39.13 1798 21.16 0.64
Low Qutier (-4 Sigma) 8090 5951 21.39 59.51 38.56 2095 38.56 17.45 21.11 -0.66
PT #3-4 Gas Holdup Fitting Parameters
Average Gas Holdup (Gas On): 694 % Delta Holdup 694 % Time@ 099 5968 sec
Average Gas Holdup (Baseline): 000 % Imperfection 0.03 Time@ 075 6268 sec
Time to Midpoint Holdup (sec): 6448 sec Epm 208 sec Time@ 05 6448 sec
Power Term in Fitting Model: 2449 2 x Epm 416 sec Time@ 025 6591 sec
Power Term in Fitting Model: 40.00 Degass Time 16.25 sec Time@ 0.001 7594 sec
Sum-of-Squares 829

Figure A . 18 Model Summary for SLJ
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16 i
Sparger Type:  Slamjet Frother (PPM): 0 3 14 Irt
Description: Standard Nozzle Gas Off (sec): 60.3 52 E-
'l;’ 10 E : Measured
PTH1 PT#H2 PT#1-2 PTH#2 PT#3 PT#H2-3 PTH#3 PT#4 PT#H3-4 Gas Flow 2 8 E Smoothed
(inch) (Inch) (Inch) (Inch) (Inch) (inch) (Inch) (Inch) (Inch) (SCFM) @6 HE Y
PT Height(Inches fomtp)  88.10 66.60 21.50 66.60 4560 21.00 4560 2450 21.10 -- © . E \
Local Gas Holdup (%) 2 i \
Based on PT Height - - 337 - - 4.17 - - 5.83 0 5
Based on PT On/Off - - 3.18 - - 3.16 - -- 6.23 0% W "’ST_ 7’"{5 )’5 g B %
During Aerafion ... Ime {>ec
Average 8261 61.84 2077 61.84 4171 20.12 4171 21.84 19.87 14.50 8 N
Maxirmum 83.40 6597 2244 6597 4492 21.05 4492 2500 1992 15.34 7 i Measured
Minimum 77.50 56.23 21.27 56.23 3796 18.27 3796 18.72 19.24 13.75 6 : - Model Fit
Range 1091 974 " 117 "974 696 278 "696 6.28 " 0.68 160 | &£, N
Standard Deviafion 162 1.40 0.23 1.40 1.18 0.22 1.18 0.97 0.21 0.32 _g' i “-._
High Outiiner (+4 Sigma) 89.10 67.43 2168 67.43 4643 21.00 4643 2570 20.72 15.79 E ! i “_
Low Oufier (-4 Sigma) 7612 5625 19.87 5625 3700 19.25 3700 17.98 19.02 1321 | g° b
Afler Degassing ... Y, i
Average 8246 61.01 2146 61.01 4023 20.78 4023 19.03 21.19 -0.03 1 i k!
Maximum 8264 6120 2144 61.20 4034 20.86 4034 19.18 21.17 0.54 0 - \;.._.__.._____
Minirum 82.27 60.86 2141 60.86 40.07 20.78 4007 1886 21.21 -0.53 %0 » 08 0B & s %
Range 037 034 003 034 027 008 027 031 -0.05 1.07 Time (Sec)
Standard Deviafion 0.06 0.07 -0.01 0.07 0.06 0.01 0.06 0.06 0.00 0.18 ’
High Qutiiner (+4 Sigma) 82.72 6130 2142 61.30 4047 20.83 4047 19.26 21.21 0.68 . Niar
Low Qutiier (-4 Sigma) 82.21 60.71 2150 60.71 3998 20.73 3998 18.81 21.17 -0.73 g
] ,
:% s 3
PT #3-4 Gas Holdup Fitting Parameters (,'3 ( :
Average Gas Holdup (Gas On): 6.23 % Delta Holdup 6.23 % Time@ 0.99 5860 sec 3 }’: ’
Average Gas Holdup (Baseline): 000 % Imperfection 0.05 -- Time@ 075 6288 sec ;;i : ’
Time to Midpoint Holdup (sec): 65.50 sec Epm 3.05 sec Time@ 05 6550 sec = .
Power Termin Fitting Model: 17.00 -- 2 x Epm 6.10 sec Time@ 0.25 6663 sec .,
Power Termin Fitting Model: 51.43 -- Degass Time 15.79 sec Time@ 0.001 7438 sec ‘o 1 2 ) . s s 7
Sum-of-Squares 874 - Measured Gas Holdup (%)

Figure A . 19 Model Summary for SLJ
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Figure A . 20 Model Summary for SLJ
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