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Résumé
Le réacteur du plasma submergé (RPS) est un nouveau type de réacteur utilisé pour la destruction de matériaux organiques dans un medium acqueux. Ce travail a pour but d'améliorer la compréhension et
comportement du RPS.

Les contributions scientifiques importantes

étaient: le premier model numérique du RPS était validé en laboratoire,
les nouvelles données expérimentaux pour la fraction du gaz, la vélocité des bulles et la température, et finalement amélioration à la technique des sondes conductives.
Une revue de litérature était fait pour avoir une meilleure compréhension des technologies applicable au travail expérimental et numérique.
Les sondes conductives étaient sélectionnées de la litérature
comme candidats potentials pour mesurer l'écoulement dans le RPS.
Mais dans les essais préliminaires, il était devenu évident que cette
technique pouvait être améliorée.

xiv

Quatre sondes différentes étaient construits et évaluées pour déterminer laquelle était le plus efficace pour mesurer la fraction du gas et la
vélocité des bulles. La plus grosse sonde démontre la meilleure ratio
du signale au bruit et était efficace à mesurer la vélocité de la bulle.
Ce style de sonde était choisi pour d 1autres mesures expérimentaux
dans le RPS.
En plus, une nouvelle technique était inventée pour traiter les signaux du sonde. C est meilleur que la technologie existante. Un logiciel
1

était écrit pour démontrer cette nouvelle capacité.
L'importance du ratio du signale au bruit dans les mesures de
sonde conductive et les nouveaux algorithmes de traitements sont nouveau et original. Pour ces raisons, c'était publié dans le Review of
Scientific Instruments.
La modélisation des fluides dynamiques ont aussi été faite. Les
résultats de ces models seront les premiers à apparaître dans un journal académique. Un model 2-dimensionnel axis-symmétrique était utilisé pour limitée le coût computationel en donnant une fiabilité raisonnable. Un model de coefficient de trainé qui tient compte des intéractions des bulles était aussi implémenté.

XV

Les prédictions pour la recirculation de la phase liquide sont en
accord avec les mesures du laboratoire. Les prédictions pour la fraction
du gas traînée et la vélocité était meilleur pour les écoulements faibles
que élevée.

Abstract
The plasma lift reactor (PLR) is a new type of reactor used to degrade organic materials
in an aqueous medium. This work focuses on improving the understanding of how this
PLR works. Important contributions to science were made including: the first laboratory
validated Computational Fluid Dynamics (CFD) model of the PLR, new experimental data
for gas holdup, bubble velocity, and temperature, and improvments to the conductive probe
measurement technique.
A literature review was performed to better understand relevant technologies for both
the experimental and numerical work.
Conductive needle probes were selected from the literature review as a potential candidate for flow measurements in the PLR. However, in preliminary tests it became evident
that improvements were possible to this technique. Four probes of different design were
built and tested to determine which was the most effective at measuring gas holdup and
bubble velocity. The largest of the probes exhibited the best signal to noise ratio and was
effective in measuring bubble velocity. This style of probe was chosen for further experimental measurements in the PLR.
Additionally a new technique was devised to process the probe signals which improves
over existing technology. Software was written to demonstrate the new capabilities.
xvi

ABSTRACT

xvii

The importance of the signal to noise ratio in conductive needle probe measurements
and the new data processing algorithm were new and unique advances in the technology.
As such, they have been published in the Review of Scientific Instruments.
Computational fluid dynamics modeling was also performed. Results from these models will be the first ever to appear in a peer reviewed journal. A 2D axis-symmetric model
was used to limit computational expense while providing reasonable accuracy. A customized drag model which accounts for bubble-bubble interactions was also implemented.
Predictions for the liquid phase recirculation in the reactor agreed well with available
laboratory measurements. Predictions for the gas holdup and velocity were better for lower
flow rates than higher gas flow rates. Improved modeling techniques to be implemented in
the future will undoubtedly bring numeric predictions doser to laboratory measurements.

Preface
This work is generally laid out along two parallel paths; numerical simulations and laboratory measurements. Computational Fluid Dynamics (CFD) models were developed which
are usefol in the design and optimization of a Plasma Lift Reactor (PLR). The experimental
work is not only valuable as it gives a fondamental description of the PLR hydrodynamics,
but also because it serves to validate the CFD models.
The Introduction highlights the important contributions of this work and includes a description of a PLR and its primary applications. Chapter 2 summarizes the state of the
art in experimental multiphase measurement techniques. Chapter 3 is an article that was
published in the peer reviewed journal: Review of Scientific Instruments. It details recent
work in the development and improvement of conductive needle probes. These tools were
instrumental in making important hydrodynamic measurements. Chapter 4 presents multiphase fluid dynamics theory and modeling techniques. The second article, under review by
the Canadian Journal of Chemical Engineering, is presented as chapter 5. lt gives details
on the results of a CFD model using a special drag fonction. In addition, new experimental
data obtained from the techniques developed in chapter 3 is presented along side of the
CFD predictions. Finally, a general discussion summarizing important aspects of this work
is tendered.
xviii

Chapter 1
Introduction
1.1

Goal

This project delivers Computational Fluid Dynamics (CFD) models which have been validated through laboratory testing. Model predictions are useful for a variety of tasks including the optimization, design, and scale-up of a Plasma Lift Reactor (PLR). Considerable
effort was placed into laboratory validation efforts which included the creation of new technologies for improved hydrodynamic measurements.

1.2 Contributions to science
Significant and original contributions to science have been made throughout this work. The
first noteworthy contribution occurred during preparations for PLR hydrodynamic testing.
In this instance, a new discovery was made in regard to the importance of the conductive
needle probe surface area to the signal to noise ratio (SNR). The conductive probe technique

1
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was further refined by the development of a new algorithm for probe signal processing.
The new method of extracting bubble velocity and gas holdup information from the probe
signal improves over previous methods by offering higher precision and full automation. A
software suite named bubble_wrap was written to implement the signal processing and was
released under the free, opensource GPL license at the www.sourceforge.net repository.
The PLR bas been studied by several researchers, notably Boulanger (1999); Yargeau
(2002); Ramhane and Soucy (2000); Robitaille (2002) and Quintal (2002). Quintal (2002)
was able to take detailed measurements of recirculation velocities under cold flow conditions and thus made the first steps to PLR optimization. This work presents the first
results for gas holdup, temperature, and bubble velocity inside the draft tube under plasma
conditions. Gas holdup, temperature and bubble velocity are important and fondamental
parameters which drive the flow in the reactor.
This work presents the first successful CFD model of the PLR. Previous CFD models
of the PLR served well to prove the concept could work, however failed as predictive tools.

lt is only recently that both the computational resources and the theory have been available
to adequately model the PLR. In fact, the models presented in this work have gone through
several technological iterations to achieve success. Significant technological advances were
made through the customization of the industrial CFD sol ver Fluent. User defined fonctions
(UDFs) written in the C programming language were used to implement custom drag laws
and population balance modeling for improved flow predictions. The CFD models of the
reactor fill a void in the need for a tools which can provide reliable scale-up predictions.
In addition to innovations mentioned here, every effort bas been made to enable other
researchers to build upon this work. A part from this document, two publications have been
submitted to scientific journals. These articles detail recent efforts and understanding of the
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PLR and are incorporated into the body of this document as chapters 3 and 5. Together
these works represent an important contribution to the body of knowledge available to the
scientific community.

1.3 ThePLR
A Plasma-Lift Reactor (PLR) is a new type of reactor designed for the removal of organic
contaminants from aqueous solutions. The reactor, shown in Figure 1.1, consists of a submerged plasma torch which drives an intemal loop air-lift reactor. Organic contaminants
are broken down by the high temperature and ultra-violet radiation of the plasma (Poirier,
2001).
The PLR may be used to treat a variety of aqueous waste streams. lt has been successfully tested on black liquor by Yargeau (2002), cyanide leachates (Boulanger, 1999; Fortin,
2000), and for the degradation of organic materials in Bayer liquor (Poirier, 2001; Quintal,
2002; Robitaille, 2002).

4

CHAPTER 1. INTRODUCTION

.----• Vapor
l_
and

c:,

gases

229mm

-Sight tube
Support

),

-'--Draft tube
ID= 49.2 mm
L = 461 mm
Bottom section
ID= 102 mm
L = 431 mm

Submerged plasma
-Window

t

Plasma torch orifice ID

= 5 mm
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Chapter 2
Measurements in gas-liquid systems
Flow measurements are fondamental to improved understanding of the hydrodynamics in
the PLR. In addition, measurements are necessary to validate the flow predictions made by
numerical models. The primary flow variables of interest include the gas fraction holdup,
as well as the size, shape, and velocity of the bubbles (Duon, 1989). This chapter reviews
the techniques used to make measurements of these important parameters.
A logical place to start this review is with the work of those who have most closely and
recently studied the PLR technology. Documents of interest include a report by Ramhane
and Soucy (2000) and the theses of Robitaille (2002) and Quintal (2002). Arguably, these
were the only places to start looking for PLR specific information. The PLR technology is
so new and unique that work presented in this thesis will be the first PLR hydrodynamic
study to undergo peer review and publication in an academic journal.
The pioneering works by Ramhane and Soucy (2000), Robitaille (2002), and Quintal
(2002) offer valuable background knowledge on the PLR. More importantly, they provide
leads on where to look for additional information. For example, it quickly becomes clear

5
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that the plasma lift reactor is actually a specialized version of an air lift reactor. Thus all
measurement techniques useful for air lift reactors and their cousins, bubble columns, apply
to the PLR as well.
Peer reviewed academic journals are full of articles which discuss measurement techniques useful for air lift reactors and bubble columns. In fact, many review articles are
available. The best, most complete review of gas-liquid and gas-liquid-solid measurement techniques was written by Boyer et al. (2002). Two other reviews are available,
both of which involve the same author, M. P. Dudukovic. These reviews tend to give disproportionate attention to techniques developed by Dudukovic, though they do highlight
other non-invasive measurement options (Dudukovic, 2002; Chaouki et al., 1997). This
text follows the trend set by the reviews and organizes the techniques into two categories:
non-invasive and invasive technologies.

2.1

Non-invasive techniques

Non-invasive techniques refer to those that do not disturb the flow. These techniques typically require some sort of radiation to either traverse or reflect off of the flow. The measurements are most often time averaged which gives steady state or pseudo-steady state flow
information. The most common techniques are presented in the following sections.

2.1.1

Pressure drop

Pressure drop is possibly one of the most simple techniques for characterizing a bubble
column or airlift reactor. The pressure drop between two points in a reactor gives the
gas holdup directly (Wongsuchoto et al., 2003; Kang et al., 2000). It can also be used to
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predict the flow regime. For example, the frequency of fluctuations in the pressure signal
can be used to discriminate between churn turbulent or bubbly flow. Special attention to
the signal noise is important because it can be difficult to discern between static and total
pressure (Boyer et al., 2002). Measurements are usually time averaged.

2.1.2

Electrical conductimetry

Electrical conductimetry can be used to determine the gas holdup. The basis for this technique is that the electrical conductivity between two points in the reactor depends on the
gas volume fraction. To be useful, the electrical conductivity for various gas holdups must
be determined a priori for the specific fluids in use. These measurements can be very rapid
but the need for precalibration limits use (Boyer et al., 2002)

2.1.3

Laser Doppler anemometry

Laser Doppler anemometry (LDA) is a very popular technique for measuring flow velocity.
Instantaneous local velocity measurements are possible by using seed particles which are
assumed to move at the same velocity of the fluid. The measurement technique is based
on the Doppler frequency shift of a wave when the reflecting body moves in relation to the
source. This technique has been used widely for measurements in gas-liquid vessels including aerated stirred tanks (Deen et al., 2002a) and bubble columns (Pfleger and Becker,
2001; Borchers et al., 1999; Mudde and Akker, 2001). Of particular interest was the combination of PIV and LDA by Deen (2001) who integrated the techniques for measurements
in a bubble column and an aerated mixing tank.
One of the major drawbacks to LDA is discussed by Borchers et al. (1999). LDA is
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limited to low gas holdup because the bubble interface diffracts the laser beam. If the
laser crosses even a couple interfaces before reaching the measurement zone, enough light
will have been scattered to render the technique useless. Dudukovic (2002) points out
the obvious: few industrial processes have the characteristics needed for LDA to work
since most equipment is metallic and the fluids opaque. Still, LDA is widely employed in
laboratory characterization of single fluid and bubbly flows.

2.1.4

Particle image velocimetry

Particle image velocimetry or PIV is a non-invasive technique that can measure nearly
instantaneous 2D or 3D liquid velocity vectors over a large area. Generally small particles
having a density very similar to that of the primary fluid phase are used to seed the flow.
For water based work on the PLR, polystyrene particles with diameters between 0.425 and
0.590 mm worked well (Quintal, 2002). Others used polyamide particles with diameters of
0.500 mm± 0.200 mm (Deen et al., 2002b). In its most basic form, PIV datais recorded by
a simple photograph. Camera shutter speed is adjusted so that the light reflected the particle
leaves a measurable streak on the photograph. 2D particle velocity is calculated from the
image based on the distance traveled (length of the streak) and time of exposure (Quintal,
2002).
More advanced PIV applications use a light sheet, usually a laser to illuminate a thin
section of the fluid flow (Lindken and Merzkirch, 2000; Li et al., 2001). If two cameras
and lasers are used, 3d velocity vectors can be measured. In fact, this technique has been
extended to include gas phase size and velocity measurement (Deen, 2001; Deen et al.,
2002b).
Still more advanced is fluorescence particle image velocimetry (FPIV) where seed par-
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ticles are coated with a dye. When the particles fluoresce due to illumination by the laser
light sheet, the fluorescent light is at a different wavelength than the laser. Filters on the
camera are exclude ail light except the fluorescent wavelength. Scattered laser light no
longer interferes with particle reflections which results in improved images (Chaouki et al.,
1997; Deen et al., 2002b).
PIV is an exciting technology, but it does have its limitations. The seed particles can
help to stiffen the bubble interface in much the same way surfactants can. The result is
that bubbles will rise slower than they would otherwise. In addition, the seed particles
are not guaranteed to move precisely with the flow as they will have a somewhat different
density than the bulk fluid (Lindken and Merzkirch, 2000). Another important limitation is
that high gas holdup flows can not be efficiently measured because of overlapping bubble
interfaces (Deen et al., 2002b).

2.1.5

Computer automated radioactive particle tracking

Computer Automated Radioactive Particle Tracking or CARPT, was developed by M.P.
Dudukovic and seems to be unique to Washington University in Saint Louis, Missouri. This
technique gives time averaged measurements of a small radioactive marker in the reactor.
An array of detectors are necessary to track the marker position in the reactor. Considerable
computations are required after the test to correlate the detector measurement with actual
marker position. The averaged velocity data from this technique bas been used to validate
CFD models by Sanyal et al. (1999) and Chen et al. (2005). The CARPT technology bas
been presented in various articles such as Degaleesan et al. (2001); Dudukovic (2002);
Chaouki et al. (1997); Boyer et al. (2002)
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Radiation attenuation

Radiation attenuation can be used to determine gas holdup either on a instantaneous or time
averaged basis. X-Ray, y-Ray, visible light, or ultrasound can be used dependending on the
situation. Radiation is emittied and the signal attenuation is measured Boyer et al. (2002).

2.1.7

Tomography

Tomography is an advanced radiation measurement technique where attenuation is measured over various slices. With a proper reconstruction algorithm a 2D or 3D time averaged
image can be constructed (Chaouki et al., 1997).

2.2

Invasive techniques

Invasive techniques involve disturbing the flow with a probe or other immovable object
to effect a flow measurement. Invasive techniques are typically less expensive and better
suited to industrial type applications. These applications often involve high gas hold-up,
metallic reactors, and opaque fluids Dias et al. (2000). Intrusive probes take local measurements. In other words, measurements are similar to those given by LDA in that they are for
one specific location.

2.2.1

Needle probes

Needle probes can be used to measure gas fraction holdup, bubble velocity and approximate
bubble size distribution. Needle probes corne in two main varieties, those which are based
on electrical conductivity and those which are based on optical refractive index (Boyer
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et al., 2002). Both types of probes generate similar signais which require analysis to obtain
the desired measurements. Most of the following discussion will be targeted to gas-liquid
flows. However needle probes have been applied to other flows such as oil-water or fluidized beds with good results (Angeli and Hewitt, 2000; Schweitzer et al., 2001).
When a probe is surrounded by a liquid, the probe signal will be high. However when
the probe pierces a gas bubble the signal quickly drops to a low value. After the bubble
passes the signal retums back to the original high level. These signal levels can be reversed
and go from low to high as in Schweitzer et al. (2001). The actual direction the signal
fluctuates depends on the experimental setup and is unimportant. Of importance is the
amount of time the bubble stays in the secondary phase and time delay between spikes if
using a multi-sensor probe.
A thresholding technique is used to determine when the probe sensor is in the liquid or
gas phase. Authors often set thresholds as a percentage of the liquid signal level (Herringe
and Davis, 1976; Lo and Hwang, 2003). However there is a wide variation of recommended
levels in the literature. In fact, Dias et al. (2000) declare that there is no established method
for determining threshold levels. This work presents new advances in this area which are
described in detail in chapter 3.
Once proper thresholds are set, the amount of time the probe is in the secondary (usually
gas) phase can be calculated. The local gas volume fraction is obtained directly as the ratio
of the time the sensor is in the gas phase divided by the total time (Xuereb and Riba, 1995;
Schweitzer et al., 2001; Herringe and Davis, 1976).
Many probes have two or more sensors separated by a known distance. As a bubble
passes each sensor, a jump in the signal of each sensor is recorded. The time difference
between the signal peaks measures how long the bubble interface takes to travel from one
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sensor to the other. Based on the known inter-sensor distance the bubble velocity can be
calculated (Xuereb and Riba, 1995).
Statistical techniques by (Dias et al., 2000; Xuereb and Riba, 1995; Seleghim and Milioli, 200 l) allow estimation of the bubble size distribution. These techniques first calculate
the bubble velocity and sensor dwell time. The chord length of the bubble is simply the
product of velocity and time. Noting that the chord length may be equal to the actual bubble diameter or much smaller, statistical methods are used to estimate the actual bubble
diameter distribution based on the measured chord length distribution.
Intrusive probes are typically made as small as possible to minimize impact on bubble
velocity or trajectory. The effect of the probe on the bubble is of some concern and has
been studied by Cartellier (2001).
Conductive probes

Conductive probes have one or more electrically conductive sensors. These probes require
a conductive primary phase with a non-conducting (or less conducting) secondary phase.
Water as a primary phase with air as a secondary phase is popular (Herringe and Davis,
1976; Dias et al., 2000; Rode et al., 2003). An electrical circuit is completed when the
probe is in the primary phase, and broken when in the secondary phase.
These probes are sometimes called conductive needle probes as they are often fabricated
from hypodermic needles. The needles are typically covered with insulating epoxy, leaving
only the tips exposed (Herringe and Davis, 1976).
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Fiber optic probes

Fiber optic probes give very similar data as conductive needle probes. The optical fiber
is typically Y shaped with a light source on one branch and a light detector on the other.
The sensor end is formed into a transparent cone (Cartellier, 2001). Infrared light is passed
down the fiber. Depending on the refractive index of the fluid, light is either transmitted or
reflected backup the probe (Schweitzer et al., 2001).
Severa} probe designs are available. Like conductive probes, fibers can be positioned
in an offset side by side configuration. This is sometimes referred to as an optical biprobe (Boyer et al., 2002). However some probes have a varying diameter which is used

instead of two probes to measure bubble velocity (Cartellier, 2001). Fiber optic probes
will work with non-conductive fluids however they must have an appreciable difference in
refractive index. Fiber optic probes require a slightly more complicated laboratory setup to
function than needle probes.

2.2.2

Hot film anemometry

Hot film or hot wire anemometry can be used to measure fluid velocity, gas holdup, bubble velocity and chord length. This technique employs an element that is held at either
a constant temperature or under a constant electrical current. Heat loss from the probe is
compared to calibration data from known flow rates for accurate velocity determination.
Sorne hot wire anemometers use very fine wires. These devices are sensitive enough to
measure turbulent velocity fluctuations in fluids, usually air (Holman, 2001). For use with
liquid flows, improved durability is required. For this type of rough service application,
thicker wires or laminated conductive films are available but have reduced sensitivity to
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flow changes (DantecDynamics.com, 2005).
Hot wire or hot film anemometers can be used to detect bubbles in gas-liquid flows (Magaud et al., 2001; Utiger et al., 1999). The bubble passage is marked by a rapid and extreme
jump in heat transfer between the probe and the fluid. Since this technique is based on heat
transfer, all flows must be isothermal.

2.2.3 Ultrasound
Ultrasound probes use high frequency sound waves to measure velocity and gas holdup.
There are two techniques used in ultrasound measurements. The first technique is based
on the transmission time of a propagated wave. The time required for a wave to traverse a
fixed distance will either be retarded or advance depending on the bulk fluid velocity. This
technique does not work well with multiphase flows because any discontinuities in the
fluid cause measurement error. The second technique is based on the Doppler shift. This
technique requires at least a small amount of particles or discontinuity in the fluid flow. Wet
probes, orthose directly in contact with the liquid, are most accurate. The portable units are
more practical, but have to deal with wall attenuation and interference (Holman, 2001). For
the PLR, the time shift technique is out of the question due to the presence of bubbles. Since
the reactor has two concentric tubes with counter flow, the Doppler technique would only
be useful if a method of inserting the probes was devised which only measures the flow
in one direction. Boulanger (1999) found that ultrasonic Doppler measurement through
counter current flows was problematic at best.
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Pitot tubes

Pitot tubes are widely used for single phase measurements. Gas or liquid velocity can be
measured by knowing the difference between the static and dynamic pressures (Holman,
2001). Pitot tubes require measurement of a single phase and so are not applicable to an
gas-liquid system such as the PLR.

2.3 Applicability
The technologies described in section 2 represent a fairly complete list of those available for
performing measurements in a PLR. The benefits and drawbacks of each of the techniques
were considered.
In general, the non-invasive techniques were too expensive for the current budget. Radioactive techniques such as CARPT require highly specialized and costly equipment. LDA
and PIV are very popular in the literature, but have limits for application to the PLR. In particular, overlapping bubble interfaces are expected to prevent meaningful measurements. ln
addition, LDA and PIV typically require that the vessel is transparent. The PLR is not transparent, and only has two small windows at its base. The draft tube blocks the view between
the windows, so unless extensive modifications were to be made, laser based techniques
were not an option.
Invasive techniques tended to be less costly and more promising. Conductive needle
probes were selected for characterization work because they were the most simple and robust technology available. They can operate regardless of temperature gradients, pressure,
or other flow anomalies. They only require a conductive liquid and a gas phase. Conductive needle probes are also very inexpensive and can be easily replaced if damaged. Fiber
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optic probes would have worked equally well, however provide no significant advantage
considering the additional complexity and cost of a custom system or commercial package.
Pitot tubes were considered for limited use until interference from the gas phase bubbles
was considered. Ultra sound techniques were actually attempted by previous researchers
with limited success (Boulanger, 1999).

2.3.1

Surmounting implementation challenges

Further searches in the literature were necessary to overcome challenges and questions that
arose during the actual design and implementation of the probes. Questions like: "Which
needle probe geometry works best?" needed to be answered. There were many different
designs available in the literature (Lo and Hwang, 2003; Angeli and Hewitt, 2000; Dias
et al., 2000; Herringe and Davis, 1976), however these designs had never been compared
for effectiveness. In addition, post processing of needle probe data also proved to be a challenge. Most authors, including Lo and Hwang (2003); Angeli and Hewitt (2000); Dias et al.
(2000); Herringe and Davis (1976), use preset voltage thresholds to determine bubble passage. However a better method came to mind when reading an article by Schweitzer et al.
(2001). An extention of Schweitzer's technique yielded a fully automatic algorithm for detecting bubble passage. This algorithm improves both accuracy and reliability compared to
standard threshold techniques. For full details of needle probe design and implementation
work see the article presented in chapter 3.
Change where to look for graphies so we don't end up with a big mess like names etc!

Chapter 3
Needle probe comparison
This article deals with creating and improving conductive needle probes. lt was accepted
for publication July 12, 2005 to the Review of Scientific Instruments and appeared in the
September 2005 issue. The full citation is:

Munholand, L. and G. Soucy.

"Comparison of four conductive needle probe

designs for determination of bubble velocity and gas hold-up," Review of
Scientific Instruments, 76, (2005) pp.

3.1

095 - 101.

Introduction

Air lift reactors and bubble columns are used in many important biological and chemical
engineering applications. Fischer-Tropsch systhesis, fermentation, and waste water treatment are all examples of such applications (Degaleesan et al., 2001). Variables of interest
in these gas-liquid technologies include the amount of gas entrained in the liquid as well
as the size and velocity of the bubbles. Accurate measurements of these parameters are
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important for improved designs and maximized operating efficiencies (Dunn, 1989).
Techniques for measuring gas bubble size, velocity and hold-up are generally classified into two categories: invasive or non-invasive. Non-invasive techniques such as Laser
Doppler Anemometry (LDA) and Particle Image Velocimetry (PIV) are popular for direct
measurement of gas flow parameters. With proper equipment, full three dimensional bubble data can be obtained (Lindken and Merzkirch, 2000). Unfortunately both are optical
techniques and so are limited to low gas hold-up, transparent fluids, and transparent reactor vessels. Other interesting non-invasive techniques include radioactive particle tracking
and ultrasonic methods. These are typically limited to time averaged measurements for gas
hold-up and velocity. Invasive techniques include hot-wire or thin-film anemometry, fiber
optic, impedance, and conductive-resistive probes. Invasive techniques are typically less
expensive and better suited to industrial type applications having high gas hold-up, metallic reactors, and opaque fluids (Dias et al., 2000). For an excellent review of multiphase
measurement technologies, see Boyer, Duquenne and Wilde (Boyer et al., 2002).
Invasive techniques suffer certain shortcomings. A primary concern is that the direct
contact of probes with bubbles may alter bubble trajectory and speed. Another limitation
is that bubble velocity is typically measured only along the probe axis. Error is introduced
because the probe only measures one component of the velocity vector. Another source
of error is that bubble diameters aren't measured directly and must be deduced statistically
from chord length measurements.
The effects of probe size and geometry are not well documented. A literature search reveals many different probe sizes and geometries (Lo and Hwang, 2003; Angeli and Hewitt,
2000; Dias et al., 2000; Herringe and Davis, 1976), however no information is available on
which design works best. To determine what effect the probe size and geometry has on the
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ability to measure bubble data, four custom double sensor conductive needle probes were
fabricated. In addition, a new automated technique was developed to process the raw probe
signals.

3.2

Theory

A double sensor conductive probe has two sensors

s1

and

s2

separated by a distance ds,

Each sensor is attached to a voltage source and submerged in a conductive fluid. The fluid
completes an electrical circuit as shown in Figure 3 .1. When a gas bubble passes the probe
tip, the circuit is broken and the sensor voltages drop one after the other. A typical voltage
signal for a single bubble appears in Figure 3.2. After determining voltage thresholds,
the voltage data generated by the probe's sensors can be used to directly calculate bubble
velocity.

Probe

+

oÜ
0

0

0

Figure 3.1: Double sensor bubble probe test apparatus.
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Figure 3.2: Raw probe signals with thresholds for phase detection

3.2.1

Voltage thresholds

Voltage thresholds are often used to determine exactly where the bubble signal begins and
ends. The perfect threshold is as close as possible to the liquid voltage yet far enough away
so that no signal noise is misinterpreted as a bubble. Voltage thresholds appear as straight
lines just below the probe signal in Figure 3.2. Authors often pick a threshold based on
some percentage of the liquid voltage (Lo and Hwang, 2003; Herringe and Davis, 1976).
Dias et al. observe there is a wide variation of recommended thresholds and that there is no
established method for determining the threshold voltages (Dias et al., 2000). Possibly this
is because threshold differences of 50 to 80% of liquid phase voltage often result in only
small bubble velocity differences. In addition, the appropriate threshold is often obvious
to human observers of raw voltage data as in Figure 3.2. While approximate methods
can work, a better method exists. The Schweitzer technique may be fully automated and
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statistically accounts for signal noise while selecting voltage thresholds.
Schweitzer, Bayle, and Gautier provide a precise method of setting threshold levels (Schweitzer et al., 2001). The first step takes the range of voltages sampled (0 - 10
V in this work) and subdivides them into classes. A histogram can then be generated by
summing the number of data points in each voltage class. The largest peak on the histogram
corresponds to the probe readings in the liquid phase. Schweitzer et al. then fit a standard
mathematical form of the Gaussian distribution to the liquid curve.
- u
e(-A(T;-Tmean) 2 )
N pi -lVmax

(3.1)

Where N~ is the number of points in the voltage interval i, Nmax is the maximum number of
data points which is assumed to occur at Tmean•

Tmean

is the mean liquid voltage, A controls

curve width, and 1t is the first voltage on interval i.
Threshold values occur at the base of the Gaussian distribution. This technique for determining threshold voltages is effective because the variance in the signal is automatically
contained within the Gaussian distribution. There can now be a statistical certainty that
signal noise will not be mistaken for bubbles. At the same time, the threshold is as close as
possible to the main signal voltage. This ability to automatically account for signal noise is
needed even for other methods of isolating the bubble signal, including methods based on
abrupt changes in slope (Angeli and Hewitt, 2000; Barrau et al., 1999).
The Schweitzer technique was simplified for this work by eliminating the Gaussian
curve fit. Thresholds were found by iteratively comparing every data point on either side
of the liquid peak until reaching a limit value which was known to be near the base. The
limit value, calculated by Equation (3.2), is simply the mean of ail histogram points.
(3.2)
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Where µ1 is the limit value, Nt is the number of points at each voltage class i, and NT

= 200

is the total number of voltage classes used in this work.
Upper and lower thresholds could now be determined automatically using the limit
value from Equation (3.2). Only the lower threshold is used for bubble detection. The
upper threshold is used to determine the amount of noise in the signal. Figure 3.3 shows
the base of a sample histogram clipped to a frequency of 350,000 pointsNoltage class. The
histogram peak is at 1.42 x 107 points. The peak, centered at 5.39 Volts, represents the data
points recorded while the sensor was in the liquid phase. All points below the lower liquid
threshold of 5 .15 Volts are in the gas phase.
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Figure 3.3: Histogram of voltage signal using 200 voltage classes.
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Velocity

The bubble velocity along the probe axis is calculated by Equation (3.3).

ds

(3.3)

Where Vb is the bubble velocity, ds is the sensor distance, and t81 and t82 are sensor contact
times for the tip sensor

si

and the second sensor

s2

respectively. This is the formulation

for velocity used in this work as well as many others (Xuereb and Riba, 1995; Dias et al.,
2000; Kataoka et al., 1986). An alternative calculation (Lo and Hwang, 2003) of bubble
velocity uses the difference between the dwell times 'C. Equation (3.4) was not used in this
work, however the dwell times are shown in Figure 3.2 for illustrative purposes.

ds

(3.4)

Vatt= - - -

'C2 - 1'1

The primary advantage of Equation (3.3) is that the effect of the probe on the bubble speed
is less important.
It is important to note that needle probes only measure bubble velocity along their axis.
The true velocity magnitude bas three components vx, vy, Vz,
(3.5)

If the probe sensors are aligned with the y-axis, only

Vy

is measured. This measurement

represents the true Vb only when bubbles rise along the probe axis so that Vx = Vz

= O. For

best results the bubbles should rise along the measurement axis of the probe.

3.2.3

"Good hobbies"

A bubble with non-zero vx, vz can cause only one probe sensor to enter the bubble. Each
bubble will produce one of seven possible signais. Case 1 in Figure 3.4 is the only case
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where the the bubble contacts the probe sensors in the proper order. Ali other cases are
rejected for bubble velocity calculations.

Case 1
1

Case 2

Case 3

1

--i.___r1

1

1

1

Case4
Case 5

·------·

Case 6
1

Case?

1

---'1__r

Sensor 1
Sensor 2
Figure 3.4: Seven signal possibility
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3.2.4 Gas fraction hold-up
The gas fraction at the probe location can be estimated. The volume fraction of gas held-up
in the liquid is:
<>

-

cg-

V.

_g_

(3.6)

Ytotal

Where Vg is the volume of gas and Ytotal is the total volume of liquid and gas. Since
there is no volume information available from a needle probe, the local gas hold-up at any
position x is derived from the sum of the sensor time in the gas phase divided by total test
time (Xuereb and Riba, 1995).
Eg(x)

= lim L
t--> 00

fgas
ftotal

(3.7)

3.2.5 Probe geometry
The probe has an impact on the fluid flow patterns. This is evident in nearly every study
using double sensor probes. The most common symptom is that the second sensor measures
a lower gas hold-up than the first (Herringe and Davis, 1976; Xuereb and Riba, 1995).
Xuereb and Riba (Xuereb and Riba, 1995) found the lead sensor caused bubble breakup
which explained why their second sensor recorded a larger number of small bubbles, yet
a lower local gas hold-up. Herringe and Davis (Herringe and Davis, 1976) suggested that
the effect of their sensors on the flow was smaller at higher gas velocities due to improved
bubble piercing. There are many probe designs given in literature. Figure 3.5 summarizes
some of these designs. To date no study has compared different conductive needle probe
geometries for their effectiveness.
Probes are made as small in diameter as possible to limit bubble deflection or slowing.
Sharply pointed sensor tips should improve bubble piercing as well. Reduction of the
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distance between sensors ds improves the ability to measure small bubbles. This is because
the minimum detectable bubble diameter is equal to the sensor distance d5 • Probes should
always be smaller than the minimum bubble size of interest.
The probe sensor geometry could also have an impact on efficiency. For example, could
the Herringe (Herringe and Davis, 1976) design in Figure 3.5 cause bubbles to slide along
the first sensor, and completely miss the second?

3.3

Probes and Apparatus

The designs of the tested probes in Figure 3.6 were inspired by those found in the literature
and summarized in Figure 3.5. Only the tips of the probes are electrically conductive. All
wire used in the probes was insulated "magnet wire," typically found in windings of electric motors and electromagnets. Epoxy adhesive was used to provide additional insulation
where necessary and to fix wire sensors into supports. Table 3.1 details the dimensions of
the tested probes.
The first probe was called "Big-probe" because it was the largest of the batch. The
lead sensor

s1

is an epoxy coated 22 AWG solid copper wire. The second sensor

s2

is

a very small stainless steel tube typically used for chromatography equipment. Standard
heat-shrink tube was used to insulate the exterior. The Two-wire probe consists of two 30
AWG solid copper wires supported by the same chromatography tubing. The One-wire
probe used 31 AWG copper wire in a "Precision Glide" B-D 25Gl 1/2 needle from Becton
Dickinson & Co. The needle exterior was coated with epoxy for insulation. The Ultra-small
probe was made using the same hypodermic needle as a support, but with two ultrafine 38
AWG epoxy coated wires as sensors. In ail cases, only the tips of the wire or needles are
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conductive. All other surfaces are insulated.

-

1mm
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Figure 3.5: Probes from literature.
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t
Figure 3.6: Tested probes.

Figure 3 .1 depicts the apparatus setup. A 1160 mm long (ID = 41.23 mm OD =
51.16mm) Plexiglas tube was used as the test vessel. The tube was long and narrow to
make gas hold-up easier to determine visually. Bach probe was placed at the center of tube
970 mm from the bottom. The tube was filled to approximately 1100 mm with tap water.
Precise fi.11 was calculated for each test from video images. Nitrogen gas was injected at
0.397 STD L/min (21.1 °C, 101.32 kPa) into the center of the column 75 mm from the
bottom. The injector tube had an ID = 3.15 mm and created bubbles which were 20

±5

mm in diameter. There was significant bubble break-up.
The two probe sensors and a light emitting diode (LED) were connected to a National
Instruments PCI-6052E data acquisition board to monitor voltage. Bach voltage channel
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Table 3 .1: Probe dimensions
Probe

Name

ds (mm)

0

51

(mm)

0

52

(mm)

0sup (mm)

1.

Big-probe

2.00

0.66

1.08

1.90

2.

Two-wire

0.86

0.28

0.28

1.08

3.

One-wire

0.94

0.28

0.50

0.50

4.

Ultra-small

1.03

0.10

0.10

0.50

0sup

represents the diameter of sensor s1 and s2 support tubing.

was sampled at 100 kHz using the "High Speed Data Logger" of Labview 6.1 on an Intel
PII-400 Mhz computer. A digital video camera was used to visually record the bubble
velocity and size.
Frame 1433

Frame 1434

Frame 1435

Figure 3. 7: Video frames for bigprobe bubble 001.

3.4

Method

The video camera started recording, then the nitrogen gas was turned on. A few seconds
later the data acquisition program was launched. The LED was then triggered as a reference
point for matching camera video frames to labview voltage readings.
The labview data acquisition software recorded 240,000 data points at 100kHz on each
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of the three channels. The first two channels measured probe sensor voltages, the third
recorded the voltage of the LED.
Immediately after acquiring all datapoints, the nitrogen was turned off. For accurate fill
height measurement, the video camera was turned off only after the last nitrogen bubble
had passed.
For this work, the sample rate of 100 kHz per channel was excessive. A sampling rate
of SkHz would have provided adequate resolution. However the full resolution of the card
was used as a stress test for future work which will involve smaller, faster moving bubbles.

3.5
3.5.1

Results and Discussion
Comparison of video and probe velocities

Bubbles were selected at random intervals for comparison between video and voltage measurement. Since the process of finding the bubble on the video and calculating the velocity
was performed manually, a limited number of bubbles were compared.
Figure 3.7 shows a typical bubble approach. The velocity is calculated using the leading
edge of the bubble interface. The scale seen in the images is in millimeters. The velocity
predicted from the video is:

Vooi =

1.712 m-1.705 m
_
s
0 0333

= 0.240 mis

(3.8)

Measurements were only taken when a clearly defined interface exists. For example, in
Frame 1435 (Figure 3.7) the location of the bubble interface is not clear. Therefore only
Frames 1433 and 1434 were used for this calculation. Normally, bubble velocity was calculated using up to four video frames before the bubble impacts the probe. Measuring the
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distance over a longer time span reduces error.
The probe and video velocity are compared in Figure 3.8. The data doesn't have a
specific trend however, the curves should be close together and parallel. In general, the
measured velocities agree fairly well, especially for the One-wire needle. Bubble velocity determined by video was not as accurate as hoped due to the ever changing bubble
interfaces.
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3.5.2

Comparison of probe performance

The raw data for each of the probes was analyzed with a custom suite of software calted
bubble_wrap. The bubble_wrap software is written in PERL and is freely available from
the authors under the GPL license at sourceforge.net. The bubble_wrap suite implements
the theory discussed previously in Section 3.2. Important statistics output by bubble_wrap
are summarized in Table 3.2.
The number of detected bubbles is a basic way to compare probe performance. The
One-wire and Two-wire probes detected the most bubbles. These probes had a smalt sensor
distance and so this result was anticipated. The Big-probe detected fewer bubbles due to
its comparatively large sensor spacing and size white the Ultra-smalt detected the fewest
bubbles.
The primary explanation for the poor performance of the Ultra-small probe is its low
signal to noise ratio (SNR). The SNR is calculated from the histogram data in Figure 3.3
using the lead sensor

s1

of the probes. The voltage signal of the probe is the difference

between the mean voltage of the gas peak and the mean voltage of the liquid peak. The
signal noise is simply the variance in the liquid signal. It is calculated as the difference
between the upper and lower liquid voltage thresholds. The SNR generalty decreases with
sensor diameter. The Ultra-smalt probe has an undesirably low SNR.
The maximum bubble interface velocity

Vmax

measured by each probe are quite differ-

ent. Two-wire, the probe with the smaltest sensor distance predicts the largest

Vmax

=

6.615 mis. Big-probe, the probe with the largest sensor distance measured the lowest
Vmax

= 0.682 mis. In general,

Vmax

is proportional to the probe sensor distance. The tech-

nique used for determining bubble velocity in this work only measures the speed of the
leading edge of the gas-liquid interface. Probes with smaller sensor distances will be more
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likely to detect the near instantaneous fluctuations of the interface shape rather than the
actual bulk bubble velocity.
Table 3.2: Probe measurements and statistics
Test name

Bubbles

ii

Vmax

Vmin

(mis)

(mis)

(mis)

s

SNR

Eg1

Egz

One-wire

218

0.187

1.246

0.128

0.141

5.39

0.043

0.0331

Two-wire

213

0.303

6.615

0.141

0.504

6.06

0.035

0.0324

Big-probe

161

0.200

0.682

0.169

0.080

12.2

0.037

0.0193

Ultra-small

148

0.494

3.961

0.207

0.465

1.11

0.020

0.0218

High sensitivity to interface fluctuations is a drawback because abnormally high readings skew the mean velocity ii to higher values. The magnitude of the effect is clearly seen
in the bubble velocity standard deviation S. The Two-wire probe has S

= 0.504 which is

166% of the mean velocity. In comparison, Big-probe has S = 0.080 which is only 40% of
the mean velocity. Probes with a small sensor distance may do well to use Equation (3.4)
to calculate the velocity. This technique uses the bubble dwell time to calculate velocity.
The local gas hold-up predicted by the first sensor of all the probes is fairly consistant
with the exception of Ultra-small. Ultra-small seems to under-predict the local gas holdup. The second sensor of the Big-probe spends the least time in the gas phase. This may
contribute to the lower number of bubbles detected by the big probe. The void fraction
measured by the second probe sensor is typically lower even in literature (Herringe and
Davis, 1976; Xuereb and Riba, 1995). For this reason, the second sensor is used strictly for
bubble velocity measurement.
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The global gas hold-up was determined using the change in liquid level from the video.
Eg

= 0.018 ±0.002

With the exception of Ultra-small, all probes measure a higher local gas hold-up. This is
a reasonable result since the probe was placed at the center of the water column where the
gas concentration should have been the highest.

3.6

Conclusions

The discovery that the signal to noise ratio (SNR) is an important factor to probe performance is an original contribution of this work. Theory suggests smaller sensors should be
the most precise, however signal noise had a larger effect on the smaller diameter sensors.
The probe with the smallest diameter sensors performed dismally.
The two intermediately sized probes, Two-wire and One-wire needle, shared similar
sensor diameters. They also shared a similar SNR and detected approximately the same
number of bubbles and local gas hold-up. They also shared a common problem: they measured across such small distances that they were able to detect turbulent bubble interface
fluctuations. These near instantaneous changes in bubble interface velocity are not representative of the bulk bubble velocity which is the desired measurement. Improvements
could be made if velocities were calculated using an alternative method. Use in bubbly
flows where the bubbles are smaller and have a consistent spherical interface would also
improve the measurement quality.
The Big-probe performed well, detecting nearly as many bubbles as the other smaller
probes. The good SNR and longer sensor distance made the probe readings of bulk bub-
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ble velocity very reliable. This probe is physically robust, very simple to fabricate, and
generally a good choice for measuring the fairly large bubbles found in this study.

Chapter 4
Modeling theory for gas-liquid systems
There are many approaches to using Computational Fluid Dynamics (CFD) to model gasliquid flows. Sorne of these techniques may be more applicable to the PLR than others.
Therefore a review of the different techniques is in order. However before one can truly
evaluate the CFD techniques, a good understanding of the physical fluid dynamics in the
PLR is needed. Therefore this chapter first covers the physical fluid dynamics in the reactor,
then moves on to CFD techniques. As always, review articles are an excellent point from
which to start learning about any topic.
Perhaps the largest, most comprehensive review of gas-liquid reactor fluid dynamics,
design and modeling was presented by Joshi (2001). Joshi summarized the last thirty years
of multiphase computational modeling. Particular emphasis was given to newer developments which have emerged over the past decade. Formulations of the governing equations
are discussed as are drag terms, turbulence modeling, and heat transfer. Population balances are mentioned as well. A list of authors with details of the modeling work they have
accomplished gives an excellent starting point for further research.
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The Fluent documentation is another excellent reference (Fluent, 2003). The documentation provides an excellent review of the capabilities present in their CFD solver. Flow
equations, discretization techniques, boundary conditions, convergence criteria, applicability of different flow models, and tips for convergence are just a few of the topics covered.

4.1

Fluid mechanics of a PLR

Many authors freely admit (Lefebvre and Guy, 1999; Hagesaether et al., 2002; Mouza et al.,
2004; Pfleger and Becker, 2001) that the fluid dynamics theory is not well understood for
complex multiphase flows. Since it is known that the theoretical predictions can be unreliable, the key to success in this work hinges on a physical understanding of what happens
inside the PLR. This physical understanding, accompanied by what is known about gasliquid flow theory, will enable a successful description of the PLR for industrial purposes.
The following paragraph summarizes what happens inside the PLR during normal steady
state operation.
Air (0.0043 kg/s) is fed ta a plasma torch where it gains 27 kJ/s of energy. The supersonic plasma jet then contacts the liquid phase and is tom apart by bath turbulent and
shear forces. The bubbles which form, range in size from hundredths of a millimeter up to
approximately six millimeters. The superheated air in the bubbles vaporizes a considerable
amount of water. These bubbles reach thermodynamic equilibrium with the liquid phase
(4.4 atm abs, 415 K) as they rise in the central section of the apparatus known as the "draft
tube." The gas fraction in the draft tube can be as high as 90%. The gas bubbles continually collide, form larger bubbles, then are ripped back apart in a process known as bubble
break-up and coalescence. Once the bubbles reach the surface, most break and release their

CHAPTER 4. MODELING THEORY FOR GAS-LIQUID SYSTEMS

37

contents. Sorne very small bubbles never reach the surface and are pulled back down by the
recirculating liquid to make another journey through the draft tube. The gas concentration
in the downcomer is very low however, so the bubble recirculation does not play a large
role.

4.1.1

Momentum transfer

Liquid recirculation inside the PLR occurs as a result of momentum transfer between the
gas phase and the liquid phase. Bubble motion is determined by the force balance shown
in (4.1) which is derived from Newton's second law I,F = a(~v).
(4.1)

The forces are listed in approximate order of importance, however certain forces may becorne more important under specific conditions. The primary forces at work include a body
force known as buoyancy Fs and its primary opposition, the drag force F 0 . It is through
the drag force that most of the momentum is transferred to the liquid phase. These forces
typically dominate by orders of magnitude over the others. Additional forces include the
virtual mass force F v, which accounts for additional bubble inertia resulting from the small
volume of liquid entrained with the bubble, and the force of gravity Fa, on the actual bubble mass. Other forces include the Bassett history force FH, lift forces FL, and forces of
external fields other than gravity FE (Jakobsen et al., 1997; Jakobsen, 2001).
Accurate prediction of these forces will result in correct predictions for the fluid dynamics of the reactor. Each of the forces will be examined in more detail in the following
sections.
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Body forces

Body forces are forces that act at a distance on the bubble. The most common body forces
are buoyancy, gravity and magnetism. Buoyancy (FB) results from a difference in density
between the liquid and bubble. Gravity (F0 ) results from Earth's gravitational acceleration
on the bubble's mass. Electrical attraction between objects, such as between bubbles or the
bubbles and reactor walls, results in an electromagnetic force (FE), For gas bubbles flowing
in the PLR, the effects of gravity and electromagnetic forces are negligible. The buoyancy
of a single bubble in an infinite fluid was defined by Archimedes (Joshi, 2001) as
(4.2)

where Vct is the discrete phase volume and Pc is the continuous phase density.
Drag

There are two types of drag; skin drag and form drag (Geankoplis, 1993). The tangential
force between two bodies is known as skin or wall drag. This type of drag occurs within
the boundary layer at all interfaces. Skin drag is responsible for the pressure drop produced
by a fluid flowing in a long, straight pipe. Form drag is the force that arises when the fluid
outside the boundary layer experiences an acceleration. This occurs when a fluid is forced
to part and so must change velocity (accelerate) to flow around an object. An example
of form drag is the fluid flow outside the boundary layer around a sphere or airfoil. For
multiphase flows, the term drag is used as the sum of both form and skin drag.
To calculate the drag force, a dimensionless drag coefficient CD is often used. The drag
coefficient for flow past immersed objects is defined as
Fo/Ap
CD=--

pv5/2

(4.3)
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where Fo is the experimentally measured drag force, Ap is the frontal area of the body as
projected on a plane perpendicular to the flow, p is the density of the bulk fluid, and vo is the
free stream velocity. The drag coefficient typically varies with shape and Reynolds number,
since these parameters are important to the fluid flow at the boundary layer (Geankoplis,
1993). There are many models which allow one to calculate a drag coefficient for various
flow conditions. It is important to note however, that these relations are not universally
applicable to all flows.
The drag coefficient for a solid particle in an infinite fluid is well known. For bubbles
however, Cn is very dependent on liquid turbulence and surface tension. For example,
when surfactants are present, the bubble surface is more stiff due to the orientation of the
surfactant molecules. These molecules are attracted to both air and water thus inhibit fluid
circulation at the interface. The result is that the bubbles pass less freely through the liquid
phase. Figure 4.1 summarizes the appreciable differences between pure H 2 0 and tap water
which naturally contains some surfactant materials. Note that the differences become much
smaller as the flows become more turbulent.
Another important effect on Cn is the interaction of bubbles or solids rising or falling
through the continuous phase. The drag coefficient predicted by a standard relation such
as Schiller-Naumann (Fluent, 2003) gives results which can be quite different from coefficients for dealing with swarms of bubbles or solids. Chapter 5 is dedicated to discussion of
this important topic. There the details of the drag coefficient proposed by Ishii and Zuber
( 1979) are discussed and implemented into a CFD model of the PLR.
For a single bubble, rising at steady state, the drag force is
nd 2

Fo=Cn /Pc(Vct-Vc)lvct-Vcl•

(4.4)
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Figure 4.1: Drag coefficients versus Reynolds number for bubbles in water
Virtual mass

Bubbles tend to act as though they have a much higher inertia than would be permitted by
their own mass. The reason is that bubbles are actually gas-liquid objects. When a bubble
accelerates relative to the liquid medium, a small amount of liquid around the bubble is
accelerated as well (Joshi, 2001). It is for this reason that the bubble accelerates more
slowly for a given amount of force than expected. The bubble seems to have more mass
than it actually does, hence the name, virtual mass. This force is also sometimes called
the added mass force. The volume of fluid that travels with the bubble is approximately
half the bubble volume, though this value may vary. Milne-Thompson (1968) describe this
force for an inviscid flow by
(4.5)
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The coefficient Cv corresponds to the volume fraction of the liquid that is accelerated with
the bubble. For higher Reynolds numbers, Odar and Hamilton (1964) obtained
(4.6)
where the acceleration modulus Cam is

C

_ 2rctéWct

am -

As the volume of the gas Vct
as equation (4.5). As Va---+

---+
00 ,

y2
d

at .

(4.7)

0, the above equation will eventually give the same result
the force eventually becomes twice that given by equation

(4.5). Typically, the virtual mass coefficient is 0.5 for rigid, spherical particles (Drew et al.,
1978). Cook and Harlow (1986) used 0.25 bubbles in water. Homsy et al. (1980) assume
the coefficient is a fonction of gas hold-up and is given by

C _ 3-2ac
V 2CXc

(4.8)

If the density of the continuous phase is much greater than the density of the discrete phase
Pc

»

Pct, then the virtual mass force may not be negligible. Note that this force is only

important when the discrete phase is undergoing acceleration. The effect of the additional
mass is to dampen bubble acceleration.
Lift

There are three lift forces typically cited in the literature (Jakobsen, 2001). These are the
Magnus, Saffman, and transversal lift forces.
The Magnus lift force applies to bubbles which have an initial rotation. This rotation causes an uneven pressure distribution around the bubble causing a lateral force. The
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Saffman lift force acts on a bubble that is not rotating. Rather the shear between layers
of the liquid phase cause a lateral force. The transversal lift or turbulent wake force is a
result of deformed, non-rotating bubbles in a shear flow. Because of their geometry, these
bubbles have an off-axis wake which creates a lateral force.
In laminar flows the Saffman force can be an order of magnitude greater than the Magnus force. For turbulent flows, measurements of these forces are improbable since bubbles
are displaced to a much greater extent by turbulent eddies (Jakobsen, 2001). Thomas and
Sullivan (1983) has formulated an average model which include the effects of all three
variants of the lift forces. The expression is

(4.9)
A formulation for each individual force does exist. Jakobsen et al. (1997) give an more
detailed description of these forces. Further discussion is omitted because these forces are
typically very small and are negligible in the PLR.
Basset history
The bubble inertia is controlled by the virtual mass force. The quantity and the location
of the virtual mass, which is roughly behind the bubble, must adjust itself to the bubble
acceleration. The resulting effect is the Basset History force. This force takes into account
the recent past of the bubble evolution. It may have some importance for some details of
the flow at the bubble scale and characteristic turbulent vibration frequency. More information is available in literature, however its effect is negligible and certainly not worth the
considerable effort required to implement.
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4.1.2 Flow Regime
The concept of a flow regime is often used to describe the state of the fluid dynamics in
air-liquid reactors. The terminology varies somewhat, however industrial air lift flows
typically fall into either the homogeneous or heterogeneous regime (Mouza et al., 2004).
The homogeneous regime, sometimes referred to as bubbly flow, is characterized by a
fairly uniform bubble size distribution. This flow regime occurs at lower superficial gas
velocities and is generally desirable for gas-liquid reactors because of it's high interfacial
contact area (Mouza et al., 2004). Joshi (2001) find typical superficial gas flow rates of
homogeneous flows are in the 50-80 mm/s range. The heterogeneous flow regime, also
referred to as the chum turbulent regime, has a wider bubble size distribution than the
homogeneous flow and typically occurs at higher gas velocities. A defining characteristic of
the heterogeneous or churn turbulent flow is that larger bubbles entrain orders of magnitude
smaller bubbles in their wakes (Ishii and Zuber, 1979). The churn turbulent flows have high
turbulence intensities of 15-40% compared to single phase pipe flows which fall in the 410% range (Joshi, 2001). The actual flow regime depends heavily on the reactor geometry,
operating conditions, material properties and sparger geometry (Mouza et al., 2004 ).
There are other flow regimes discussed in literature. For example, Stokes flow occurs
when small bubbles rise in still fluids (Ishii and Zuber, 1979). Free surface or separated
or stratified flows occur when the two phases are largely separate as in a tank sloshing
problem. Transitional or slug flows occur when very large bubbles occupy portions of
the flow. These other flow regimes typically do not occur in the PLR and so will not be
discussed further.
Qualitative tests in a transparent quartz reactor at atmospheric pressure offer a glimpse
of the flow inside the PLR. The flow in and after the draft tube is extremely turbulent,
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with a very high gas fraction (30-90% ). Typically such a flow would be considered churn
turbulent (Ishii and Zuber, 1979). In truth, the flow could be compared to a foam. In
the downcomer there is a low concentration of spherical bubbles which are continuously
recirculated. This portion of the flow is homogeneous.
lt is interesting that Figures 4.1.2 and 4.1.2 show no bubbles in the vicinity of the plasma

torch. Perhaps this is a region where hot gas jet has not yet disintegrated in to a bubbles?
A better explanation becomes clear after considering the photo was taken with an exposure
time of 1/60s. Coincidentally, this was the same exposure time used in the photographie
study discussed in chapter 5. Remember the particle streaks in Figures 5.2 and 5.3?
lt is qui te likely that the bubbles in the region between the plasma jet and the base of the

draft tube were traveling too fast to obtain a sharp imaged. The lack of a sharp boundary
makes the bubbles seem to disappear. Other photographs taken under more controlled
conditions gave a similar effect. A low velocity air flow was photographed using various
exposure times. When the camera exposure was set too long, for example one second, the
bubbles did not appear in the photograph.
Another interesting aspect of the photographs in Figures 4.1.2,4.1.2, and 4.1.2 is that
the bubble size tends to increase with distance from the plasma torch. This seems reasonable since bubble coalescence and breakup should play a role with bubbles in such close
proximity.

4.1.3

Breakup and coalescence

Bubble breakup occurs when a gas bubble is split into two or more parts. Turbulent eddy
breakup is the theory normally used to describe the process. lt occurs when a turbulent
eddy encounters the bubble and splits it into two or more parts. The eddy must be approxi-
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Figure 4.2: Plasma in a transparent PLR at atmospheric pressure. Exposure time 160 s
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Figure 4.3: Transparent reactor near plasma torch. Operating pressure = 1 atm, photo
exposure 1/60 s
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Figure 4.4: Transparent reactor near top of draft tube. Operating pressure = 1 atm, photo
exposure 1/60 s
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mately the same size as the bubble as large eddies simply convect the bubbles to a different
location. The eddy must also have sufficient energy to overcome the surface tension of the
gas-liquid interface.
Coalescence occurs when two or more bubbles collide. Dependant of factors like contact time and angle, the bubbles will combine to form a single larger bubble. The bubbles
may also rebound if the factors are not conclusive to coalescence.
The most common method of modeling these events is through kernel fonctions that
are terms in a population balance model. Normally only binary events are considered for
simplicity. A binary event is one where two bubbles coalesce or one bubble breaks to two.
Various researchers have developed equations which predict if a bubble will breakup or
coalesce. For example, Luo and Svendsen (1996) created a kernel for bubble breakup and
Prince and Blanche (1990) have created a model for bubble coalescence. These kernels are
often used together in the literature.

4.1.4

Thermodynamics and chemical reaction

Thermodynamics plays an important role in the PLR during plasma operation. A considerable amount of water is vaporized which creates high superficial velocities in the draft
tube. For simplicity, most of the experimental and CFD work presented in this thesis deals
with a simple air jet and cold flow conditions. Thermodynamics should play arole in future
work. Initially, CFD models could still be isothermal (section 4.2.5), as long as a method
was found to calculate the total gas flow rate.
The PLR is fully instrumented and so accurate energy and mass balances are possible.
These balances are useful in approximating the volumetric flow rate of gas in the reactor.
More details on the balance are included in section 5.4.6. Once calculated the gas + vapor
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flow rate could be used for the CFD model inlet boundary condition. This technique would
allow a more simple CFD model to be used while realistically portraying reactor flow
conditions.
Chemical reactions certainly take place in the reactor when treating contaminated solutions. However this work focused on the hydrodynamic behavior and so air-water or
plasma-water were the only materials used. No chemical reactions were studied.

4.2

CFD modeling techniques

4.2.1

Navier-Stokes

Most models used in CFD today, are based on the Navier-Stokes equations. These fondamental models for Newtontian fluids are developed from Newton's second law. There are
four perspectives which may be used to derive the Navier-Stokes equations. These give
the four different forms including the integral conservation, the differential conservation,
the integral nonconservation, and the differential nonconservationform. Figure 4.2.1 summarizes the continuity equations for each form. Ali four formulations are mathematically
equivalent, however each has benefits and drawbacks for numerical solution. Numerical
solution is necessary in ail but a few special cases. The integral conservation form is considered the "most fondamental" because they do not assume any sort of continuity. However the differential conservation form seem to be more easily implemented for real CFD
solutions (Anderson, 1995).
Figure 4.2.1 shows two frames of reference, the Eulerian and the Lagrangian. In the
Eulerian frame of reference mass and momentum are balance across a fixed framework of
control volumes. The Lagrangian reference frame is the exact opposite. A fixed volume of
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fluid is tracked through the computational domain. This importance of this difference will
become evident in section 4.2.4.
The Navier-Stokes equations balance mass and momentum. They are capable of a
complete description of the flow of any Newtonian fluid. The continuity equation for single
phase flow in conservation differential form is
(4.10)

The momentum balance is

a~v) +V. (pvv) = -Vp +V, Cr)+ pg+F,

(4.11)

where î is the stress tensor and pg and F are the gravitational body force and external body
forces respectively.
The stress tensor t is given by
(4.12)
where µ is the molecular viscosity, / is the unit tensor, and the second term on the right
hand side is the effect of volume dilation.
After discretization, this system of equations could be solved numerically. However
for the simulation to be successful a very fine mesh would be necessary to resolve the
instantaneous velocity fluctuations present in most flows. These fluctuations have very
small time scales but are known to exist and can be measured with techniques like hot wire
anemometry (section 2.2.2). The term usually used to refer to these instantaneous velocity
fluctuations is turbulence.
This is the problem with direct numerical solutions (DNS) of the Navier-Stokes equations. The both the time step and computational mesh must be very fine to resolve the very
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small, yet important, instantaneous velocity fluctuations. Thus the technique requires huge
amounts of computational resources.

4.2.2

Averaging the Navier-Stokes equations

The Navier-Stokes equations may be averaged over time. This reduces the computational
expense. Unfortunately new unknown variables are introduced by the averaging which
require additional models to close the system of equations. For example, the velocity u in
the X-direction from the Navier-Stokes equations is broken into mean and instantaneous
components.
(4.13)

Turbulence models such as the well known k- ê closure for the additional variables created
in the time averaging.

4.2.3

Single fluid models

The simplest models for simulating multiphase flows are the so-called single fluid models.
These models solve one mass balance (continuity) equation and one momentum equation.
Since only one set of balance equations is used, they are referred to as single fluid models.
Volume Of Fluid

The Volume Of Fluid (VOF) model solves a single set of momentum and mass balance
equations. The phases in a VOF model are not interpenetrating. For the PLR, this means
that each cell has either liquid or gas. Multiple computational cells must be used to model
a single spherical bubble. If these bubbles are very small, then a very fine grid must be
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used to resolve the bubble shape accurately. The VOF technique becomes computationally
expensive for cases like the PLR with small bubbles in a fairly large vessel. Certain efficiency gains are made by some techniques that allow for cells to have part of the cell be
liquid or gas to better model surface of the interface.
An advantage of he VOF is that it does not require a drag coefficient for closure in the
momentum balance. For this reason VOF models have been used to obtain fondamental
information on bubble behavior. For example Krishna et al. (1999) modeled the rise and
interactions between two cap type bubbles
In engineering practice, the volume of fluid (VOF) approach is mostly limited to free
surface flows where the interface of two largely separate fluids is of interest (Fluent, 2003 ).
Tank sloshing or bulk flow through reactor internais represent typical applications of the
VOF model (Raynal and Harter, 2001).
Mixture

The mixture model solves a single set of equations for the mass and momentum balance.
An important difference from the VOF model is that the mixture model assumes the phases
are interpenetrating. This means that the grid does not have to be fine enough to physically represent the discrete phase. The grid only has to be dense enough to model the
major flow features important to the primary flow. These courser grids require much less
computational time.
There are some drawbacks to the mixture model. The first is that because the phases are
considered interpenetrating, the diameter and shape of the secondary phase is nota fonction
of the flow, but specified by the user. The problem of calculating the slip velocity between
the primary and secondary phase or phases is solved by using an algebraic slip fonction.
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4.2.4 Multifluid models
Multifluid models solve a set of mass and momentum balance equations individually for
the primary and secondary phases. The two multifluid models available in Fluent are the
Eulerian model and the Discrete Phase Model (DPM). The Eulerian model is an EulerEuler formulation, meaning that a set of equations developed using the Eulerian perspective
are solved. The Eulerian perspective is based on a fixed grid or conservation form of the
governing equations. The DPM model is a Euler-Lagrange formulation. Thus, a fixed
grid perspective is used for the primary phase and secondary phases use a Lagrangian
formulation. The Lagrangian formulation is a nonconservation or particle tracking form of
the governing equations.
The Discrete Phase Model

The Discrete Phase Model provided by the Fluent solver, is a Euler-Lagrange multiphase
model. Continuity and momentum equations developed in the Eulerian (fixed) frame of reference are solved for the primary phase. A second system of equations that were developed
using the Lagrangian (fluid tracking) perspective are solved for each secondary phase.
When the secondary phase becomes concentrated, such as at gas fractions above 10%,
bubble interactions become important. At this point, the Lagrangian method becomes very
computationally expensive (Lehr et al., 2002). Fluent.Inc recommends the Euler-Lagrange
models not be used above agas holdup of a= 10% (Fluent, 2003).
The Eulerian model

The Eulerian model provided by the Fluent sol ver is an Euler-Euler formulation. Continuity and momentum equations formulated using the Eulerian perspective are solved for the
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primary phase and all secondary phases. Each phase is considered to be interpenetrating.
As with the Mixture model, the user must specify the diameter of the secondary phases.
This diameter is used along with material property data and any external body force information (gravity) to calculate the momentum exchange between the two phases.
One weakness of the Eulerian model is that it requires an accurate drag coefficient to
provide closure to the interphase momentum exchange. Another disadvantage is that it is
more computationally expensive compared to the Mixture model.
Details of the Eulerian model, including constitutive equations and closure terms are
given in section ?? .
Model choice

The Eulerian model is the clear choice though the VOF model is intriguing because it does
not need a drag coefficient. The problem is that it requires such a huge computational grid
which makes compute times prohibitive. The Eulerian model offers more accuracy and
freedom than the Mixture model. Things like mass transfer between phases is possible in
the Eulerian model. These features do have a price, since more equations need to be solved
the calculation time will increase. The DPM model is not an option since gas fractions will
be above the 10% mark and particle-particle interactions will become important.
Most authors working with bubble columns use the Euler-Euler formulation. For example Deen (2001); Dudukovic (2002); Chenet al. (2005); Jakobsen et al. (1997) and Olmos
et al. (2001). ln theory, both Euler-Euler and Euler-Lagrange should give identical results.
Sokolichin and Eigenberger (1994) compared the two approaches.
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Solving complex problems

In CFD modeling the trick is to always start with a simple but adequate model. Once
reasonable results are obtained, complexities (more nonlinear equations) are added until the
model bas achieved the desired accuracy. The reason for the step-wise approach is that we
are attempting to salve a large number of nonlinear differential or integral equations. The
larger the number of equations to be solved at once, the lower the probability of success.
Therefore, sometimes the only way to salve a complex problem is to first find a rough
approximation of the flow, then starting from that intermediate step, add more complex
models to reach a final solution.

Chapter 5
CFD modeling and lab measurements
This article details the hydrodynamic optimizations to the recirculation rate in the PLR.
Laboratory tests were the primary vehicle for finding the optimum values. A CFD model
is also developed to predict flow behavior. The CFD model can be used in future optimizations or other hydrodynamic studies. An important feature of the CFD model is the
implementation of a custom drag coefficient by lshii and Zuber ( 1979) for improved agreement with laboratory measurements. The CFD model and much of the lab work are based
on coldflow isothermal conditions. Sorne plasma operating data is presented.
This work bas been accepted for publication in the Canadian Journal of Chemical Engineering. The citation information includes:
Munholand, L., P. Quintal and G. Soucy.

"A hydrodynamic study of a plasma - lift

reactor," Canadian Journal of Chemical Engineering [ Feb.

2006) .

Philippe Quin-

tal is included as a co-author because some of his experimental data (the photographie technique)
was used in the article.
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Introduction

A Plasma-Lift Reactor (PLR) is a new type of reactor designed for the removal of organic contaminants from aqueous solutions. The reactor, shown in Figure 5.1, consists of a submerged plasma
torch, a draft tube, and an outer pressure vesse!. Large amounts of gas bubbles from the torch rise
up the draft tube causing the liquid phase to recirculate. Organic contaminants are broken down
by the high temperature and ultra-violet radiation of the plasma (Poirier, 2001).

The PLR may

.---• Vapor
.L
_
and

=

gases

229mm

-Sighttube
SupportDraft tube
ID= 49.2 mm
L = 461 mm

Bottom section
ID= 102 mm
L = 431 mm

Submerged plasma
-Window

t

Plasma torch orifice ID

= 5 mm

Figure 5.1: The Plasma-Lift Reactor
be used to treat a variety of aqueous waste streams. It has been successfully tested on black liquor
by Yargeau (2002), cyanide leachates (Boulanger, 1999; Fortin, 2000), and for the degradation of
organic materials in Bayer liquor (Poirier, 2001; Quintal, 2002; Robitaille, 2002).
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This is the first study to optimize PLR hydrodynamics. The main goal was to maximize the
liquid recirculation rate. Recirculation rate was targeted because the high temperatures needed for
the degradation reactions are found only very near the plasma jet. Since the reaction rates are
relatively high, the efficiency of the process depend on the amount of contact the organic materials
have with the high temperature zone of the plasma.
Flow optimization was achieved through laboratory tests of various reactor geometries and operating conditions. A second goal was to develop a simple Computational Fluid Dynamics (CFD)
model. This model would be useful in predicting the PLR flow behavior with particular emphasis
on the recirculation rate. Finally, the laboratory optimization was validated in tests of the PLR's
ability to decompose organic contaminants in Bayer liquor.

5.2

Experimental

Previous attempts at measuring recirculation flow velocities met with limited success. Boulanger
( 1999) used a Doppler effect ultrasonic flow meter to measure the downward recirculation velocity. However the concentric tube arrangement with opposing flow directions allowed only order of
magnitude results. Poirier (2001) attempted measurements with a turbine flow meter, however the
presence of gas bubbles in the recirculating flow caused excessive variability in the results.
Researchers working with multiphase reactors have developed a wide range of techniques to
measure flow velocities (Boyer et al., 2002). However many of these have drawbacks when applied
to a PLR. Modem techniques such as Laser Doppler Anemometry (LDA) and laser-sheet illuminated
Particle Image Velocimetry (PIV) are difficult to implement in the PLR because of limited optical
access to the device. The two small quartz windows which appear in Figure 5.1 have a diameter of
only 59 mm. In addition, a laser would be unable to traverse the flow as the draft tube blocks the
view between the windows. Modifications could be made to the reactor geometry to accommodate
these laser based solutions, however other technologies like tracer techniques, hot-film anemometry
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and photographie methods are more cost effective. A typical tracer technique uses two probes to
measure the rise in fluid conductance after a small volume of acid or sait solution is injected (Loh
and Liu, 2001). However since the PLR was often used to treat caustic solutions, residues from
previous tests could make a jump in conductivity difficult to detect. Another innovative tracer
technique replaces the injection with a thermal pulse from a small heating element. This thermal
technique would work well for cold flow tests. For tests with plasma, the heat pulse would be in
competition with the thermal plasma torch. Hot-film anemometry is also based on heat transfer and
so would be most useful for cold flow tests. After surveying the many possibilities, measurements
were made using a simple photographie technique.

5.2.1

The photographie technique

Severa! grams of polypropylene spheres with diameters ranging from 0.425 to 0.590 mm were added
to the reactor reservoir. The particles had a density of 0.950 kg/m 3 which is negligibly Jess than
the 0.998 kg/m 3 of water at 293 K. These particles can safely be assumed to flow at the same
velocity as the liquid phase because the dimensionless Stokes number St is much Jess than unity
(St

<<

1) (Fluent, 2003). The value St

293 K and E

= 0.0013

= 2.09 x 10- 5

was calculated using material properties at

m 2 /s 3 . The Stokes number is defined as
(5.1)

where the Kolmogorov length scale ri is
(5.2)
'tJ

= ~d; / 18µ is the relaxation time for the discrete phase particle.

'te

= /µle is the Kolmogorov

time scale. The kinematic viscosity of the continuous phase is µc, the ratio of the particle to liquid
density ratio is ~. the particle diameter is de, and the turbulent energy dissipation is
Keswani, 2004).

E

(Collins and
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Photos of the white particles were taken through a view port at the base of the reactor using a 35
mm SLR camera with an exposure time of 1160th of a second. This exposure was long enough for
the tracer particles to leave a measurable streak on the film. The length of this streak was measured
using the scale included in each photograph. The axial velocities were calculated using the known
time and distance traveled. At this location in the reactor, axial flow strongly dominates.
Three photos were taken during each test. Ten particles from each photo were measured giving
a total of thirty velocity measurements per test. Typically fourteen tests were performed at different
specific gas velocities to characterize a single change in the reactor geometry. For example, 420
particles were measured to obtain the experimental velocities presented in Figure 5.6. Photos representative of high and low recirculation velocities appear in Figures 5.2 and 5.3 It is important to
keep in mind these photos have been resized for publication and do not have the same quality as the
originals. The original photos were quite clear and more than adequate for this work.

Figure 5 .2: Low recirculation velocity.

CHAPTER 5. CFD MODELING AND LAB MEASUREMENTS

62

Figure 5.3: High recirculation velocity.

5.2.2

The conductive needle probe technique

Local measurements of gas fraction and bubble velocity were perfmmed using double sensor conductive needle probes. The measurements were all taken 10 mm from the top edge of the draft tube
at two locations on the diameter. Measuring from the draft tube center, one probe was placed at
on-axis at 0 mm, with another placed off-axis at 14.6 mm. The draft tube inner diameter is 49.2
mm. An additional probe was placed in the recirculating zone at the base of the draft tube. However
this probe failed to measure any gas hold-up due to the extremely small bubble sizes and very low
hold-up as confirmed visually through the view ports. The signal processing algorithm and other details of this the approach used in this work are discussed in detail by Munholand and Soucy (2005).
However, a brief introduction follows.
A double sensor conductive probe has two sensors

s1

and

s2

separated by a distance ds. Each

sensor is attached to a voltage source and submerged in a conductive fluid. The fluid completes an
electrical circuit as shown in Figure 5.2.2. When a gas bubble passes the probe tip, the circuit is
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broken and the sensor voltages drop one after the other. A typical voltage signal for a single bubble
appears in Figure 5.2.2. After determining voltage thresholds, the voltage data generated by the
probe's sensors can be used to directly calculate bubble velocity and the local gas hold-up.

The

Probe

+
=
D

•

Figure 5.4: Double sensor needle probe example setup. Dotted lines denote probe contact
with bubble. Corresponding signal appears in Figure 5.2.2.
bubble velocity along the probe axis is often calculated by Equation (5.3) (Xuereb and Riba, 1995;
Dias et al., 2000; Kataoka et al., 1986).

ds

Vb=--

ts2 - ts1

The variable

vb

(5.3)

is the bubble velocity, ds is the sensor distance, and t81 , t82 are sensor contact times

for the tip sensor s 1 and the second sensor s 2 .
The gas fraction at the probe location can measured as well. The volume fraction of gas in the
liquid is
ag

Vg

= -½otal

(5.4)
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Figure 5.5: Example of a double sensor conductive needle probe signal for the passage of
a single bubble.
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Vg is the volume of gas and V1otal is the total volume of liquid and gas. Since there is no volume
information available from a needle probe, the local gas fraction at any position x is derived from
the sum of the sensor time in the gas phase divided by total test time (Xuereb and Riba, 1995).
C.Xg(x)

5.2.3

=

lim
t-+oo

L ftotal
fgas

(5.5)

Test conditions

The continuous liquid phase recirculation was maximized through laboratory experimentation. Tests
were performed on various draft tube lengths, positions, the inlet gas flow rate, operating pressure,
and reactor fill volume. The reference configuration of the reactor is summarized in Table 5.1.
All test conditions are summarized in Table 5.2. The reference configuration is a specific set of
operating conditions and reactor geometry thought to give reasonably high liquid recirculation. It is
used as a reference with which to compare other results.
Except where specified, the reactor was filled with tap water and the plasma torch was not
energized. Using the plasma torch as a simple air jet allowed a wider range of gas flow rates
to be tested. When illuminate, the plasma torch is stable only under a narrow range of inlet air
flow conditions. Tests were run at ambient temperatures in place of the normal 423 K liquid bulk
temperature for the plasma process. Flow data obtained using these simplified conditions should
correlate very well with Bayer liquor tests because the Bayer liquor viscosity at 423 K is similar to
that of water at 293 K. Final tests were run using Bayer liquor under plasma process conditions to
test organic material degradation.

5.3

CFD model

A two dimensional, axis symmetric, unsteady state CFD model was developed using a multiphase
Reynolds averaged Euler-Euler approach. No thermodynamics were included and only two phases
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Table 5.1: Reference configuration
Parameter

Value

Length of draft tube

568mm

Space between base & tube

25.4 mm

Reactor fill volume

15L

Operating pressure

1 atm (abs)

Table 5.2: Test conditions
Parameter

Value

Air flow

10 - 400 L/min

Length of draft tube

568,461 mm

Space between base & tube

38, 25.4, 13 mm

Reactor fill volume

18 L, 15 L, 12 L

Operating pressure

1 - 4.5 atm (abs)
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were modeled. All phases were modeled using material properties at 293 K. The continuous phase
was modeled as water and the discrete phase was modeled as air with a uniform spherical bubble
diameter of 4 mm. The bubble size of the discrete phase was estimated from photographs taken
of a transparent version of the PLR. This estimate was confirmed using a correlation by Wilkinson
(1991) for estimating average bubble size in bubble column reactors. Finite volume discretization
was used on a 34,776 cell axis symmetric mesh of quadrilateral cells. No cell in the mesh has an
edge longer than 2 mm or a aspect ratio greater than 1:4. The axis symmetric continuity or mass
conservation equation for the continuous phase c was

The mass conservation for the discrete phase has an identical form, but with the subscripts c and
d exchanging places. For legibility, the momentum conservation equations are presented without

phase designating subscripts. However momentum conservation equations were still solved for each
phase. In equations (5.7) and (5.8) variables p µ Vx Vr correspond to Pc µc Vx,c Vr,c for the continuous
phase and Pd µd Vx,d Vr,d for the discrete phase. For the axial direction, (x-direction) the momentum
equation was

a

1a

1a

"î""(apvx) + -~(rapvxvx) + -~(rapvrvx) =
ot
r ox
r or
èJap
1
a
[
(
dvx
2
) ]
- - + - - raµ 2---(V-v)
dx
r dx
dx 3
1 d [raµ (dvx
+-+dVr)]
r dr
dr
dx

+ L (Red + rrlcd n

c=I

rrldc) + Fx

(5.7)
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and for the radial direction the momentum equation was

a
1a
1a
-a (apvr) +--a (rapvxvr) + --a (rapvrvr) =
t

r x

r r
+ !l [raµ (avr +
ar
r ax
ax ar

_aap
+

avx)]

:r [raµ (2 ~; - (V •v))]
2 aµ (
) v;
-2aµ-+-- V-v +apVr

r2

3 r

n

where V• v

=

+

r

+ L, (Red+ med e=l

+ 7 is the divergence of velocity.
n

n

e=l

e=l

(5.8)

mde)

+ Fr

The phase interaction term is identified as

L Red= L Ked(Vd -ve)
Ked

=

acadPd

(5.9)

[C~fe]

(5.10)

Pdd2
l8µc

The coefficient of drag Cv was calculated using a relation by Ishii and Zuber (1979) as presented in
equation (5.11).

5.3.1

Closure

The Reynolds averaging of the goveming equations creates extra terms for which mathematical
closure is achieved using the realizable k -

E

turbulence mode!. The realizable k -

applied to each phase. Compared to the standard k -

E

E

mode! was

turbulence mode!, the realizable k -

E

mode!

predicts the spread rate of jets more accurately (Fluent, 2003). The interphase momentum transfer
Red

was resolved using the drag coefficient and relations in equations (5.9) and (5.10).

5.3.2

Drag coefficient

Well known relations for Cv such as those found in Clift et al. (1978) were developed for single
bubbles and become inaccurate when applied to high gas hold-up flows. A more appropriate mode!
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for the drag coefficient in bubble swarms was developed by Ishii and Zuber ( 1979). Computational
methods like volume of fluid (VOF) and direct numerical simulations (DNS) can eliminate ail need
for a drag model, but are too resource intensive for this application.
Ishii and Zuber studied the behavior of solid and bubble swarms. They account for particle
liquid interactions in various flow regimes. For bubbly flows, four flow regimes are identified; the
Stokes regime [S], undistorted [U], distorted [D], and chum turbulent [C] flow regimes.
24
Re

[S]

24
Re

[U]

- (1 +0.lRe°-75 )
Cv=
~r

3

6 7 2
{iiip[l+l7.67[f(ad)] / ]

dv <5

18.67f(ad)

(5.11)
[D]

[C]
Equation (5.11) was implemented in its entirety into the commercial solver FLUENT via User
Defined Functions (UDFs) programmed in C. The UDF selected the appropriate regime (usually
[D] or [C]) using the limit criteria discussed in the following section entitled Ranges of application.
There is an altemate version for the distorted regime [D] which is often seen in an abbreviated
form. The more general version is presented in equation (5.11). The void fraction function f(ad)
was defined as
(5.12)
and the Reynolds number was defined using the mixture viscosity µm,
(5.13)
(5.14)
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The variable adm is the maximum packing for particles. Ishii and Zuber recommend adm
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= 1.0 for

bubbles so that was the value used in this work. Other variables are the radius of discrete phase rd,
density of continuous phase Pc, relative velocity v,

= Vd -

Ve,

void fraction of discrete phase ac1,

viscosity of discrete phase µd, and viscosity of continuous phase µc. The difference in phase density
is ~p and a is the surface tension.
lshii and Zuber use the mixture viscosity to help account for the interaction between bubbles
and the continuous phase. The need for a mixture viscosity can be explained by considering a
single particle of the discrete phase. This particle impacts movement to the continuous phase as it
passes through. The continuous phase in turn causes other particles nearby to be displaced. Since
particles are more rigid than the fluid, the resistance to the original particle is higher than that of
the continuous phase alone. The net effect is that the original particle feels increased resistance
which appears as an apparent increase in viscosity. The mixture viscosity is an approximation of
this apparent viscosity (lshii and Zuber, 1979).

Ranges of application
The ranges of application for the Ishii-Zuber model bear some discussion because they are often
omitted in literature, or even given incorrectly. Note that in Ishii and Zuber (1979) there is a typographical error in the article on page 852 in Table 2, entitled "Summary of drag coefficient in
multiparticle system." The error is that the distorted particle regime limit criteria should have 0.11
multiplied (x) instead of added (+) to the ( 1 + 'P) /'!'813 term. The limit criteria is presented correctly
in the body of the article.
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The ranges of applicability for equation (5.11) as given by Ishii and Zuber are
[S] => Stokes regime
[U] => viscous regime

'P)

[D]

+
=> Nµ 2". 0.11 ( 1q,s/
3

[C]

=> chum turbulent,

ad

2". 0.30

The Stokes regime, also known as the creeping flow regime, occurs at Re < 0.1. The viscous, or
laminar regime is typically found at Re< 1000 (Perry and Green, 1984). The viscosity number Nµ,
the non-dimensional bubble radius fonction

'P, and non-dimensional bubble radius Rd are

(5.15)

(5.16)
(5.17)
In general, the viscous or undistorted particle regime [U] is meant to apply to laminar flows
with spherical bubbles. The distorted regime [D] applies where bubbles are larger and no longer
maintain their spherical shape. Note that Cv of the distorted regime is independent of velocity and
is a fonction of radius (r) and gas fraction (ad) only. The chum turbulent regime is defined by Ishii
and Zuber (1979) as the point where some particles become sufficiently large to influence both the
surrounding fluid and other particles directly. When this happens smaller particles may be entrained
in the wake of larger particles. This flow regime requires turbulent flow and occurs at approximately
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Strengths and weaknesses

The CFD model should give reasonable agreement with experimental data without requiring excessive computational time. The Ishii-Zuber correlation for the drag coefficient improved results over
standard correlations in preliminary tests. Despite a customized drag law, the CFD model makes a
considerable simplification by using only one bubble size. In reality, the chum turbulent flow in the
draft tube should have a wide distribution of bubble sizes.

5.4

Results and Discussion

5.4.1

Air flow

The gas flow rates used in this work are higher than those normally used in the study of air-lift reactors or bubble columns (van Baten et al., 2003; Chenet al., 2005; Sanyal et al., 1999; Dhanasekharan et al., 2005). For this reason, new phenomena appear such as a plateau in recirculation velocity
above a superficial velocity of 0.3 mis. Figure 5.6 presents the linear velocity of the liquid in the
descending zone as a fonction of superficial gas flow rate. The superficial gas flow rate in all figures
was calculated using the cross-sectional area of the reactor bottom section (Figure 5.1).
At superficial gas flows in the range of 0-0.3 mis, there is a large increase in recirculation.
Above a superficial velocity of 0.3 mis, lab measurements suggest the flow tends to plateau. With
the exception of the last point, the CFD model agrees that at flow rates above a superficial velocity
of 0.3 mis tend to give little change in recirculation rate. The last point in the CFD data breaks
from the trend of reasonable but low predictions. A possible explanation for this is that at higher
flow velocities bubbles will break up and coalesce much more often due to increased turbulence.
The CFD model is unable to reproduce the bubble sized distribution and so begins to stray from
agreement with laboratory measurements. Future work with population balance models to better
approximate the bubble size distribution could improve the CFD predictions. For now, we observer
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Figure 5.6: Air flow vs. recirculation velocity for reference configuration. Error bars
represent standard deviation.
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the CFD model gives predictions that fall near or within experimental error.
A new plateau phenomena, occurring above superficial velocities of 0.3 mis, was discovered
through experimental measurements. lt is a result of the large gas flow rates which restrict the
volume available for liquid in the draft tube. The result is lower liquid recirculation. This is a factor
that has not been previously considered by most studies which focus on lower gas flow rates (Russel
et al., 1994; Weiland, 1984).

5.4.2

Draft tube length

Two draft tube lengths were tested. The reference tube length was 568 mm while the short tube
length was 461 mm. Figure 5.7 summarizes the difference in recirculation at various gas flow rates.
Since each data set has approximately the same shape, we can compare the mean recirculation
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Figure 5.7: Air flow versus recirculation velocity for short and long (Reference) draft tube
lengths. Error bars represent standard deviation.
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velocity of each set of points. In this case, the short tube has recirculation rates 7% slower than
the reference tube. If only points at a superficial velocity of 0.3 mis and greater are considered, the
short draft tube recirculation rates are 10% lower. At low gas flow rates the difference between the
recirculation rates is negligible. The effect of draft tube length is important for gas flow rates above
a superficial velocity of 0.3 mis. In general, these results agree with those of Russel et al. ( 1994)
and Chisti et al. (1988). The CFD mode! gives data within or close to experimental limits, though it
seems to predict flow rates which are bit low. The exception is the last point which was previously
discussed in section 5.4.1.

5.4.3

Space between draft tube and base

The three spacings between the draft tube and reactor bottom appearing in Table 5.2 were tested.
Results appear in Figure 5.8. At gas flows below a superficial velocity of 0.3 mis, the larger spacing
improves recirculation by 6% over the reference geometry. In tum, the reference geometry gives 7%
greater recirculation over the small spacing. Total velocity difference between the large and small
spacing is 13%. These results agree with data presented by Koide et al. (1988). At gas flows of a
superficial velocity of 0.3 mis or greater, the effect of the different spacings is not clear. However,
a larger spacing would reduce friction and likely permit higher recirculation velocities at higher gas
flow rates. The CFD predictions are similar to those of other tests. Most values are within the low
end of experimental limits. The exception is the last point which was discussed in sections 5.4.1.

5.4.4

Reactor fill volume

The three reactor fill volumes presented in Table 5.2 were tested. The results are displayed in
Figure 5.9 which gives convincing evidence that the fill volume does not play an important role on
the recirculation velocity. The friction factor at the top of the reactor should decrease with liquid
height. However this has been shown to have a much lower influence on recirculation than the
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friction factor at the base of the reactor (Bentifraouine, 1997).
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5.4.5

Reactor pressure

Tests were run at six different pressures ranging from 1-4.5 atm (abs) as specified in Table 5.2. A
low superficial gas velocity of 0.116 mis and a high superficial gas velocity of 0.524 mis were tested
under each of the six pressure settings.

In Figure 5.10 both the low and high gas flow rate give

similar results. Both have approximately 25% lower recirculation rates at 4.5 atm compared to their
respective recirculation rates at 1 atm. Higher pressures reduce the volume of gas in the reactor
therefore diminishing the Archimedes forces which drive the reactor recirculation. The CFD model
did not account for changes in gas density, so no simulations are available.
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5.4.6 Gas fraction
The local gas fraction was measured 10 mm from the draft tube exit using the conductive needle
probe technique. Measurements were made at both cold flow and plasma operating conditions and
are summarized in Figure 5.11. For each data point, several replicate tests were performed. The
disagreement between tests was never more than 5% of the value appearing in Figure 5.11. The
repeatability was good because the probes were fabricated in a consistent manner, measurements
were taken at steady state conditions, and the tests were of adequate resolution (25 kHz) and duration
(4 minutes).
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Figure 5.11: Gas fraction near outlet of draft tube for cold flow at 1 atm absolute. Plasma
operation at 4.4 atm absolute is denoted by

*.

The volumetric flow rate for cold flow tests was simple to measure using a standard variable
area flow meter. The reactor bottom section (Figure 5.1) cross-sectional area of0.0081 m2 could
then be used to determine the superficial velocity.
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Figure 5.12: Gas fraction predicted by the CFD model.
Estimating the gas flow for plasma operation was not so straight forward. A large amount of
energy was added to the system during plasma operation resulting in considerable evaporation of
the liquid phase as well as expansion of the gas phase. An energy balance was needed to obtain the
specific flow velocity which appears in Figure 5.11 for the plasma operating condition. Of the 42.98
kJ/s supplied to the torch, 14.6 kJ/s were lost immediately to the torch cooling water. The air mass
flow to the torch (0.0043 kg/s) transported the rest of the energy (28.38 kJ/s) into the reactor. Most
of this energy went into converting 0.0547 m3 /s of liquid water to saturated steam. This air/steam
mixture flowed at a superficial velocity of approximately 6.8 mis through the bottom section of
the reactor. Convective losses to the environment were nominal at approximately 0.24 kJ/s. The
calculation was based on steady state operation at 423 K and 4A atm absolute.
For superficial flow rates below approximately 0.145 mis, there is quite a bit of published data
(van Baten et al., 2003; Chenet al., 2005) which compares well with lab measurements presented
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here. Very high gas fraction measurements however are seldom found in the literature.
Figure 5.12 contains the gas fraction predictions of the CFD model. The predicted gas fraction
is considerably higher than measured in the lab. The difference between lab and CFD data is more
evident in Figure 5.13. The CFD model predicts approximately twice the gas holdup on the center
axis. The off-axis points match somewhat better as the profile of the lab datais more fiat. It would be
interesting to have measured a third point close to the draft tube wall (at 23 mm from the centerline).
Integration under the curves would then give a better comparison of overall gas holdup.
Gas fraction, bubble size distribution, flow regime, drag coefficient and turbulence are all tightly
linked. It is therefore important to have realistic expectations for agreement between CFD and lab
data. Perhaps the most important limitation of the CFD model presented in this work, is the use of
a single bubble size. In reality there will be a range of bubble sizes. Implementation of a population balance model helps to approximate the bubble size distribution and would likely improve the
correlation with lab measurements. However, even with improved models, it is difficult to obtain
perfect agreement between CFD and lab measurements. Chen et al. (2005) did excellent work with
population balance modeling, however were off by approximately 25% when comparing time averaged gas holdup with lab measurements. Additional limitations of the present CFD model include
the fact that two dimensional axis-symmetric models have known limitations for the prediction of
turbulence and that the theory to precisely predict drag coefficients for complex, high gas fraction
flows simply doesn't exist.

5.4.7

Velocity

The dual sensor needle probes were able to measure the velocity of the bubbles as discussed in
section 5.2.2. These measurements appear with CFD predictions in Figure 5.14. For both lab and
CFD data, measurements of bubble velocity measurements are presented for the on-axis (0 mm)
and off-axis (14.6 mm) test positions. As expected the bubble velocity increases with superficial
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Figure 5.13: CFD and laboratory data for gas holdup.
gas velocity. The CFD model predictions are in relatively good agreement with low superficial
gas velocities, however become less so at higher superficial gas flow velocities. As discussed in
section 5.4.6, CFD results could be improved by using a more advanced model.
An interesting use of the bubble velocity measurements is to compare the two independent lab
measurement techniques. As an example we will work with the lowest superficial flow velocity of
0.044 mis. The on-axis bubble velocity measured by the needle probes was 1.32 mis. The actual
slip velocity between the bubbles and the liquid in the draft tube is unknown. However the CFD
model predicts 0.3 mis. Deen (2001) found a maximum slip of 0.2 mis so the CFD prediction is
similar to other measurements. The estimated liquid velocity is then 1.02 mis in the draft tube. This
corresponds to a volumetric flow of 0.0016 m3 / s. This value should be balance by that obtained
through velocity data from the photographie technique. The recirculation velocity determined by
the photographie technique for 0.044 mis superficial gas flow was 0.218 m/s. Thus the volumetric
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recirculation predicted is 0.0014 m3 /s.
In theory the volumetric flow rate in the draft tube as calculated from conductive needle probe

measurements (0.0016 m3 /s) should perfectly match the recirculation flow calculated from the photographie technique (0.0014 m 3 / s). Agreement is within 17% which is reasonable considering the
approximations necessary to make the comparison.
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Figure 5.14: CFD and laboratory data for air velocity 10 mm from draft tube top.

5.4.8

Organic contaminant degradation

The newly acquired knowledge of the PLR hydrodynamics was putto the test by treating a synthetic
Bayer liquor which was doped with specific organic materials.
Bayer liquor is a highly concentrated caustic solution used to extract primarily gibbsite [Al (OH)3]
from bauxite ore. Organic materials, mostly from decomposed vegetation are extracted with the
gibbsite. These organics eventually decompose to form either sodium oxalate or sodium carbon-
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ate. ln general, the organic contaminants cause the precipitation step of the Bayer process to take
longer, and make a less pure product. This is especially the case for sodium oxalate which acts as
seed particles for the aluminum hydrate crystals.
The PLR is a potential solution to contamination problems for several reasons. One important
reason is that contaminants are degraded in situ without the need for additional chemical treatments.
Equally important, is that no additional carbon is added to the system. This is an important advantage over other technologies such as natural gas bumers. ln addition, the plasma component of the

PLR also offers advantages including strong ultra-violet emissions and possibly improved reaction
kinetics.
The hydrodynamic optimizations were verified using a specially prepared synthetic Bayer liquor.
A fresh batch of liquor was doped in the laboratory with various organic acids which immediately
hydrolyzed as salts in the highly caustic liquor. The tests were run under plasma conditions at 4.4
atm (absolute) using the reference conditions appearing in Table 5.1, and those which gave the minimum recirculation. The degradation was most pronounced for the larger molecules which included
mesaconate, methylsuccinate, salicylate and isophtalate salts. Figure 5.15 summarizes the test results. In the "Minimum recirculation" the middle point seems much too low and is likely explained
by an experimental error. The results for smaller sized organic molecules were nearly identical.
These tests are reproducible and are similar for many different organic materials (Quintal, 2002;
Yargeau, 2002; Boulanger, 1999)

5.5

Conclusions

This study has identified optimum conditions for liquid recirculation velocity in the PLR. Data has
been obtained showing a previously unknown plateau behavior of the liquid recirculation rate at
superficial gas flows above 0.3 mis. This new phenomenon may be an important factor in future
PLR designs.
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Figure 5.15: Degradation of large organic salts.
The PLR was tested on a synthetic Bayer liquor. Organic contaminants in the liquor were
reduced by up to 30% in the 23 minute test. The improved recirculation velocity offered better
contact with the high temperature plasma zone where thermal gradients improve reaction rate. At
higher recirculation velocities the plasma more efficiently degraded the organic materials.
The CFD model gave reasonable data for liquid recirculation which generally fell within experimental error of lab tests. lt serves as a valuable design tool and will continue to be developed. The
model proved less reliable for predicting gas holdup and gas velocity. Future work will improve
accuracy with implementation of a population balance mode! to account for bubble break-up and
coalescence.
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Nomenclature
Cv

Drag coefficent, -

F

Extemal body forces, gravity, N

Kcd

Interphase transfer coefficient,

Nµ

Viscosity number, -

Rd

Non-dimensional bubble radius, -

s

Mass source term = 0 in this work, kg

V

Volume, m3

Re

Reynolds number, -

Red

Phase interaction term,

V

Velocity vector, m/ s

d

Diameter of discrete phase, m

p

Pressure, Pa

r

Radius or radial distance, m

..JAz
m

•S
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t

Time, s

v

Velocity, m/ s

v,el

Relative velocity between phases, m/ s

Vsu

Superficial velocity,

Vz

Swirl velocity = 0 in this work,

x

Axial distance, m

Vsu

m/s

Greek Ietters

'I'

Non-dimensional bubble radius fonction, -

a

Gas fraction, Maximum packing factor, 1.0

m

Mass transfer between phases, kg/ s

µ

Viscosity, ÈL
m-s
Mixture viscosity, ÈL
m·s

p

Density, kg/m3

(J

Surface tension, N / m

Subscripts

b

Denotes a bubble in the discrete phase

c

Denotes continuous phase
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d

Denotes discrete phase

r

Denotes radial direction

x

Denotes axial direction

89

Chapter 6
Supplemental Discussion
Each of the articles contained in chapter 3 and 5 contain a discussion section. This chapter is
intended to tie the work together and provide additional detail.

6.1

Experimental

During preliminary tests, the behavior of the conductive needle probes was examined. These tests
revealed differences between probe measurements. It was discovered that the signal to noise ratio
(SNR) for each probe was fonction of the sensor area. Larger sensor areas gave lower SNRs and thus
had better bubble resolution. All measurements were correlated to video measurements to ensure
flow measurements were accurate.
The impact of the SNR on probe performance was an important and original contribution to
science. However it would be interesting to measure the effect of increased conductivity in the
liquid phase. It is quite possible that a small addition of sodium chloride to the tap water used for
the tests would have greatly improved results for probes with larger SNRs.
Preliminary conductive needle probe tests generated large amounts of data. A program written
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in the Lab View "G"language sampled the voltage signals of the probes at 100,000 Hz per channel.
Each double sensor probe had two channels with the additional channel belonging to the light emitting diode (LED). The LED was monitored to synchronize the laboratory measurements with the
video. The binary files created for the four minute testes were several hundred megabytes. In ASCII
format, the files were literally millions of lines long and gigabytes in size.
Spreadsheet applications such as OpenOffice.org's "cale" or Microsoft's Excel are typically
capable of opening up to 65,000 lines. That represents less than one second of the recorded data.
Though it is true that 100,000 Hz was well over what was necessary (5,000 Hz), it was clear that
spreadsheet applications could not be used to analyze the data.
The problem of data analysis was an important and difficult one. After some research, a solution
was found in an article written about a fluidized gas bed reactor (Schweitzer et al., 2001). The authors had created a histogram of an optical probe signal. They then fit a Gaussian curve to the largest
peak. The base of the Gaussian curve was where the gas signal ended and the solid phase signal
began. The noise in the measurements were accounted for in the width of the curve. This technique
was very clever because the use of a histogram automatically takes into account the variance in the
signal measurements.
This technique was a very good answer to the problem of needle probe data treatment. In fact,
it was much better than anything else in the literature. However it quickly became apparent that the
Schweitzer technique could be extended and simplified. The goal was to make its implementation
completely automatic. The Gaussian curve fit was removed in place of finding the peak liquid
voltage and following down the curve until reaching a stopping point at the base. The stopping
point was simply the mean value of the entire histogram curve. This value will always occur at the
base of the liquid signal peak.
A custom program or extension to a program would need to be made to process the needle
probe data. LabView, the data acquisition software, uses a visu al icon based language known as
"G." Clever as it is, "G" suffers from scalability issues due toits graphical nature. Also the program
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would require a computer with LabView (or at least the libraries) installed to fonction. An extension
module to MatLab could also probably have clone the job. Since these options did not hold any
compelling advantage over a general purpose language, and indeed had portability and longevity
issues, a custom code was written.
This code was named bubble_wrap because what started as a single program called "bubbles" became a whole suite of programs. In total, the suite contains more than 4800 lines of code.
The wrapper script which was written to tie all of the individual programs together was called
bubble_wrap. The programs were written in the very popular Practical Extraction and Reporting
Language (PERL). The program would have executed faster in C ++, however PERL is very human
readable and easy for newcomers to edit and improve. Improvement by others is possible because
the program and sourcecode are available for free from www.sourceforge.net. The sourcecode will
remain free because it was released under the General Public License (GPL).
The measurements made in the reactor of gas holdup and bubble velocity had never been clone
before and so represent a considerable advance in the PLR research. One reason no such measurements had been made, was because the PLR draft tube is a very hostile environment. Pressure, heat,
vibration, and chemical attack are major difficulties which must be overcome by the measurement
technique.
In the case of the needle probes, a considerable amount of trial and error was needed to obtain
reliable measurements. A primary reason the needle probes tended to not last very long in the
reactor was failure due to abrasion or cracking of the epoxy coatings. If a a crack in the insulation
appears anywhere along the wire, not just at the probe, Joss of signal will occur. U sually this process
happened over a period of several minutes with signal jumps caused by bubble passage slowly fading
into the background noise. This problem was somewhat controlled by careful handling of the wires
and probes and by taking care to properly secure all wires when mounting in the reactor.
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Modeling

The CFD model was designed to be as simple as possible to minimize computational expense yet
still provide reasonable results. Therefore a time dependant 2d axis-symmetric model was employed. The simplified geometry allowed CFD results for a single simulation to be obtained in less
than a week using a single AMD Athlon 3000+ CPU. A reasonable calculation time was critical
because many different models needed to be run in order to test the effect of various flow conditions
and reactor geometries.
An additional time saving simplification was that the CFD model used only a single bubble size.
An average bubble size of four millimeters was estimated from photos of the transparent PLR. This
measurement agrees well with the prediction of a bubble column correlation which predicted an
average bubble size of five to six millimeters in diameter (Chen et al., 2005).
The drag coefficient is a critical closure term for the CFD model. Research in the literature uncovered the Ishii and Zuber (1979) correlations which could predict a drag coefficient customized
for conditions where swarms of bubbles existed. Particle swarms typically have higher drag coefficients than single bubbles due to inter-particle interactions. Depending on the void fraction and
particle diameter, the drag coefficient used in this work was typically two to three times the maximum (0.44) predicted by correlations for single bubbles in turbulent flow.
The Ishii and Zuber (1979) model was implemented in the "C" programming language. A
module was built which was linked to the Fluent solver. This enabled the custom drag coefficient to
extend the Fluent code to more accurately represent the flow conditions.
Along with velocity, gas holdup is an important parameter in airlift reactor design and operation. Gas holdup predicted by the CFD model were reasonable though not spectacular. A single
bubble size distribution is a poor approximation for what actually exists in the PLR. The best way to
improve the CFD model is to implement a population balance model. Ideally such a model would
allow each phase to move at its own velocity. Results would be doser to !ab measurements with
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a more realistic bubble size distribution. Additional gains in accuracy could be made using a better turbulence model such as RSM or LES. Moving from 2d axis symmetric to 3d will improve
turbulence prediction by more accurately capturing the 3-dimensional time dependant flow.

6.2.1

Visualization

High gas holdup, rapid flow and pressurized operating conditions (during normal operation) make
flow visualization difficult in the laboratory. The numerical modeling allows mapping of the PLR
flow as never before. CFD helps identify of flow patterns by removing physical obstructions and
allowing flow variables to be separated and frozen in time. Figures 6.1 through 6.4 offer pictorial
summaries of the flow in the PLR.
Figure 6.1 shows the volume fraction of gas in the reactor. The results of modeling at two
different volumetric flow rates (216 and 24 liters per minute) are shown side-by-side. At higher
flow rates the flow becomes considerably more violent as seen at the gas disengagement zone.
Predictions for the fluid behavior at the disengagement zone were not quantitatively measured in
the lab, however qualitatively the results agree well.
Upon close examination of Figure 6.1 it appears that a small amount of liquid is seems to be
suspended near the top of the reactor by the exiting gas. On might suppose this to be an unphysical
prediction. However the reason became clear once a three dimensional simulation was run. In the
3D simulation, the gas stream constantly oscillates due to turbulence and always exits at an some
angle less than 180 degrees with the axis. The axis-symmetric simulation can not capture these
oscillations but does account for the fact the jet does not always exit directly along the axis. Since
the axis-symmetric simulation essentially revolves the computational plane about the axis the result
is a small pocket of liquid which seems to be suspended above the exiting gas stream.
Figure 6.2 shows the velocity contours of the liquid water in the reactor. In the draft tube the
velocity is relatively high. However outside the influence of the gas stream, the velocity is much
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Figure 6.1: Contours of volume fraction for high and low volumetric flow rates.
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Figure 6.2: Contours of velocity for high and low volumetric flow rates.
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Figure 6.3: Pathlines colored by velocity. The velocity coloring has been clipped to better
show regions of low velocity. Therefore regions marked in red may be flowing faster than
one meter per second.
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Figure 6.4: Pathlines colored by residence time.
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lower.
Figure 6.3 shows pathlines of massless particles which follow the liquid flow pattern. The
velocity scale has been clipped to one meter per second. This means that any red portion of the
figure could be at a one meter per second or greater flow rate. Notice how the velocity slows as the
the liquid reaches the top section of the reactor. In effect, there is a large pool above the reactor of
approximately ten liters which serves to slow fluid recirculation time.
Figure 6.4 shows the same massless particle tracks, but now colored by residence time. In agreement with the results from Figure 6.3 we see that the residence time is quite high. The recirculation
time is approximately ten seconds. Again this does make sense considering that the fairly large
volume above the reactor. In addition it is important to remember that the gas holdup in the reactor
draft tube is quite high. This means that while the liquid is traveling rapidly in the tube the actual
volumetric flow rate is quite low.
On a final note, it is important to remember that no special "tweaks" or "fudge factors" were
used in this work. Use of such factors is often seen in the literature where many succumb to the
temptation to "make the data fit." In truth, there are times when certain corrective measures are
warranted, however for this work any tweaks or fudge factors would make scale up predictions
unreliable.

Chapter 7

Conclusions
This work presents many original and important contributions to the understanding of PLR behavior.
These are enumerated below.
1. The signal to noise ratio plays an important role in conductive needle probe measurements.
This was not previously considered in the literature.
2. An important advance in the treatment of needle probe signais was made. The method offers increased accuracy and full automation of the signal treatment as compared to existing
techniques.
3. A free software suite named bubble_wrap has been written and released under the GPL
license agreement. It is available at sourceforge.net and implements the new needle probe
data treatment technique.
4. New measurements have been made of the gas velocity and gas fraction holdup in the PLR
draft tube. This data gives new insight on the reactor hydrodynamics.
5. CFD models have been made and offer good agreement with laboratory data for the fluid
recirculation in the reactor.
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6. CFD models have been made which offer reasonable gas fraction holdup measurements.
7. Based on experience gained in this work, many suggestions improvements to the CFD model
and laboratory testing have been made.

Chapter 8
Future work
Bath experimental investigation and numerical modeling of the PLR should continue. Refinements
in model predictions and more laboratory data will lead to more accurate and precise predictions.
Probe durability is an issue in the reactor. Before future testing, a better method of protecting
the probe wires should be investigated. As previously discussed, this was the major failure mode
for the probes.
Gas fraction holdup and bubble velocities should be measured at several positions along the
length of the draft tube. This data will give a more complete picture of the gas holdup distribution
in the reactor.
During tests, an idea came to mind for a simple method to measure liquid velocity. A photo
diode would be placed across the draft tube from a light source. A very dark pigment could be
released from the bottom of the reactor while at steady state operation. The time difference between
the pigment release and photo diode signal loss divided by the distance of pigment travel would give
the bulk liquid velocity. This technique combined with the needle probe measurements could give
the average slip velocity between the gas and liquid phases.
CFD model predictions would likely be improved by the implementation of a population balance
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model. This would give a better representation of the bubble size distribution. Laboratory data
needed to validate the model could corne from the needle probe measurements. Three dimensional
models with more advanced turbulence models would also improve prediction. Thermodynamics,
including phase change, should be integrated with the CFD models once isothermal predictions are
as reliable as possible. Once the flow velocities, interfacial area and thermal gradients were well
known modeling the organic degradation reactions could be attempted.
Should sufficient computational resources be available, a VOF model of the reactor would be
very interesting. The VOF model eliminates the uncertainty involved in the drag coefficient and
might give very good results.

AppendixA
Appendix
A PhD never really ends. lt is really just the beginning of a life long interest in a scientific tapie. As
a result there are parts of this project which weren't quite suitable for inclusion into the main body
of the thesis however may be of use to the interested reader. These items are contained here, within
the appendix.

A.1

Needle probe test setup

Chapter 4 did not include any images of the test setup. This chapter was one which was to be
published as an article. and was already getting long enough. Figure A. l was not an absolute
necessity, and so was included here.
This figure shows the the way the three needle probes were mounted on the end of the draft
tube. There are two epoxy coated (brown coloring) wires per probe. The wires are mounted in a
very small piece of stainless steel tubing. One wire was set back 1.5 mm from the other. Bath wires
were held in the tube with a high temperature epoxy (Permatex). The wires guided down the side
of the reactor and exited the reactor through a hole in the base fi ange which was originally intended
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for injecting liquids into the reactor. To seal the reactor, the wires were potted into the flange using
a carbon fiber high temperature composite material. Outside the flange, more carbon fiber was used
with a swagelock fitting to insure the plug would hold. As a safety measure a large hose was fitted
over the exterior fittings so that if the seals failed, any steam and water would be directed down to a
bucket. AU tests were carried out behind a 0.75 inch thick 8x8 foot lexan shield.

A.2

Temperature measurements

This work was not required for the CFD modeling or hydrodynamic measurements detailed in most
of the thesis. However moving forward this information will prove critical when implementing
phase change to the model. For this reason the data is included here.
Three K type thermocouples were placed in the center fro the reactor draft tube. The reactor
was operated under typical operating conditions: 120mm ht on variable area flow meter(64LPM at
150 psi), reactor at 4.4 atm absolute. 15.2 kg of liquid water was the fluid, air was the plasma gas.
Full reactor instrumentation readings as well as these special temperature measurements available
in a file named tesL16aug2005.txt. In addition a fourth thermocouple was used to measure the bulk
liquid temperature. This thermocouple was located in the downcomer section of the reactor.
AU measurements are from reactor base flange (from torch nozzle height). Ali thermocouples
were positioned at the center of the draft tube diameter.

Table A.1: Thermocouple placement
T-couple

Ht( cm)

Multiple of initial distance

T16

85

1.0x

T17

212.5

1.5x

T18

382.5

2.0x
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Figure A.1: Needle probe experimental setup, probes mounted on draft tube.

106

APPENDIX A. APPENDIX

107

The temperature data is presented in Figures A.2 and A.2.
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Figure A.2: Temperature in the reactor
is very hot at about 600 C. However the temperature trails off exponentially as the distance up the
reactor grows. Before the hot gas exits the reactor it bas become in equilibrium with the bulk reactor
temperature of 142 C. The temperature of the hot plasma gases (estimated at 3500K) has fallen due
to the phase change of the liquid water. This result is supported by the conductive needle probe
measurements that show incredibly high gas holdup near the draft tube exit (90% ).
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Figure A.3: Temperature in the reactor.
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C code for Ishii and Zuber (1979) drag law

/* PURPOSE: Implement the Ishii-Zuber technique for C_d calculation
for bubble swarms.
NOTATION:

D = discrete phase (air), C

continuous phase (water)

all units in SI (mks)

*/
#include "udf. h"
#define g 9. 81
#define diam D 0.004
#define diam C 0.004
#define sigma 0.072
#define v frac D LIMIT 0.3
#define v_frac_pf 1
/*sigma= surface tension of water/air in N/m at 20 deg C) */
/* v_frac_pf is the "packing factor" = 1 for bubbles and 0.62 for solid */
/* diam C is odd but it is needed for tau_CD just make it same as diam_D*/
DEFINE_EXCHANGE_PROPERTY(symmetric_ishii, cell, mix_thread, scol, fcol)
/* STEP 1:

DEFINE VARIABLES*/

real K_CD, f, C_d, void_fn, tau_D, tau_CD, Re, vel_mag, slip_y, slip_x,
v_frac_C, v_frac_D, y_vel_C, x_vel_C, y_vel_D, x_vel_D, mu_C, mu_D,
rho_C, rho_D, mu_M, visc_num, R_D, psi, visc_num_check, Re_inf;
Thread *thread_C, *thread_D;
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/* Find threads containing data for phases. continuous phase= 0 = scol.*/
thread C = THREAD_SUB_THREAD(mix_thread, scol) ;/* liquid phase*/
thread D = THREAD_SUB_THREAD(mix_thread, fcol) ;/* gas phase*/
/* STEP 2:

GET VARIABLES FROM FLUENT*/

rho D = C_R(cell, thread_D); /* kg/m3 */
rho C = C_R(cell, thread_C); /* kg/m3 */
mu D = C_MU_L(cell, thread_D); /* kg/m*s */
mu C = C_MU_L(cell, thread_C); /* kg/m*s */
x vel D = C_U(cell, thread_D); /* m/s */
y vel D = C_V(cell, thread_D); /* m/s */
x vel C
y vel C

C_U(cell, thread_C); /* m/s */
=

C_V(cell, thread_C); /* m/s */

v frac D = C_VOF(cell, thread_D); /* gas vol frac*/
v frac C = C_VOF(cell, thread_C); /* liq vol frac*/

/* STEP 3: CALCULATE BASE RELATIONS (Re, vise num etc) */
slip_x = x vel D - x_vel_C;
slip_y

=

y_vel_D - y_vel_C;

vel_mag = sqrt(slip_x*slip_x + slip_y*slip_y);

/* pythag theorm */
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mu_M = mu_C*pow((l - v_frac_D/v_frac_pf), (-2.S*v_frac_pf*(mu_D+0.4*mu_C)
/ (mu_D+mu_C)));

/* Reynolds number calculated using mixture viscosity */
/* this will be UNDEF if alpha= 1 => mu m = ERROR */
Re= rho_C*vel_mag*diam_D/mu_M;
/* Reynolds number for a bubble in infinite fluid medium*/
Re inf = rho_C*vel_mag*diam_D/mu_C;

/* Viscosity number */
vise num = mu_C/sqrt(rho_C*sigma*sqrt(sigma/(g*(rho_C

rho_D))));

/* R_D is nondimensional radius*/
R_D = (diam_D/2)*pow(((rho_C*g*(rho_C-rho_D))/pow(mu_C,2)), (0.3333));

/* psi is a function of R_D flow

*/

psi= 0.SS*pow((pow((l+0.0B*pow(R_D,3)),(0.5714)) - 1),0.75);

/* if viscosity number is >= we use Distorted particle regime */
vise num check= 0.11 * ((1 + psi)/(pow(psi, (2.666))));
/* For tau_D l'm not sure if I should use mu_M instead of mu_C? */
tau D

(rho_D*diam_D*diam_D)/(18.0*mu_C); /* particle relaxation time */

/* This is for the symmetric method of calculating K CD*/
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tau_CD

=

((v_frac_D*rho_D

2))/(18.0*(v_frac_D*mu_D

+
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v_frac_C*rho_C)*pow(((diam_D

+

diam_C)/2),

v_frac_C*mu_C));

/* STEP 4: CALCULATE C_d THE DRAG COEFF */
/*THENET EFFECT OF THIS WORK SHOULD BE INCREASED DRAG (C_d)
BECAUSE OF THE BUBBLE INTERACTIONS

NOTES:

This implementation for C_d is from Ishii and Zuber 1979.

Drag Coefficient and Rlative Velocity in bubbly, Droplet or
Particulate flows.

AIChE Journal Vol 25 No 5 Sept 1979 pgs 843-855.

For fluid particles (bubbles) there are 3 regimes in Ishii

&

Zuber.

Well, actually 4, but we aren't implementing the stokes regime.
1. Undistorted flow
2. Distorted flow
3. Churn turbulent flow

You might think the flow regimes are broken into segments, stokes for
very slow creeping flow, viscous for low Re laminar flow, then
distorted flow for higher Re and finally churn turbulent.

NO it doesn't work that way!

The criteria for a distorted flow depend ONLY on diameter.
cold flow conditions have already fixed density etc).
in water with diameter

=

(assuming

For air bubbles

0.004 m THE DISTORTED REGIME ALWAYS APPLIES!
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(Except if we must move to churn turbulent due to volume fracton)
That is to say bubbles that size are always distorted.

The churn turbulent occurs when bubbles reach max size (caps) and
entrain other bubbles in their wakes.
happens at about alpha= 0.3.

Ishii-Zuber state this normally

In my process there is so much

turbulence I never get caps.

For swarms of solids or very small bubbles (which behave as solids) the
Viscous (undistorted) and Newton's regime applies. Viscous applies to
the viscous regime. They don't specify Re number but generally viscous
is considered Re< 1000.
C_D is pretty constant.

Newton's regime is everything turbulent where
Fluent assumes it is CD

agree but adjust for the fact we are in a swarm.

0.45.

Ishii-Zuber

I imagine the Newtons

regime would give a C_D which is higer than 0.45.

The criteria for using the Distorted regime is given with the viscosity
number >= PSI fn.

This is always true for my 4mm air bubbles in water.

IMPORTANT NOTE the criteria eqn is INCORRECT in the summary of equations
in ISHII-Zuber It works as presented inside the article!
Correct= 0.ll*(l+psi)/(psiA2.66)

The use of the mixture viscosity is explained:
(from pg 845)

A

single particle moving through continuous phase

imparts a motion to continuous phase.
particles to move.

In turn the fluid causes other

These particles are more rigid than the fluid so
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"impose a system of forces" on the fluid ... ie they resist the motion.
The original particle see's this increased resistance (as compared to
if there were no other particles in continuous phase) as a higher
viscosity of the continuous phase.
This is exactly what it seems to do.

mu M ~ 0.002 where mu C = 0.001

and mu D = 0.000018.

*/

/* DISTORTED */
/* if alpha= O we are ok, alpha_fn = 1
if alpha= 1 BAD NEWS, mu m = ERROR => alpha_fn = ERROR =>Cd= ERROR.

*/
if ((v_frac_D < 0.30)&&(visc_num >= visc_num_check))

void_fn = pow((l - v_frac_D) ,0.5)*mu_C/mu_M;
C_d= (4.0/3.0)*(diam_D/2)*sqrt(g*(rho_C-rho_D)/sigma)*
pow(((l+l7.67*pow(void_fn, (0.85714)))/(18.67*void_fn)) ,2);
/*printf( visc_num=%f, visc_num_check =%f, C_d=%f, void_fn=%f,
11

mu_M=%f\n", visc_num, visc_num_check, C_d, void_fn, mu_M) ;*/

else if (v_frac_D >= 0.30)
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C_d= (8.0/3.0)*pow((l - v frac_D) ,2);
/*printf("ABOVE 0.30 --> C_d=%f, v_frac_D=%f\n", C_d, v_frac_D) ;*/

else

printf("PROBLEM!: vise num = %f

<

vise num check= %f\n", visc_num,

visc_num_check);
/* printf("R_D=%f, psi=%g, Re=%f, mu M=%f mu_C=%f, mu_D=%f\n",
R_D,psi,Re,mu_M,mu_C,mu_D) ;*/

/* STEP 5: CALCULATE K_CD THE FRICTION AND MOMENTUM TRANSFER */
/* This "f" is not drag force.

It is the Fanning friction factor!*/

/* if velocity = 0 =>Re= 0,=> f=0, => K CD= 0, which is ok */
f = C_d*Re/24.0;

/*SHCILLER-NAUMANN MODEL*/
/*f_D = C_d*Re/24.0;*/
/*K_CD = v_frac_C*v_frac_D*rho_D*f/tau_D;*/
/*printf("K_CD=%f, v_frac_C=%f, v_frac_D=%f, f_D=%f, tau_D=%f, C_d=%f\n",
K_CD, v_frac_C, v_frac_D, f_D, tau_D, C_d); */
/*SYMMETRIC MODEL*/

APPENDIX A. APPENDIX

116

K CD= v_frac_D*(v_frac_D*rho_D + v_frac_C*rho_C)*f/tau_CD;
return K_CD;

A.4

Boundary conditions for Fluent model

FLUENT
Version: axi, segregated, eulerian, rke, unsteady
(axi, segregated, Eulerian, realizable k-epsilon, unsteady)
Release: 6.1.22
Title: Typical model
Models

Model

Settings

Space

Axisymmetric

Time

Unsteady, lst-Order Implicit

Viscous

Realizable k-epsilon turbulence model

Wall Treatment

Standard Wall Functions

Multiphase k-epsilon Models

k-epsilon Model for Each Phase

Heat Transfer

Disabled

Solidification and Melting

Disabled

Species Transport

Disabled
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Coupled Dispersed Phase

Disabled

Pollutants

Disabled

Soot

Disabled

Boundary Conditions

Zones
name

id

type

zone2

2

fluid

zonel

3

fluid

draft tube-shadow

14

wall

axis

4

axis

outlet

5

pressure-outlet

reactor

6

wall

draft tube

7

wall

interior

8

interior

inlet

9

velocity-inlet

default-interior

11

interior

outlet: 001

1

pressure-outlet

reactor:010

10

wall

default-interior:012

12

interior

Boundary Conditions
zone2
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Condition

Value

Material Name

air

Specify source terms?

no

Source Terms

()

Specify fixed values?

no

Fixed Values

()

Motion Type

0

X-Velocity Of Zone

0

Y-Velocity Of Zone

0

Rotation speed

0

Deacti vated Thread

no

Laminar zone?

no

Set Turbulent Viscosity to zero within laminar zone?

yes

Porous zone?

no

Porosity

1

zonel
Condition

Value

Material Name

air

Specify source terms?

no

Source Terms

()

Specify fixed values?

no

Fixed Values

()

Motion Type

0

X-Velocity Of Zone

0

Y-Velocity Of Zone

0
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Rotation speed

0

Deactivated Thread

no

Larninar zone?

no

Set Turbulent Viscosity to zero within larninar zone?

yes

Porous zone?

no

Porosity

1

draft tube-shadow
Condition

Value

Wall Motion

0

Shear Boundary Condition

o

Define wall motion relative to adjacent cell zone?

yes

Apply a rotational velocity to this wall?

no

Velocity Magnitude

O

X-Component of Wall Translation

1

Y-Component of Wall Translation

O

Define wall velocity components?

no

X-Component of Wall Translation

o

Y-Component of Wall Translation

O

Wall Roughness Height

O

Wall Roughness Constant

0.5

Rotation Speed

O

X-component of shear stress

o

Y-component of shear stress

O

axis
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Value

outlet
Condition

Value

Gauge Pressure

0

Backflow Direction Specification Method

1

is zone used in mixing-plane mode!?

no

Specify targeted mass-flow rate

no

Targeted mass-flow

1

reactor
Condition

Value

Wall Motion

0

Shear Boundary Condition

0

Define wall motion relative to adjacent cell zone?

yes

Apply a rotational velocity to this wall?

no

Velocity Magnitude

0

X-Component of Wall Translation

1

Y-Component of Wall Translation

O

Define wall velocity components?

no

X-Component of Wall Translation

0

Y-Component of Wall Translation

O

Wall Roughness Height

O

Wall Roughness Constant

0.5
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Rotation Speed

0

X-component of shear stress

0

Y-component of shear stress

0

draft tube
Condition

Value

Wall Motion

O

Shear Boundary Condition

O

Define wall motion relative to adjacent cell zone?

yes

Apply a rotational velocity to this wall?

no

Velocity Magnitude

0

X-Component of Wall Translation

1

Y-Component of Wall Translation

o

Define wall velocity components?

no

X-Component of Wall Translation

O

Y-Component of Wall Translation

o

Wall Roughness Height

0

Wall Roughness Constant

0.5

Rotation Speed

O

X-component of shear stress

O

Y-component of shear stress

O

interior
Condition

Value
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inlet
Condition

Value

is zone used in mixing-plane model?

no

default-interior
Condition

Value

outlet:001
Condition

Value

Gauge Pressure

0

Backflow Direction Specification Method

1

is zone used in mixing-plane model?

no

Specify targeted mass-flow rate

no

Targeted mass-flow

1

reactor:010
Condition

Value

Wall Motion

O

Shear Boundary Condition

O

Define wall motion relative to adjacent cell zone?

yes

Apply a rotational velocity to this wall?

no
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Velocity Magnitude

0

X-Component of Wall Translation

1

Y-Component of Wall Translation

0

Define wall velocity components?

no

X-Component of Wall Translation

0

Y-Component of Wall Translation

0

Wall Roughness Height

0

Wall Roughness Constant

0.5

Rotation Speed

0

X-component of shear stress

0

Y-component of shear stress

0

default-interior:012
Condition

Value

Solver Controls

Equations
Equation

Solved

Flow

yes

Volume Fraction

yes

Turbulence

yes

Numerics

APPENDIX A. APPENDIX

124

Numeric

Enabled

Absolute Velocity Formulation

yes

Unsteady Calculation Parameters

Time Step (s)

0.0005

Max. Iterations Per Time Step

100

Relaxation
Variable

Relaxation Factor

Pressure

0.3

Density

1

Body Forces

1

Momentum

0. 7

Volume Fraction

0.2

Turbulence Kinetic Energy

0.8

Turbulence Dissipation Rate

0.8

Turbulent Viscosity

1

Linear Solver

Variable

Solver

Termination

Residual Reduction

Type

Cri ter ion

Tolerance
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Pressure

V-Cycle

0.1

X-Momentum

Flexible

0.1

0.7

Y-Momentum

Flexible

0.1

0.7

Volume Fraction

Flexible

0.1

0.7

Turbulence Kinetic Energy

Flexible

0.1

0.7

Turbulence Dissipation Rate

Flexible

0.1

0.7

Discretization Scheme
Variable

Scheme

-------------------------------------------------Pressure-Velocity Coupling

Phase Coupled SIMPLE

Momentum

First Order Upwind

Volume Fraction

First Order Upwind

Turbulence Kinetic Energy

First Order Upwind

Turbulence Dissipation Rate

First Order Upwind

Solution Limits
Quantity

Limit

Minimum Absolute Pressure

1

Maximum Absolute Pressure

5000000

Minimum Temperature

1

Maximum Temperature

5000

Minimum Turb. Kinetic Energy

le-14

Minimum Turb. Dissipation Rate

le-20

Maximum Turb. Viscosity Ratio

100000
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Material Properties

Material: water-liquid (fluid)
Property

Units

Method

Value(s)

Density

kg/m3

constant

998. 2

Cp (Specific Heat)

j/kg-k

constant

4182

Thermal Conductivity

w/m-k

constant

0.6

Viscosity

kg/m-s

constant

0. 001003

Molecular Weight

kg/kgmol

constant

18.0152

L-J Characteristic Length

angstrom

constant

0

L-J Energy Parameter

k

constant

0

Thermal Expansion Coefficient

1/k

constant

0

constant

0

Degrees of Freedom
Material: air (fluid)
Property

Units

Method

Value(s)

Density

kg/m3

constant

1.225

Cp (Specific Heat)

j/kg-k

constant

1006.43

Thermal Conductivity

w/m-k

constant

0.0242

Viscosity

kg/m-s

constant

l.7894e-05

Molecular Weight

kg/kgmol

constant

28.966

L-J Characteristic Length

angstrom

constant

3. 711

L-J Energy Parameter

k

constant

78.6
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Thermal Expansion Coefficient

1/k

Degrees of Freedom

constant

O

constant

0

Material: aluminum (solid}
Property

Units

Method

Value(s}

Density

kg/m3

constant

2719

Cp (Specific Heat}

j/kg-k

constant

871

Thermal Conductivity

w/m-k

constant

202.4
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