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Abstract

Measurement of the volumetric flow rate of eachtlodé flowing components in
multiphase flow is often required and this is paut@rly true in Production Logging
applications. Thus, an increasing level of intehes been shown in making flow rate
measurements in multiphase flow. A new generatibrtomographic instrument,
which enables measurement of the instantaneoud iedacity vector and the
instantaneous local volume fraction of the dispensease, is now being introduced.
However validation and calibration of such instrumtses necessary.

This thesis describes the development of a mingddrocal four-sensor conductivity
probe capable of acquiring measurements of thd hsacity vector, gas volume
fraction and the local axial gas velocity in theobly gas-liquid flows. Experimental
techniques in which the probe was used to obtaridtal gas velocity vector and the
local gas volume fraction in a bubbly gas-liquio\il are also described.

High speed cameras are introduced for the measutenh¢he reference velocity of
the bubbles. The camera images are also usedttthpltrajectory of any bubble that
hits all four-sensor of the probe.

Extensive experimental results showing the distidou of the local gas volume

fraction and the local axial, azimuthal and theilabubble velocity components in
vertical and swirling gas-liquid flows are presehte
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Pipe cross sectional area
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Probe calibration factor
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Gas mass flow rate

n" test run at the given set of experimental cooditi
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Chapter 1 Introduction

CHAPTER 1

Introduction

1.1. Generalities

The main aim of the research was to design andl lauiprobe that can be used to
measure the local velocity vector of the disperngkdse in bubbly multiphase flow.
The velocity vector can be defined in terms of hesjgal coordinate system which
requires velocity magnitude, a polar angle andzamathal angle [1-2]. Such a probe
could be used to validate the images of the velosiector obtained using
tomographic devices [3]. However, a further objgtivas to explore other possible

applications of this technology and to developsita industrial and laboratory tool.

In recent years, there has been an increase iletkeof interest shown in flow rate
measurements in multiphase flow. This, in part, bagn brought about by the
metering requirements of the oil and natural gadustries. Measurement of the
volumetric flow rate of each of the flowing compote is often required. This is
particularly true in production logging applicatjyrwhere it may be necessary to
measure the flow rates of oil and water down-holeertical and inclined oil wells.
Within the University of Huddersfield [1-14], wottkas previously been undertaken
on the study of vertical and inclined multiphasenm] These studies were based on the
use of local, dual-sensor conductance probes tairolthe local axial velocity and

local volume fraction distribution of the dispersglaase in bubbly multiphase flows

[3].
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As all the experiments described in this thesisenearried out in a multiphase flow
environment, it is wise to describe briefly the ibgshysics underlying multiphase
flows. In general, there is a fundamental divisibetween single phase and
multiphase flows. A single phase flow is where tit@v consists of only one
component; whereas, if more than one componembugrfg, it is a multiphase flow.
The physics of the flow becomes more extreme amaptioated when there is more

than one component flowing in the system.

In a multiphase flow, the components that flow tbge are not mixed into a single
fluid. Therefore, a multiphase flow can be gasitliguiquid-liquid (e.g. oil-water),

liquid-solids, gas-solids, and gas-liquid-solidswik. The current investigation deals
with gas-liquid flows, specifically air-water flow®ue to the fact that the behaviour
of these types of flow changes with the inclinatajrthe pipe [1], the current project

only focuses on air-in-water multiphase flow intieal pipes.

1.2Types of multiphase flow

Due to the complex nature of the flow, it is diffitto accurately differentiate and
define the number of flow regimes that exist inestical gas-liquid multiphase flow.
However, they can be categorized into four bagesyaccording to the flow structure
(see Figure 1.1): (i) Bubbly flow; (ii) Slug flow(jii) Churn flow and (iv) Annular
flow. These flow regimes occur with increasing faw rate at a constant liquid flow

rate.

The flow structure normally depends on the supeilfieelocities of the continuous
and dispersed phases; in this case, water anid aiso depends on the diameter of the

pipe. TheSuperficial velocityratio between volume flow rate to cross-sectiarak)
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of a phase in multiphase flow in a pipe is the g#othat it would have if it was

Churn Anmular

Figure 1.1 Four different types of vertical gas-ligiid multiphase flow, with an
increasing proportion of gas from left to right

flowing alone.

"
';ll; ]

-
atet
e
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Bubbly flow: - bubbly flows are frequently encountered in natun a bubbly flow,

the flow rate of water (continuous phase) is much gne#tan the flow rate of air
(dispersed phase). Bubbly flow is characterizea blystribution of bubbles of various
sizes throughout the liquid. In a gas-liquid floi,the dispersed phase flow rate

increases then bubble coalescence occurs.

Slug flow: - with an increasing gas flow rate, the coaleseeof small gas bubbles
creates bigger bubbles and a transition occurs frenbubbly flow regime to the slug
flow regime. Slug flow is characterized by largeaullbt shaped” gas bubbles which
occupy almost the whole cross-section of the poog,which do not touch the wall.
These “bullet shaped” bubbles are axially separ&tech each other and between
them there is a region where smaller bubbles mast,aramersed in the continuous

phase (see Figure 1.1).
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Churn flow: - if the gas flow rate is further increased, &eottransition occurs and
the churn regime appears. The churn flow regimeharacterized by the chaotic
behaviour of the gas phase. The cross-section eofpipe is occupied by irregular

shaped portions of gas and analysis of this kinitbaf regime is extremely difficult.

Annular flow: - if the gas flow rate is increased even more,ftbw regime becomes
annular. This flow regime is characterized by a thyer of liquid at the pipe wall and
the rest of the tube is occupied by fast flowing gath very small entrained liquid

droplets.

In this thesis, the flow regime that is studiedhs bubbly flow regimefor air-in-

water flows.

Some key global parameters that are used to quahef behaviour of multiphase
flows are thevolume fractionand actual velocityof a phaseVolume fractionis the
fraction of the volume which is occupied by a phamseeraged over the time of
interest. It is a dimensionless humber betweenddlarAverageactual velocityis the
mean phase velocity, again averaged over the timaterest, and is equal to the

phase superficial velocity divided by the phaseuna# fraction.

The properties that are considered in the curesgarch are the locablume fraction
and the locaVelocityvectorof the dispersed phase. In a steady state mustgpfiaw,
both the volume fraction and the velocity vectortoé dispersed phase can vary
within a given flow cross-section. Values of thgseperties at a given point in the
flow cross-section are referred to as local properin many bubbly gas-liquid flows,
the local gas bubble velocity is a vector quantityich is not necessarily parallel to

the pipe axis. Local flow properties must be dtiished from global flow properties
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which refer to the average values of a property tve flow cross-section. A detailed
description of the local properties of multiphak®evs will be described later in this

thesis.

The reason for studying these local properties aoftiphase flow is that, in many
industries (e.g. oil, chemical and nuclear), knalgke of the local volume fraction and
the local velocity profile of the dispersed phasémportant for the optimal control of
processes, the maximum exploitation of resouraas$ naore importantly, the safety of
the personnel. Some reasons why gas velocity amaimeo fraction profiles are

important [6, 15-16] include:

(a) Knowledge of the local gas volume fraction disttibn is essential when
calculating the pressure gradient in gas-liquicepiges.

(b) Optimization of chemical processes is essential chemical engineering
applications when bubbling gases into liquid solusi. Thus, knowledge of gas-
liquid interface conditions is necessary for deiaeing optimum reaction
kinetics.

(c) Advanced nuclear reactor concepts rely on extrerhai heat removal rates,
which are only possible through liquid boiling. this case, minor changes in
local parameters can drastically change the flomdimns in steam-water
systems. As a result, knowledge of the phase voltnaetion and velocity
distributions is important for producing reliabéecident-safe calculations.[6,15]

(d) Techniques for measuring the local properties oftiphase flows enable the
characterisation of such multiphase flows for congea with and validation of

numerical models of multiphase flow.
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1.3 Application of multiphase flows and the need taneasure their

properties.

1.3.1 Multiphase flow in the oil and gas industry

Multiphase flow in the oil and gas industries candbbserved during both the drilling
and extraction processes. In an oil well drillingeaation, there is a possibility that the
drill bit may encounter a pocket of natural gascahhiises rapidly through the drilling
mud to the surface causing a ‘blowout’, which canhiighly dangerous to operating
personnel and extremely damaging to the environném initial entry of gas into
the well may be detected by the driller as a steddlas kick” and, if the operator is
to take measures to prevent a blowout, it is esdahiat he knows how quickly the
gas will reach the surface. Software which enallelders to take the necessary
measures to prevent blowouts relies heavily on exyaatal data for the rise velocity
of gas in vertical and inclined gas-liquid multiglkeaflows. An understanding of
multiphase fluid mechanics therefore allows the lenpentation of appropriate
control strategies to prevent a well-head explosioenvironmental damage due to

massive fluid leakage from the well-head.

During the process of extracting the oil from alwa pump is often placed at the
well head. In some cases the oils are too heawetpumped, so a process called
enhanced oil recoveris used thainvolves drilling a second hole adjacent to the
original well, and pumping steam into the seconté hdhe pressure created by the
steam in the oil bearing formation helps to moveirdgo the original well and up to
the surface. In some cases, water and gases armjaisted into the adjacent well to

aid extraction. During such extraction processdl, gas and water may flow
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simultaneously up the well. This emphasizes the omamce of the study of

multiphase flow to quantify the multiphase flowsach pipes.

1.3.2 Multiphase flow in the mining industry

Today, hydraulic transportation is commonly usedhi& mining industry. After their
extraction, minerals usually need to be transpoitedther sites either for use or for
ongoing shipment, and may be transported in pipslin sometimes over long
distances - using water as the medium of transpamta Traditionally this
transportation process was carried out either kadror rail, but now hydraulic
transportation is often a more attractive optioast&dri et al. [17] argue that the
transportation of solids using pipelines is a bettgethod than the traditional
techniques because (i) it is technically and ecaoalhy attractive; (i) it offers a high
degree of efficiency, reliability and round the yeaailability and (iii) it has a lower
environmental impact, making it desirable as a mofdgansportation [17-19]. For
example, Constantini et al. [18] estimate thatdhapital cost of a proposed 900 mile
potash pipeline in Western Canada capable of taatieg six million tons of potash

per year would be one third of the equivalenttraihsport network.

To be able to specify the required pumps and taspart material successfully using
the hydraulic transport method, the pressure desppit length must be known. It is
also important to make sure the solids remain aatetyu suspended in the flow.
Hence, accurate knowledge of the pressure dropsagpension velocity during the
design of a hydraulic transportation pipeline ciimately save considerable sums of
money in the building and operating costs of theteay. Constantini et al. [18]
estimate the capital cost of a proposed 1000 noiée pipeline in the USA capable of

transporting 37 million tons of coal per year todsemuch as $650 million, with an
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estimated operating cost of $137 million per anniifrese costs increase as the size

of the hydraulic transportation pipeline increases.

One of the key parameters that must be known ierai predict pressure drop per
unit length is the solids volume fraction; thisais essential parameter that must be
identified in order to minimise building and opéngt costs [7, 20-21]. This is
especially true when capital and operating costoime competitive. For example,
with regards to the coal pipeline discussed by @ommi, if improved knowledge of
the pumping loads resulted in even a 1% operatsg reduction this would result in

a saving of $1.37 million per annum.

Suhashini et al. in [22] point out that quantitatimformation and accurate estimates

of hydrodynamic properties are also essential feaifa and reliable design.

Because of these considerations of potential saviagd improved safety and
reliability, a wide range of investigations of threlevant multiphase flows is
continually reported. However, a survey of theréitare shows that examples of local

measurements acquired in such flows are limite@(722].

1.3.3 Multiphase flow in nuclear plants

Multiphase-flow is also present in nuclear reagiants where two phase flow occurs
in cooling equipment. The nuclear reactor usesoeadive materials to heat the water
and the resultant steam drives a steam turbinehwlimicturn, spins the generator to
produce power. Then the steam is cooled before-énters the steam generator. The
steam-water flow is two phase. It is essential t@vk bubble sizes and volume
fractions, since these parameters are importantdtmulating heat transfer, which is

an important parameter for both efficient and saperation of the reactor [24].
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Models of flow patterns of the two phase flows ianportant for design, optimization

and safety analysis in nuclear plants, as statddibgs et al. [24].

The void fraction distribution in forced-convectjosubcooled flow boiling in
vertical channels is important for properly evaiogtthe flow stability and neutron
moderation characteristics. Since the condensaéitnin sukcooled flow boiling is
significantly affected by the lateral bubble distdion within the channel cross-
section, adequate knowledge of the lateral bubltgation from the heating surface
towards the suooled liquid region is essential to accurately dpe the net

vaporization rate and also the axial developmenbaf fraction [25].

1.3.4 Multiphase flow in the chemical industry

A vast number of multiphase flows occur in chemigabcesses. In gas-liquid
reactions, sufficient contact of the two phasesnigortant in order to attain optimal
performance. In these kinds of cases, the intafacea per unit volume and the mass
transfer rate of the two phases are important patens that must be measured and

controlled for a better overall performance of pinecess [26].

Manufacturing techniques of microstructures havedenpossible the development
and assembly of micro-chemical devices. These ds\ace better than common batch
reactors due to the fact that they use minimal artsoaf fluids, have high heat and
mass transfer rates, and shorter reaction timds lf2Tthese micro-chemical reactors,
multiphase flows are present. It is highly desieatdl recognise the characteristics of
the multiphase flows in these microstructures teotto properly design, develop and
operate them. Knowledge of flow patterns, phaseimel fractions, pressure drops,

liquid film thicknesses, and internal mixing quglis essential [27, 28].
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During fermentation reactions in chemical and belcal processes, foam is
produced. Depending on the conditions of the padifferent effects may occur; for
example, a loss of sterility may take place assalteof excessive foaming. Also, in
order to store the unwanted foam, over-sizing afseés must occur. This increases
the costs of the process, so it is important to itnoand control the different foam

phases that may occur during the process [29].

Bubble columns are multiphase reactors which ared usm the chemical and
biochemical industries. They have advantages owberomultiphase reactors,
including the simplicity of their construction, gbcheat and mass transfer rate
properties, an absence of mechanical moving parth) thermal stability, good
mixing, low power consumption, and low operationaéts. In these reactors, gas is
injected into a continuous liquid phase. Applicasioinclude oxidation and
chlorination reactions, in which kinetically slovagliquid reactions take place. The
generated bubbles are dependent on: the reactomeggo the primary gas
distribution, the operational conditions, and theygical-chemical properties of the
two phases. These parameters affect the size,ityglshape, and interfacial area of
the bubbles. Also, in some applications it is im@ot to quantify the bubble
coalescence. Therefore, it is obvious that thesanpeters must be measured and
understood in order to build a representative mofi¢he bubble columns for better

operational efficiency [30].

Another device that is used widely in the chemindustry and involves multiphase
flow is the riser. Gas and solids usually flow coemently upward. One example of
the use of risers is in Fluid Catalytic CrackingC(). The associated type of

multiphase flow has a complex behaviour due todkistence of turbulence. This
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complexity introduces many difficulties in desiggirscaling-up and optimizing the
operation of the chemical reactor. Therefore, gssential to distinguish the physics
behind these complex flows and measurements ofephasimetric distributions are
important for understanding the behaviour of gagigla flows encountered in risers

[31].

Generally, it is important to be aware of the bebllameter, phase volume fractions
and the mass transfer rates [8, 15 and 32-34] vexamining the performance of
mass exchangers, absorption processes and chereaibrs such as distillation

columns, liquid-liquid-solid fluidized beds and&eplate reactor towers.

1.4 Research aim and objectives

The general aim of the research presented in tiesig is the development of
technigues for measuring the local properties @& thspersed phase in bubbly

multiphase flows.

The objectives necessary to attain this aim are:

(i) To design a miniature four-sensor local condace needle probe and associated
electronics to measure the local gas velocity veetith minimal error on each
orthogonal velocity component (i.e. radial, axiadaazimuthal velocity), in bubbly

multiphase flow.

(i) To carry out a sensitivity analysis to detenmithe influence of errors in time
delay measurement and probe dimensional measureometite measured droplet

velocity vector.
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(i) To design and construct a test facility toopide reference measurement of the

bubble velocity vector in terms of a polar angle an azimuthal angleb and a

velocity magnitude v using two high speed cameras and appropriate image
processing. This facility will also be used to gtiignthe deformation of bubbles

caused by impact with the needle probe.

(iv) To quantitatively compare the results of aargtindex dual-sensor needle probe
and a four-sensor needle probe with results okdafnem the high speed camera

reference measurement system.

Techniques for measuring the local properties ofitiphase flows enable the
characterisation of such multiphase flows for corngmm with and validation of

numerical models of multiphase flow.

Such techniques can also be used for validating glame electrical resistance
tomography (ERT) systems [8-9], which are repottetie able to measure the local
dispersed phase velocity vector and the local dsggkevolume fraction in multiphase

flow, but with an unknown level of accuracy.

For the above reasons, an independent method ofumeg the local dispersed
velocity vector and the local dispersed phase veldiraction with a high degree of

accuracy in bubbly gas-liquid flow is very importan

1.5 Format of the thesis

It is useful at this stage to describe the fornidhe thesis which is laid out to present

the research in a logical and sequential orderhEdwpter is intended to be a
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reasonably self-contained description of one arfeth® research. However, it will

occasionally be necessary to refer back to eadietions of the work.

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Reports the results of background ssudieried out for the present
investigation. These involve the selection of theasurement principle
of the instrument and further detailed researclo iateas of this

measurement principle.

Reports the design and optimization efrtieasurement device. This

includes the mechanical design and constructidhefnstrument.

Discusses the sensitivity of the probenéasure errors in the probe
dimensions and errors in the measurement of thevamt time

intervals.

Reports the design and construction Ibf o& the electronic
measurement hardware. It also presents the desdjcanstruction of

the ancillary mechanical and electrical components.

Presents the software developed for phggect, including data

acquisition and signal processing.

Presents the theory used for obtairefeygnce measurements of the
velocity vector. It also presents the theory of gmgrocessing and the

process of reconstructing the bubble images anei@nalibration.

Describes the experimental set up ofmder tank into which air is

injected. It also explains the co-ordinate transfations necessary to
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Chapter 9

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Introduction

define the bubble velocity vector measured by ttod@ in terms of the

tank coordinate system.

This chapter provides the results of ex@mts carried out on the 4-

sensor probe in the air-water tank.

This chapter describes an air-watetiphalse flow loop.

All experimental results obtained in érewater flow loop with and
without the swirl are presented. The results olethiare compared with

the reference measurements obtained from a higkdsgemera.

Conclusions.

Recommendations for further work.
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CHAPTER 2

Literature review

Since the beginning of the study of multiphase flalvere have been significant
developments in measurement techniques, and vatypes of measuring devices
have been developed. Even though all the equipdentes have different ways of
measuring the properties of the flow, they canballsimply categorised into two
groups: non-intrusive (techniques in which the ertips of the flow are measured
without disturbing the flow) and intrusive (techanes in which the flow is disturbed
while the properties of the flow are measured).hButtrusive and non-intrusive

techniques can be sub-divided into global and lteainiques, listed below.

2.1 Non-Intrusive Methods

Non-intrusive methods can be divided into global &tal measuring techniques [1-
110]. As this project is based on local, intrusmethods of measurementthe detailed

information on non intrusive measurement technigsi@sesented in Appendix A.

2.2 Intrusive methods

Although non-intrusive techniques can give the meglinformation that is needed
for a process, there are limitations that make themuitable for a number of
applications. In these situations, intrusive methack preferred. One of the reasons
that intrusive methods are used is that non-inteisiechniques may not give
satisfactory results on highly turbulent systembr{§€ophe et al. [15]); also, in some

industrial operating conditions, non-intrusive teicjues become ineffective because
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of the walls (which need to be transparent in thgecof image analysis techniques)
and bubble number density (in the case of LDA amd);Pfinally, non-intrusive
methods are not often easy to apply and instatl,thay can be very expensive [15].
A further major limitation of non-intrusive methodstheir inaccuracy; for example,
the poor accuracy of the velocity and volume fiattmeasurement in multiphase

flow using ERT (Lucas et al. [3], Christophe et[&b]).

As a result of these limitations of non-intrusiwestems, intrusive techniques have

been developed which are discussed in detail below:

2.2.1 Heat transfer probe

Heat transfer probes are also known as hot filmmameeters and in multiphase flow
can be used for the measurement of local gas voliwaotion and liquid volume
fractions. They can also be used for measuremewlotity of the continuous phase

liquid in liquid continuous phase, and turbuleiflquantities [111-119].

Figure 2.1 Hot film anemometry probes: one sensodual-sensor and three
sensors respectively from left to right.
The sensors of these hot film probes are very smsilially 0.1 m, and are made up
of platinum or nickel films. These films are depedi on thermally insulating
substrate, usually quartz. The films are deposiiedccathode sputtering to ensure a

uniform thickness of the sensing element. A thiaker of conducting material is
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connected by sputtering to the ends of the filmupply the electrical heating current.
The film is usually coated with a 1-2n thick deposited layer of insulating material
(quartz). This coating protects the film materianf abrasive particles and provides
electrical insulation for hot film probes usediguiids. Two or three films can be used

for a multi-dimensional flow, as shown in Figuréd 2.

The process of measurement is generally basedeoprthciple of the exchange of
heat from the electrically heated probe to theaurding environment. Thus, the heat
transfer coefficient between the probe and theosmding dispersed phase is given in

Equation 2.1 as a Nusselt numb¥y (ratio of convective to conductive heat transfer)

and depends on the characteristic Reynolds numbejlR7, 119]

N, = A+BxRe »° Equation 2.1

The electric current through the probe is contcbdg a Wheatstone bridge interfaced

with a regulation amplifier and a high-pass fil{er,119].

The calibration relationship between the voltage from the Wheatstone bridge
(which the current from the probe is passed thrpagid the liquid velocity is given

by King's law [15]:

EZ=A+Bxu)] Equation 2.2

where, A, B andn are coefficients identified by calibratiok, is the output voltage
from the bridgeye is the apparent fluid velocity (whereas the acuabcity isu, a

vector), sensed by the probe. In the case of aundorm flow, u, is the normal

component ofu with regard to the probe. For the calibration phare, a Pitot tube is

Suman Pradhan 53



Chapter 2 Background

usually used as a reference measuring technigse, 8le to the fact that the sensor’s
characteristics can change rapidly, it is recommadnthat the probe should be

calibrated regularly.

The coefficientsA, B andn of King's law are dependent not only upon the piajs
properties (density, viscosity, thermal conducyiviof the fluid near the probe, but
also on the geometric characteristics of the serugse parameters may also vary

with the difference in temperature between thefimtand the fluid [117,119].

Due to their fragile nature, hot film probes are used in multiphase flows that have
solids with high momentum. Also, it is desirable floe temperature in the flow to be
uniform. However, care must be taken when theyuaesl, due to the fact that errors
in measurements may arise from several factors @sturbance due to the probe,
calibration curve uncertainty, signal treatmentgnal amplification, signal

interpretation in turbulent flow, and non-uniforentperature [111,117,119].

Toral et al. [116] used hot wire anemometers intiplidse flow in order to measure
the volume fraction of the dispersed phase (aihis case) which was introduced in a
tube filled with ethanol. The measurement principlas based on monitoring the
different rates of heat dissipation from the praobevapour and liquid phase. The
reference gas volume fraction was determined hbygusie pressure drop between two

pressure tap points (see Chapter 10).

Rensen et al. [120] in 2005 also used a hot wiobein order to study the bubble-
probe interaction, residence time, bubble size (@red with the image captured
from high speed cameras) and the arrival and degaliubble velocity. Figure 2.2

shows the schematic diagram of the experimentalgesed by Rensen et al. [120].
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(a) (b) (c)
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Figure 2.2 Schematic diagram experiment set-up (ayater channel with
circulatory flow (b) Enlargement of the test sectia (c) optical path for

stereoscopic imaging (top view), Rensen et al. [120

Rensen et al. [120] describe three types of pralidse interaction as follows:-

Penetrating bubble The bubble and probe meet each other and méige.

sensitive part of the probe is then inside the byhimtil the back end of the
bubble has passed the probe (see Figure 2.3).

Bouncing bubble- The bubble is pulled back under the probe &edbubble

leaves the probe on one side (see Figure 2.3).

Splitting bubble - The notch that originates from the folding betbubble

becomes deeper, until the back end of the bublie the probe. As a
consequence, the two bulges break up into two aepéubbles (see Figure

2.3).
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Penetrating Bouncing Splitting

Figure 2.3 Image sequence of penetrating, bouncirand splitting a bubble as
described by Rensen et al. [120]

Bruun et al. [119], in 1995, describe various typ&sot wire probe: S N film probe

X hot film probe and split-film probe Bruun et al. [119] also describe problems

associated with the hot film anemometer such a&strellysis, cracking of the quartz

coating, bubble formation on the probe, temperadufeand probe contamination.

2.2.2 Ultrasound probe

Ultrasonic probes were originally developed to lsediin the single phase liquid
flows (Murakawa et al. [121,122]), in which the geilechography of ultrasonic beams
from an ultrasonic transducer are used to meakerastantaneous velocity profile of
the liquid along its measuring line. The advantafjeising ultrasonic probes is that
they can be used in opaque liquids such as liquedainand in the presence of

magnetic fields. In recent years, these probe® fso been used in multiphase
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bubbly flow [121,122], in which the ultrasonic pessare reflected both from the
seeding as well as the bubbles in the liquid, sd this possible to measure the

velocity of the bubbles as well as the liquid.

_%Z% _______

T

Figure 2.4 Cross-section of an ultrasound Dopplermpbe [123].

In general, the structure of an ultrasound probesists of a piezo-ceramic disk linked
to a damping device included in a metal tube. Tipesbes are able to be used even in
aggressive environments; they can resist temperatprto 140C and pressure to

20MPa. Figure 2.4 shows a diagram of an ultrasquabe [15, 123-124].

The principle of its operation is that acousticgstge waves are generated from a
transducer within the piezo-ceramic disk, causiigations. The disk transforms
these waves into a voltage signal which, in turm ©e acquired by a computer
through a data acquisition card. The frequenciasdle used range between 0.2 and 5
MHz. Also, the focal distance of these probes isuatD.2 to 0.3 m; therefore, no

disturbance of the flow occurs [15].

There are two types of technique that are used withsound probes. The first uses
transmitted wave characteristics such as atteruatiorder to make a measurement.
In this technique, transmittandeis evaluated through the voltages A (when a bubble

is present) and A (when bubbles are absent) measured at the recenadre.
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Transmittancel depends on the distantebetween the two probes, bubble sauter
mean diametedg,,, sound dispersion coefficiel® and wave characteristics such as
frequency f, and celerity ¢ in the liquid mediumnd@ all these parameters are
measured, it is possible to calculate the locarfatial areaA or the gas volume

fractions/ using Equation 2.3 as described in [125].

- 8In(T 6/ :
A= kd( ) = 5 Equation 2.3
SL SM SM
2
2
Wherek = £
Cc
1. Pumgp
2. Overflow tank
3. Nozzle 1
4. Bubble genarator |
5. Test pipe | 50mm
6 Orriﬁcu flowmeter Ultrasonic
v | © o transducer

9. Pressure sensor
10. PC
11. Multi-wave TOX
12. UVP monitor(X-3)
13. UVP-Duo
14. Heat exchanger
15, Air comprassor
16. Laminar flow meter

17. Rectifier
18. Thermocouple
19. Mass flow controller i 56\
_-—J - “F]_ el - S - =
h
..,3?‘\)2\ o
o | o
W
= o
N
-
| ©
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Figure 2.5 Experimental set up used [ 121,122]
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The second method uses the Doppler technique videpulse echo methoth other
words, in the case of probes that use the Dopplennique, the transmitter and
receiver are the same probe (Christophe et al, MGtakawa et al. [121] [122]). Due
to the fact that gas-liquid interfaces are verydjoeflectors (acoustic impedance is
different in gas and liquid), pulsed signals arete into the fluid and their echo is
received. Wave characteristics have been alterddrase changes correspond to the
velocity of the multiphase flow. The frequency bktpulse emission is around 10

kHz. Also, the shorter the pulse, the weaker thw elistortion will be [126].

Murakawa et al. [121, 122] used a similar techniquex multiphase bubbly flow;
Figure 2.5 shows the experimental set up they usetthe experiment by Murakawa
et al. [121,122], the ultrasonic Doppler method applied to the bubbly multiphase
flow with added seeded particles, with the reshkttthe ultrasonic waves are
reflected from both the seeding particles as welktle bubbles. These reflections,
captured by the ultrasonic velocity profiler momjt@wontain information on the
velocities of both phase disperse (bubble in thseg as well as the continuous phase
(water). Thus, Murakawa et al. [121] were ableital fthe velocity of both phases

using the phase separation technique.

Later, Murakawa et al. [122] used two differentesizof ultrasonic transducers in

order to study the effect of the liquid velocity the rising velocity of the bubbles.

Figure 2.6 shows the velocity probability densiimdtion using 2 MHz and 8 MHz
ultrasonic transducers. It was found that, with &klHz ultrasonic transducers, it
was only possible to measure the velocity of theitl, while with 2 MHz ultrasonic

transducers, it was possible to measure the vglotihe bubble.
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Figure 2.6 Comparison of the probability density function measured with 2MHz
and 8MHz ultrasonic transducers. Murakawa et al. [R2]

Similarly, Wang et al. [127] used a commerciallyaiable ultrasonic system, Doppler

US2000, in order to measure the gas volume fracligmd velocity, bubble size, and

bubble rise velocity in a bubble column, as showRigure 2.7.

Figure 2.7 Experimental set up for Wang et al. [12]7

Placing the probe as shown in Figure 2.7 has amrddge: 1) it overcomes the
complexity of the ultrasound reflection at the blgbinterface which makes the signal

difficult to deal with and 2) it also avoids theffaiulty of determining the Doppler
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angle as the measured velocity, as the DP2000asthi projected towards the flow

direction.
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Figure 2.8 Flow pattern achieved by Wang et al. [17

Figure 2.8 shows the sequence profile of the eswwiutf the bubble signal, as it rises
towards the probe, decreasing the distance bettteebubble and the probe as the
time increases. Thus, Wang et al. [127] recommendayp of calculating the rise

velocity of the bubble by dividing the bubble desgement between two sequential

profiles by the relevant time interval and thenrageng the results.
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Using this approach, Wang et al. [127] found gogdeament between results in

which they found the bubble velocity, , of 0.32 m/s and the liquid velocity (seeding
particles)U, of 0.12m/s. The bubble slip velocity, given by, - U, is 0.20 m/s, in

accordance with the single bubble rise velocitwater.

2.2.3 Needle probes

The main characteristic of these probes is that #ne thin and they are sharp ended.
They are positioned so they face the directiorhefftow. Depending on their design,
they are able to measure the local dispersed phalsene fraction/, and local
velocity in gas-liquid and liquid-liquid (e.g. aih water) flows, in the bubbly flow
regime. There are two types of needle probes: aptibre probes and conductive
probes. In the literature, the number of tips a& thumber of needles they use is
predominantly one or two [129-140]. With one neetitiey are able to measure only
the local dispersed phase volume fraction; with twemdles it is possible to also
measure the local dispersed phase velocity. Regefotir and five needle probes
have been fabricated [141-156], which also measwector velocities and bubble

shape respectively.

2.2.3.1 Optical needle probe

In recent years, optical probes have been frequemded to study the bubbly
multiphase flow [129-134]. In these studies, aushased single, dual and four-sensor
probes in order to determine the velocity of thepdrsed phase, bubble shape and the

volume fraction of the dispersed phase.
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The principle of optical fibre probes is based ba fact that the critical angle for
reflection/refraction changes considerably in tifeecent phases, and is much larger
for a water and glass interface than for an airglads interface. Light is sent through
the fibre and, if the tip of the probe is immersedvater, light will leave the fibre,

whilst if air or oil is present at the tip of thibrfe, the light will be reflected.

Hamad et al. [129-130], in 1997, used a single @eogtical probe in kerosene-water
flow to measure the volume fraction of kerosene emmpared the results with those
acquired from a hot-wire anemometer. Subsequeiml®002, Hamad et al. [129-
130] report implementing a dual-sensor optical prab kerosene-water flow to
measure the local volume fraction, local disperglease (kerosene) velocity and the

bubble size.

Hamad et al. [129-130] used a five meter long @bficobe cable with a 100m core
diameter and 140 m cladding diameter. This cladding provides a camiststep
change in refractive index at the core-claddingriiaice, which guides the light inside
the fibre. In this paper, the author measuredvitiame fraction of the dispersed

phase (kerosene) with an optical probe, using kEgut4:

/ =lim Equation 2.4

T®u T

where T is total measurement time, T; is the total time the dispersed phase is

present at the selected measuring point and the dispersed phase volume fraction.
When comparing the results from the optical proli# those from a sampling tube,

the author found good agreement between the results
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Hamad et al. [129-130] also reported that the dsme distribution is apparently

similar when the volumetric quantity (ratio betweabe volume of water and the total
volume present in the system) is constant and #tenflow rate is changed, whereas
if the water flow rate is kept constant and theunodtric quantity is increased, results

shows that there is a substantial increase indhaer of small drops.

S. Guet et al. [130] made a four-sensor probe u#imgs with a quartz glass core of
200 m diameter, having a refractive index of 1.45, lecan cladding of 380 m

diameter and a protective layer of Teflon of 600 diameter. The cladding and
Teflon layers were removed from the tip of each sensght was emitted into each
fibre by an LED (wavelength of 680 nm) via standgtass fibre connectors and a
photodiode was used to detect the reflected ligite collected light was then
converted into a voltage output. Figure 2.9 showes Schematic of the four sensor

optical probe used by Guet et al. [130].

R —=
[ ] m——
Fl

=5

Figure 2.9 Schematic of four sensor optical probé&suet et al. [130]

The author used the optical probe in bubbly gas+kie to study the bubble shape,
the volume fraction profile and the orientationtbé bubbles during probe-bubble

interaction. In the paper, the author reported thabbles smaller than 5mm in
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diameter accumulate near wall regions to form d pedking radial volume fraction
profile. As the bubble size increased, the volunaetion profile changed from wall
peaking to a centre line peaking volume fractioofifg. The author also stated that
the orientation angle (angle between the z- axihefpipe and the velocity vector of
the bubble) of the dispersed phase is greater @hahthe diameter of the bubble is
smaller then 5mm, whereas the orientation anglesis then 0° if the bubble is larger

than 5mm in diameter.

Julia et al. [131] also used an optical dual-sepsobe to measure the local volume
fraction and the trajectory of the dispersed phasribbly air-water multiphase flow.
The drawback of this study is that the probe wasequlgust 3.5 cm above the gas
injection nozzle. Due to this small degree of sapan, bubbles will still be under the
influence of the air (gas) pump pressure, thusciiences of receiving the wrong
information on velocity are very high. It is alsogsible, in the case of this small
nozzle-probe separation, that the trajectory of hbbble will always be vertically
upward as the bubble hits the probe. The authoriorenthree types of effects that
can occur during bubble-probe interaction which canse an error in measurements.

The described effects are: -

Blinding effect - since the probe detects a disturbed interfazstipn, the local

interface deformation during probe impact contrdsuto the error on the velocity
measurement. This leads to the existence of a ldome or, equivalently, to an

effective shape detected by the probe.

Crawling effect - the whole bubble is decelerated and /or defdrrdaring the

interaction.
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Drifting effect - the trajectory of the bubble is altered, legdia either the detection

of a smaller chord or to no detection at all.

Although the optical probes described above araldapof measuring the properties

of the dispersed phase, they have significant daakdy as described below:-

Probe tips of optical probe are very sensitiveustd

The probe must be shaped very precisely, which nig g#ficult due to the
size of the probe and, hence, requires special imaghincreasing the overall
cost.

Using a typical optical probe, the reflected ligignal is very weak; thus, in
order to enhance the signal, a very expensive pheteiver is required.
However, for better reflection, a co-axial receiean be used, but it needs to

be finely machined, which is again very expensive.

2.2.3.2 Conductance needle probe

Given the drawbacks associated with the opticabgsodescribed above, in the
present investigation it was decided to use a eeeathductance probe. Conductance
needle probes use metal needles as the sensordiahheter of the needles is usually
smaller than 200m. They are covered with a non-conductive waterplagdr, except

at the tip of the sensor needles. The exposedrgptha actual sensors. The electronic
circuit that supports these probes measures thductamce between the tip of the
needle and the body of the probe, which is meta.di-in-water bubbly flow, when

the tip is surrounded by water, the measured cdadaoe is 0.05S/m. When a bubble
strikes the probe, the tip is surrounded by gasthadneasured conductance is very

0.8 x 10"S/m. Hence, measurements can be acquired usingnthe at which the
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bubble surface contacts each sensor. As in the afagptical probes, a one needle
probe measures the local dispersed phase volumtofraand a two needle probe
measures the local dispersed phase velocity, dsawdbcal dispersed phase volume
fractions. In the last few years, four-sensor psobave also been designed and used
to measure the local dispersed phase velocity wedore information regarding
conductance probes can be found in [135-140] anldenmest of the thesis, as they are

the main subject of the research that is presdraesl

It may be helpful to briefly mention some of theolplems that occur when needle
probes are used. These problems are related toghsumement errors that may occur
(see Chapter 3 section 3.2 and Chapter 4). Sowfcdgese errors include: bubble-
probe interaction (piercing hydrodynamics), proberation in the flow, bubble

shape, turbulence, statistical bias (large bubétedikely to hit the probe more often

than small ones), and the signal (and data) prowessheme that is used.

In the current thesis, dual and four-sensor prd¢iae® been designed, fabricated and
used in a number of experiments. An extensive astdildd description regarding
their characteristics will be presented. Also, ndesigns and signal processing

schemes are discussed.

2.3 Conductance probe

As discussed in Chapter 1, two phase flows occumany applications in the
chemical, mechanical, gas and petroleum and nuahelustries. The relationships
between the phases in gas-liquid flows are veryptexnand result in different flow
patterns, as described in earlier sections. Theseghtterns are highly dependent on

the flow rates and mean phase volume fractionkeflowing components.
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Author Sensor material used Sensor diameter
(mm)
Serizawa et al. 1975 indess steel 0.2
Hills 1974 tungsten 0.5
Neal and Bankoff 1963 stainleteel 0.75
Kocamustafaogullari et al. 1991 stainkstes| 0.25
Wu et al. 2000 staisleteel 0.089
Hogsett et al.1997 atpplum 0.127
Sanaullah et al. 1998 indéas steel 0.112
Kim et al. 2000 gold acupuncture needles 0.13
Herringe and Davis 1976 stainkisel 0.08
Panagiotopoulos et al. 2007 stainttssl 0.3
Park et al. 1976 kovar 1
Rigby et al. 1970 hramel-alumael 0.5
Lewis et al. 1983 aistess steel 0.315
Yasunishi et al. 1986 tiplam 0.25

Table 2.1 Summary of probe configurations used byrngvious researchers

Within the University of Huddersfield and elsewhgiel4,135-156], conductance
probes have been used to determine the local weleeictor, the local volume
fraction and bubble size distribution in gas-ligdldw. A comprehensive list of
previous research into conductance probes is givdrable 2.1. However, the probe
listed in Table 2.1 was only used to measure thecigl and the volume fraction
profile of the bubble with exception to Panagiotolos et al. 2007. Panagiotopoulos
et al. 2007 used rotary index dual-sensor prolbedasure the velocity vector of the

bubble (see Chapter 2.6).

These conductance probes detect the passage dadeterat the tip of each sensor,

and use the time delays associated with the pasdatese bubble-liquid interfaces
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to measure the relevant local dispersed phase qiegelhese probes are relatively
simple to use and have a wide range of applicafiois. particularly important for
them to accurately measure the properties of thpedsed phase because moderate
measurement error results in intolerable uncesgtamthe estimation of both local gas

volume fraction and the local gas axial velocitygas-liquid flow.

At the beginning of the development of these cotahee probes, only one needle
(sensor) was used, giving a different signal dependvhether the probe was in

contact with water or air/gas [144-146].

Bankoff et al. [144] was one of the first to deyelbe idea of using the conductance
probe for the measurement of volumetric gas fractimibble frequencies, and local
bubble size. The probe that Bankoff used consisteal 25" long 0.033” diameter
steel sewing needle welded to the end of a 3” leindt0.033” steel wire. The steel
wire was electrically insulated, except at the tpth a resin varnish as shown in
Figure 2.10. A 1/4S.S tube was used as common ground and the piastiation
was used to separate needles from the tube, asawdld prevent the water from

passing into the tube.

A
A 4

N
19" — 5 Resin

Figure 2.10 Schematic of probe used by Bankoff et.4§144]
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The author found that, with regard to the smalldsddess, more bubbles were found at
the centre of the tube than the walls near theapo#r to the test section. After the
flow became fully developed, bubbles were fairlyiformly distributed across the
tube cross section. The author also stated thdiuhble frequency varies radially and
axially in the entrance region, but becomes esalgntionstant when the flow is fully

developed [144].

|
|
|
|
paa
A I
|

=
A

Figure 2.11 Schematic of Serizawa et al.’s probe42]

Later, in 1974, Serizawa et al. [142] developed ttea by introducing an electrical
resistance probe consisting of two identical nesdlesors, with the needle tips axially
separated by 5mm, as shown in Figure 2.11. Eaclleesensor was made up of
stainless steel wire of 0.2mm diameter, and waslated electrically except at the
tips. The author denoted the upstream sensor astdltesensor and the downstream
sensor as the stop sensor. The probe was used sumadacal volume fraction (see
section 2.4), bubble impact rate, bubble velocsige(section 2.4) and its distribution

in a bubbly air-water flow.
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Cross-correlation was used to calculate the avaragelag of the bubble between the
upstream sensor and the downstream sensor. Seretah [142] stated that the
average velocity of the bubbles measured by thesetorrelation technique is about
5% smaller in bubbly flow than that measured byutichannel technique (technique
in which the time to pulse converter was used ofeoto achieve the time lag from
each bubble) due to the shape of the bubble vglepiéctrum and bubble — probe

interaction effects.

Later, Kocamustafagullari and Wang [145] recommende2.5 mm axial sensor

separation for the accurate measurement of bubd#eaad bubble velocity.

Wu et al. [146-148] used a double-sensor probe ripdef stainless steel wire of 89
pum diameter, insulated with 5 um thick insulatiesin, so as to make only the tips of
both sensors electrically conductive. The axial serseparation between front and

rear sensor was 2.65mm, as shown in Figure 2.12.

/‘_.f .
y .

/ Probetips ol [l
() il
— | — | il | 11as
] |
_ bl | K
58 tube iy
Shrinkable Teflon tube / /
Epoxy /
Insulating resin, 5 ym thick
5.8, wire, 89 um
W -
- E |
.‘r E| |
v I
| = |
(o] |
|

Figure 2.12 Double sensor conductance probe. Wu &t [146-148]
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Wu et al. [146] used the probe to investigate fifeces of the axial sensor separation
on velocity measurement with spherical and ellgdtlmubbles in air-water flow. They
stated that “The measurable velocity may approathity if the ratio of the sensor
separation to the diameter of the measured bubblesnaller then the maximum
relative fluctuation of the bubble velocity.” Thelyerefore suggested using a sensor
separation greater than one half of the bubble efienfor effective elimination of the
singularity problem. Wu et al. [146-148] also sthtkat, if the sensor spacing is 0.5 to
2 times the bubble diameter, the calibration fatatio of true mean bubble velocity
to the mean measurable value) is almost independletite sensor spacing. This
conclusion conflicts with the results found by Kata et al. [149], who stated that if
the sensor separation was smaller than 0.2 of #esuned bubble diameter, there is

little effect on the calibration factor.

Wu et al. [146] also proposed a sampling rate greaen 2000 KHz for the spherical

shaped bubble.

Figure 2.13 Sanaullah et al.’s dual-sensor probes
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Sanaullah et al. [150] used a two-needle inclireuser (at = 90°, 110° and 145°),
made of Teflon coated stainless steel wire withnand tip distance (S in Figure 2.13),
for the validation and comparison of the results they previously acquired using a
vertical sensor probe = 90°). Sanaullah et al. [150] also studied tHeatfof probe
inclination on the measured bubble size, bubble frequencylaoad void fraction.
They found that the calculated parameter was muadectito the reference values at

=110° than at = 90° or 145°.

2.4. Theory of the dual-sensor conductance probe

The basic purpose of a dual-sensor conductance pdbaneasure the local volume
fraction and the local velocity of the disperse@g#at a point in the cross section of
a bubbly two-phase flow. Many researchers, inclgdierizawa et al. [142], Herringe
et al. [152] and Wu et al. [146-147], have sucadbsiused dual-sensor probes to
measure variations in the local electrical impeéaatthe multiphase mixture and,
hence, to determine the local volume fraction avahll velocity distribution of the

dispersed phase in the cross section (as desdéded).

The volume fraction of the dispersed phase can lzsuoned by one sensor, but for the
measurement of the velocity of the dispersed pliasaecessary to use a dual-sensor
probe. The operation of the dual-sensor conductpratge is based on changes of the
electrical conductance in a multiphase flow. Whemtip of each sensor is exposed to
a mixture of two phases, the conductance betweerptbbe tip and the common

ground (sensor body) is measured. Due to the Eiffprence in conductance between

the water and the air, the conductance signal hlésply when a bubble passes over

the sensor.
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Assume that a dual-sensor probe is positionedcadistiand faces the direction of a
vertical bubbly air-water flow (see Figure 2.14hdathe surface of an air bubble

makes contact with the front sensor for the finstetat timet;; and the last time at
t,; . Before proceeding, it is important to note tia{2], Mishra et al. showed that in

multiphase flows the bubbles of the dispersed phgss-liquid) have an oblate
spheroid shape as they move in the liquid, andttigaplane of symmetry is normal to
the direction of motion. Furthermore, it is alsswased that the bubble surface makes

first contact with the rear sensor at tige and last contact at timg, . Figure 2.14

shows the bubble striking the sensors at the cohtaes described above.

Front
Rear sensor
sensor

Figure 2.14 Bubble strikes dual-sensor probe at diérent time intervals.

\

Figure 2.15 Ideal signal obtained from a bubble stking a dual-sensor probe.
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Based on the above, when the bubble strikes thet fsensor, the measured
conductance will fall sharply as the tip of the s@mis immersed in air (which is a

very low conductivity material) instead of waterhfjgh has high conductivity). As

long as the tip of the sensor stays in the bubhigérior, the measured conductance
stays low. When the bubble leaves the front sertkermeasured conductance will
sharply rise, since water will surround the sersstg. The same events happen with
the rear sensor. Figure 2.15 shows the conductamaeges for both sensors and the

times of the occurrences.

SupposeN bubbles hit both the front and the rear sensorsga sampling period.

For thei™ bubble, two time intervalg't;; and dt,; may be defined as follows:

aty =ty - by Equation 2.5
and
dty; =ty -ty Equation 2.6

The mean local axial bubble velocityat the position of the probe is then given by:

_2sM 1

(—) Equation 2.7
N i=1 dtl,l +dt2,i

wheres is the axial distance between the tips of the @andf the bubbles have a
plane of symmetry normal to their direction of nooti then use of Equation 2.7
minimises the errors in the calculated value/adue to the effects of the curvature of
any bubbles that hit the probe ‘off centre’, as destrated by Steinemann and

Buchholz [137]. This is made clearer in Figure 2.WHhich shows the typical
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arrangement for a probe — bubble interaction. Edut6 shows that when both (front
and rear) probes hit the upper surface, the frensar hits first and then the rear

sensor after/t; seconds; which is given by Equation 2.8
at, = dt*+Dt, Equation 2.8

similarly, when hitting the bottom surface of thebble, the rear sensor hits first and

then the front sensor afteft, seconds, as shown in Equation 2.9.

dat, =dt*- Dt, Equation 2.9

where dt*=> , and if Dt; =Dt,
v

at, +dt,

5 =qt* Equation 2.10

Thus, using Equation 2.10 compensates for theitieevals in hitting the probe.

- 4

Figure 2.16 Typical bubble-probe interaction
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The local volume fraction/, of the bubbles at the position of the probe can be

estimated from the conductance signal from eitherftont or the rear sensor. In the

case whereby the front sensor’s signal is consijeleen /, can be calculated by

[146]:
N
/) =% (t2f,i - tlf,i) Equation 2.11
i=1
T
Rk N
\

Figure 2.17 Typical bubble-probe interactions withlateral velocity component
showing singularity problem
It is important to mention that in real, as oppos®ddeal, vertical upward air-water
flows, the velocities of the air bubbles are noteby axial; they also have small
lateral components. In [146] it is shown that th&seral velocity components can
cause the surface of the bubble to strike bothoseret almost the same time, which
Wu et al. [146] described as a singularity problesashown in Figure 2.17. This will

make the values ofdt); and dt,; very small. Sincedt;; and dt,;are in the

denominator of Equation 2.7, the outcome will beegy large value fow, which will
not correspond to reality. Therefore, Wu et al §[igtated that one way of minimising

the effect of this problem in typical vertical buplmultiphase flows is to make the
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axial sensor separati@in the range between 0.5d and 2d, where d is tiaeater of
the bubble. As stated earlier, Wu said that, ifd0.5s 2d, the measured bubble

velocity fluctuation will be independent of the alxsensor separation.

2.5. Theory of the four-sensor probe

This section describes previous work on the fonsseconductance probe, including
the associated mathematical model. As describaéction 2.4, the local dual-sensor
conductance probe has been widely used to obtatnhditions of local gas velocity
and gas volume fraction in multiphase flow. Howevar dual-sensor probe is
restricted to measuring the axial bubble velociffhws, a four-sensor probe was
introduced to enable measurements of the vectocitgl(magnitude and direction) of

the dispersed bubbles in bubbly flow.

Prior to describing the model and the analysisheffour-sensor probe, it is proper to
present the assumptions and conditions that shmeilthken into account before the

model is applied.

«— Prohe

vector with

modulus 1y \ plane of

| symmetry of
2 gas bubble

. . r ‘..I
Dotted line is projection of \ R
Vorta %y plane - N/

Figure 2.18 (A): Bubble with vector velocity movingacross the four-sensor
probe. (B): motion of bubble between front sensor @nd rear sensor 1.
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The four-sensor probe and the corresponding model applicable to bubbly
multiphase flows, where the continuous phase isnaucting liquid and the dispersed
phase is a non-conductive gas or liquid. In theenirresearch, the probe and its

model were relevant to air-water bubbly flows.

The assumptions that were made for the developofehe model are as follows:

1. Each bubble has a plane of symmetry normal toirection of motion. Such
bubble shapes include spheres and oblate sphefhils. As reported in [1-
2], gas bubbles of the dispersed phase are flattentneir direction of motion
due to their velocity relative to the continuousaph. Experimental
observations reported in [1-2] showed that bubbléeth small diameters
(about 4mm) had spherical shapes, while bubblds bijger diameters (about
8mm) tended to have oblate spheroid shapes.]

2. Each gas bubble strikes the front sensor ‘0’ fstl then the rear sensors, as
shown in Figure 2.18.

3. The surface of each gas bubble hits all four senseice. The first time is
when the gas bubble initially contacts a sensoe 3écond time is when the
gas bubble leaves the sensor.

4. The sensors do not alter the gas bubble’s progeotiecharacteristics (shape
and vector velocity).

5. When a gas bubble strikes the probe, the senspuibsignals resemble the
ideal signals shown in Figure 2.19 [note that thblibe hits the first sensor O

first].
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Figure 2.19 Ideal signals from the four-sensor probg
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Figure 2.20 Velocity vector representations

The velocity vectoV of a bubble can be represented mathematically dpyaton

2.12 using the coordinate system shown in Figuté.2.

V =v(sinasinbi+sina cosbj +cosak) Equation 2.12
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V =vx, Equation 2.13

where a is the polar angle between the z-axis and theov&tt 4 is the azimuthal
angle between the y-axis and the projection oforé¢tonto the x-y planey is the
magnitude of the vectdV, A, is the unit vector in the direction ®f, andi, j, k are
unit vectors in the direction of the y, andz axes respectively. So, in order to find the

velocity vector of a bubble, it is necessary talfthe three parameters that define it.

These are the polar angle |, the azimuthal angle), and the velocity magnitude

(V).

2.5.1 A model for determining the bubble velocityvector from seven time

delays

This section is based on work by Lucas et al. fid ®Blishra et al. [2]. Let us assume
that a bubble moves with a velocity vecior(which can be described by Equations
2.20 and 2.21) relative to the coordinate systeawshin Figure 2.20 and strikes the
four-sensor probe. Also, let us take the case wtierdubble strikes the front sensor
(which has 0 as an index) and then strikes onbaefeéar sensors (with 1 as an index)

as shown in Figure 2.18B.

When the bubble strikes front sensor O for the tiree, a position vector can be
defined between the geometrical centre of the lmubbd the point that contacts the

sensor (see Figure 2.18 b). This position vectarlmexpressed as=r f;, wheren,

is a unit vector. After some timelt, the bubble strikes rear sensor 1, which is located
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at x;,Y;,z with respect to the front sensor. The position @ect of this point of

contact with sensor 1 relative to the centre ofgag bubbles can be given by:

rn=F+xi+yj+zk-Vat) Equation 2.14

Equation 2.14 can be expanded to derive the foligvexpression forlz, wherer;

the magnitude of is, :
r+xi+yj+zk-Vvay) (r+xi+yj+zk-Vadty)=r? Equation2.15
Expanding the bracket in Equation 2.15, and wrifihg VA, andr =r i, gives:

r2+rxl(ﬁi i)'”Yl(ﬁi j)+rzl(ﬁi k)‘ rthl(ﬁi ﬁv)+rxl(ﬁi i)
i)+ry (A j)+y7 - yvaty (A, j)+rz(f k)
+212' Z1th1(nv k)' rthl(ﬁv rA‘i)' Vxldtl(ﬁv i)' Vyldtl(ﬁv J)
-vzd, (A, k)+vidt? =r?

+x2 - xvat, (A,
Equation 2.16
Equation 2.16 can be rearranged into following gatc equation

veat? - vat{r (i A,)+2x (A, i)+2y, (A, j)+2z (A, k)}+
2

Equation 2.17
{x12+y12+212+2rx1(ﬁi i)+2ry (A j)+2rz (A k)+r2-r1}:O q

The solution for the above quadratic equation cawbtten as:

- + 2 -
at, = b+ vb” - 4ac Equation 2.18
2a
where
a=v? Equation 2.19
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b=-v(2r(A A,)+2x2x (A, i)+2y,(A, j)+2z(A, k) Equation 2.20
and
c= (xl2 +y2+ 22 +2rx (A i)+ 2ry (A j)+2rz (A k)+r?- rf) Equation 2.21

Equation 2.18 has two solutions for time delaysohtare given as

- b- vb?- dac
2a

at,, = Equation 2.22

- 1’ 2 -
aty, = b+ : 4ac Equation 2.23
a

The first solutiondt,, is the time interval between the first contacthe bubble with
front sensor O and the first contact of the bubbith rear sensor 1. The second
solution dty, is the time interval between the first contactlué bubble with front
sensor 0 and the last contact of the bubble wahsensor 1. Based on the assumption
that the bubbles have a plane of symmetry normaheg direction of motion (see
Figure 2.18), it is valid to conclude thgtis the same for the first and last contacts of

the gas bubble with the rear sensor. Thereford) vaference to Figure 2.18, the

terms a,b and c have the same values for the first and last contact Equations

2.30 and 2.31 can be combined into:

at, +dt,, =- b Equation 2.24

a

Applying Equations 2.28 and 2.29 to Equation 2tBé,result is:
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(Zr(ﬁi I’A]v)"'le(ﬁv i)"'Zyl(ﬁv j)+221(ﬁv k))
Vv

at,, +dt,, = Equation 2.25

Using the same procedure for the other two reas@snthe corresponding equations

are:
O't2 +dt2b = (Zr(ﬁi r'-\lv)-l_ 2XZ(ﬁv i)+ 2YZ(ﬁv J)+ 2ZZ(ﬁv k)) Equation 2.26
a .
V
dt3 + dt3b - (Zr(ﬁl I;\]V)-'- 2X3(ﬁv |)+ 2y3(ﬁv J)+ 223(ﬁv k)) Equation 2927
a .

V

Looking at Equations 2.33-2.35, it can be obsethatl there are three equations with

four unknowns, which amev,n;,f, . This problem can be overcome by considering
the time intervaldty,, which is the time between the first and last aohtbof the

bubble with the front sensor only. Therefore, appythe same concept that was used
for deriving Equations 2.33-2.35 to the front sensmother equation is produced,
which is:

(2r(n_A,)+ 2% (R, i)+2ys(A, j)+22(h, k)

dty, +dty, =
\Y)

Equation 2.28

But x,=Yy,=2,=0 (since the origin of the coordinate system isttpeof the front

sensor). So, Equation 2.28 can be written as:

2r (A, A,)
Vv

dty, +dty, = Equation 2.29

However, since timing starts when the bubble Hitsftont sensor for the first time,

we may write that't,, = 0
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Substituting Equation 2.29 for Equations 2.25, 22868 2.27 gives

dtn:(le(ﬁv i)+2y1(ﬁv j)+221(ﬁv k))
V

Equation 2.30

O't22 — (2X2(nv i)+2y2(3v j)+222(nv k)) Equation 2.31

C/t33 = (2X3(ﬁv |)+ 2y3(ﬁv J)+ 223(ﬁv k))

Equation 2.32
v

Where, at,, = dt, +dty - dty, Equation 2.33
dt22 = dtza + dt2b = dtOb Equatlon 2.34
dt33 = dt3a + dt3b = dtOb Equatlon 2.35

With reference to Figure 2.18, can be written as

A, = (sinasinb i +sinacosbj+cosak). From Equations 2.34 - 2.35 the final

equations that describe the vector velocity of abibel that hits a four-sensor probe are

derived:

: : : vdt :
X, sina sinb +y, sina cosb + z, cosa = —*% Equation 2.36
: : : vdt :
X, sinasinb +y, sina cosb + z, cosa = ——% Equation 2.37
vd'ts,

XgSinasinb + y,sina cosb + z; cosa = Equation 2.38
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This results in three Equations 2.44-2.46, witleéhunknown variables. Solving these

three equations gives the polar angle the azimuthal anglé, and the magnitude

of the velocity of the bubble.

4 4 Yi Y3 4 43 Yi Y2
tanb — dll d22 dll d33 dll d33 dll 422
7 7 X X L7, XX
dll d33 dll d22 dll d22 dll d33
Equation 2.39
L, 4
d a
tana = R Equation 2.40
%2 ginp. N Y2 ogp
dll 422 dll 422

From the measured sensor co-ordinatey , z, and the measured time intervals;
for the bubble, the azimuthal angle for a particular bubble is calculated using

Equation 2.30 and polar angke is calculated using Equation 2.40. Once the vafue

b anda is calculatedy is calculated using any one of Equations 2.44-2.46

However the procedure to calculateand a is somewhat complicated, for any value

of tanb, there are two possible values b6f which can either be positive or negative
that lie between ® and 360 . Lets assume;, as a positive value for the value of
tanb [i.e. b, will lie between G and 90 (first quadrant) and between 18G@&nd
270° (third quadrant)] and, as a negative value for the value of tafii.e. b, will

lie between 90 and 180 (second quadrant) and between 274nd 360 (fourth

quadrant)].
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If b, is substituted into Equation 2.40 then we get pessible values fa , as a,
and a,. Similarly, when 6, is substituted into Equation 2.40 then we get fwther
possible values foa denoted asi; anda,. These four values & thus calculated
will all lie in different quadrants. From the dafion of a shown in Figure 2.18 (in

which a can only lie between Vand 18C) the values ofa that lie in quadrants
three and four can therefore be rejected. For xlperaments described in this thesis,
the bubble velocity vecto¥ always makes an acute angle with the increasiagjsz-

of the probe co-ordinate system; hence the valug afising from Equation 2.40 that
lies in the second quadrant B@ 180°) can also be rejected. The remaining value

of a, which lies in the first quadrant {€o 90°) is chosen as the ‘correct’ polar angle

dmeas @S Measured by the four-sensor probe. The vafuebowhich gives

correcia, ... IS selected as the ‘correct’ azimuthal andig,,. as measured by the

four-sensor probe.

2.5.2 Comments on the model

From Equations 2.44-2.48, it is obvious that, idesrto calculate the bubble vector
velocity V in the probe coordinate system, the dimensionthefprobe must be

measured and so must the time delays (see Equations 2.41 - 2.43). Note that the
dimensions of the probe are thg y, and z, distances of the tips of the rear sensors

from the tip of the front sensor in the probe camate systems (see Figure 2.18).

Suman Pradhan 87



Chapter 2 Background

Figure 2.21 Cylindrical coordinate system for pipeThe large black dot

represents the position of the four-sensor probe.
Also, since the velocity magnitude, the polar argleand the azimuthal anglé are
known, the velocity components of the bubble in¢berdinate systems of a circular
pipe can be computed using Equations 2.49 - 2.&4 sgure 2.21 and Chapter 7.2
for details). Equations 2.49 - 2.51 assume thatztlaxis of the probe coordinate

system is parallel to the z-axis of the pipe camath systems and the y-axis of the

probe coordinate system is parallel to a pipe sadiu

V, =vsina sinb Equation 2.41
V, =vsina cosb Equation 2.42
V, =vcosa Equation 2.43

In Equations 2.41 - 2.43/, is azimuthal velocity, is the radial velocity, an¥, is

the axial velocity. Based on these definitionsjsitobvious that a positive axial
velocity means that the bubbles go upwards (ifpitede faces the bubble’s direction),

a positive radial velocity means that the bubbles/enaway from the centre of the
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pipe, and a positive azimuthal velocity means tin&t bubbles have a clockwise
motion (when viewed facing the oncoming flow). Tlhebble velocity vector

measured by the probe can also be transformedthetacoordinate systems of the
rectangular cross sectional tank, even when thieepiotilted or rotated to the relative

tank coordinate systems. A more detailed analysisbe found in Chapter 7.

It is important to mention that the mean local votufraction of the dispersed phase
/, can be calculated by:
1 N
I == (dte), Equation 2.44
T n=1
WhereT is the total time of the sampling process, Bind the number of bubbles that

strike the front sensor.
2.6 The rotary index dual-sensor probe

Panagiotopoulos et al. [11] used a rotary indeX-deasor probe in order to simulate
a four-sensor probe by rotating the rear sensdr meispect to the front sensor. Using
this formation, it is obvious that the frontal arsamuch smaller than that of the
traditional four-sensor probe, thus it causes fetigiurbances to the flow. Hence, the
main objective of using this type of probe wasnweeistigate the retarding effect of the
probe on the bubble. These rotary index dual-sepsaves are also much easier to
fabricate than a four-sensor probe. The main desaihge of the rotary index dual-
sensor probe is that these probes can only be inssteady flow where the air

bubbles all have the same trajectory, size andeshag the same velocity vector and

orientation when they strike the probe [11].
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Probe axis

Upper probe
body

e 15mm diameter

Reference line RR'
on surface of upper
tube

Waterproof ‘ring’

ball bearing
E
L £
Reference line S5’ 3mm P~
on surface of lower —
tube diameter

Lower probe body

Lead (upstream)
sensor

Rear (downstre am)
sensar

Figure 2.22 The rotary index dual-sensor probe (noto scale). Panagiotopoulos et
al. [11]
The rotary index dual-sensor probe described bya§iatopoulos et al. [11] (see
Figure 2.22) consisted of an upper part and a Igpaerwhich were connected using a
waterproof ball bearing. The upper part of the prelas clamped onto a platform,
whereas the lower part of the probe contains twepaecture needles coated with
insulating film. The insulating film was removediin the tips of the needles so as to
make them conductive to allow them to work as sengo bubbly air-water two-

phase flow.

For the simulated four-sensor probe, as descrigdeélamagiotopoulos et al. [11], with
an axial sensor separation of 1.1765mm betweenupistream and downstream
sensors, the effective x, y and z coordinateshengrobe coordinate system, of the

three simulated rear sensor are give in Table @@
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X (mm) | y(mm)| z(mm)
Sensor 1 0 0.7326 1.1765
Sensor2| 0.6344 -0.36631.1765
Sensor 3| -0.6344-0.3663| 1.1765

Table 2.2 Probe dimensions measured by Panagiotodos et al. [11]

These probe dimensions can be compared with théepdimensions of the
conventional four-sensor probe given by Lucas .gtl$l as shown in Table 2.3. From
the dimensions given in Table 2.2, the effectivessrsectional area of this rotary
index dual-sensor probe is much smaller, at 1.67ras compared to the dimension
in Table 2.2 which is 6.60nfmthis reduction lessens the retarding effect efftobe
on the bubble. Also, while simulating a rotary emddual-sensor as a four-sensor
probe, the bubble does not see the full area ofataey index dual-sensor probe. The
bubble only sees two sensors at a time which meengetarding effect of the probe

on the bubble is even smaller.

X (mm) | y(mm) | z(mm)
Sensorl| -0.702 0.999 1.084
Sensor 2 0.254| 1.486 1.06[7
Sensor 3 0.81 1.081 1.158

Table 2.3 Probe dimensions measured by Lucas et §l]

From Table 2.2 it is also clear that the front (tgem) sensor of the rotary index
dual-sensor lies in between the three simulatedseasors, ensuring that the bubble
always hits the front sensor. From Table 2.3, itlsar that, in the case of the
conventional four-sensor probe described by Lutad.[d], the front sensor does not
lie in between the three rear sensors, meaning likely that the bubble does not

necessarily always hit the front sensor first. €ffect is described in Chapter 3.
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Lucas et al. [1] also introduced a calibration éad¢f to compensate for the retarding

effect of the probe on the bubble as follows:

K L_Jg.probe = L_Jg.ref Equation 2.45

Where Ug probe is the mean axial gas velocity, obtained by prab@ Ug et is the

mean axial gas reference velocity.

For the conventional four-sensor probe, Lucas.gfithfound a calibration factdf of

1.2 with a variation of up to +20%, whereas froma tbtary index dual-sensor probe it
was found that the calibration factor is approxieha0.94. This result shows that the
frontal area of the probe plays a significant fialeeducing the velocity of the bubble
when the probe interacts with the bubble. Howewgrly disadvantage of this method

is it requires three sets of reading for each erpant.
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CHAPTER 3

Probe Fabrication

3.1 Fabrication manufacturing and steps of manufactring the

probes

A dual-sensor probe can measure gas volume fractioal bubble velocity and local
bubble frequencies in a bubbly gas-liquid flow, butcannot measure the local
velocity vector of the dispersed bubble in suchwloTo measure the local velocity
vector of the dispersed bubbles, a four-sensorgmimeeded, as described earlier in

Chapter 2.

For accurate measurement of the local bubble wgleeictor, it is important that the
frontal area of the fabricated four-sensor probassmall as possible (see Chapter
2.6). Since the bubble strikes each sensor twids, important that the probe has a
minimal effect on the bubble shape and velocitytmecDue to certain physical
circumstances, listed below, the manufacture of tber-sensor probe is not

straightforward.

1. As the probe is fabricated by hand, the accuracyhefpositioning of the
needles is limited by human factors especially @ased with the eye and
with hand movement. It is difficult both to platee needles in the correct
position and also to measure the position of thediee tops with great
accuracy (see section 3.4 and Chapter 4 for meastteand the sensitivity of

the dimension).
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2. The smaller the dimensions of the probe, the higier sampling rate
(maximum sampling frequency was made 50 KHz totlime size of data to
be able to process in considerable amount of time)eeded in order to

acquire a reliable and representative signal franhesensor.

Figure 3.1 (A) Typical signal from a dual-sensor pobe where “a” is time taken
at sampling frequency 40 KHz and “b” is time takenat sampling frequency 20
KHz (B) Dual-sensor probe

For example, if the data are sampled at the frequéfs ) with a dual-sensor probe,

Figure 3.1 shows the ideal output from the duakseeprobe. The time takem() to

sample single data is given by Equation 3.1.

Dt=— Equation 3.1

Equation 3.2 gives the actual local gas velogity, .

S

Vtrue :d_t Equation 3.2
1

Measured time delayét |
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Measured time delay can be in the rang@'df to d't, +fis

Hence measured local gas velocity,.,; can be in the range from Equation 3.3 to

3.4.
— S -
V meas = e Equation 3.3
1
— S -
V neas = 1 Equation 3.4
at, +—

Therefore, as the sampling frequency increases diffierence betweenv,, and

\ tends towards zero.

,meas

3.1.1 Fabrication of a new design four-sensor prob@N1)

The process in this section describes the fabocagchnique for the early version of
the four-sensor probe (denoted by PN1 in this f)assed during this research. The
purpose of fabricating a new design of the foursserprobe PN1 was to overcome
the existing problems with the four-sensor proben@ded by PNO) used by Lucas et
al. [1], i.e. to bring the calibration factét closer to unity, which was 1.2 with a
possible error of £20%, as previously suggestedumnas et al. [1]. The reason behind
this higher value oK factor was believed to be due to the frontal cs®ssgion area of

the probe itself, which causes the deformationhaf bubble during probe-bubble
interaction. Therefore, the fabrication of the nwr-sensor probe concentrated on
reducing the frontal cross-sectional area of tlabd@r In order to achieve this goal, a

new ceramic guide, available on the market, wad (see Figure 3.2).
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0.3mm

o
® @

2mm

Figure 3.2 New ceramic guide used for PN1

The new ceramic guide has an outer diameter of 2amancontains four holes of 0.3

mm in diameter which are 0.5mm apart from eachrqgee Figure 3.2).

The components and materials chosen for fabricatiegfour-sensor probes PN1

were as follows:

Stainless steel acupuncture needles as sensingrodes (50mm X
0.3mm).

Stainless steel tubing as the support and the comehectrode (5 mm
O/D, 2.1mm I/D).

Resin based two component glue for bonding thespart

Waterproof paint and insulating silicon paint faedlles.

30 AWG silver-plated copper wire for connecting diles to the
measurement system.

Silver loaded conducting paint for connecting woehe needles.

4 hole ceramic guide (see Figure 3.2.)

The reason for using acupuncture needles was libgthave a very small diameter

(0.3mm), they are rigid, and have a straight, unifashape. The small needle
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diameter is an advantage due to the fact thatnimises the interaction between the
sensor and the bubble, affecting the bubble’s dbaratics and dynamics as little as
possible. The rigidity and the uniform shape of tleedles give the advantage of

assembling a sensor with uniform characteristics.

The stainless steel tube of 5mm diameter was wsédlt the sensors and also act as
the common electrode. The tube was bent at an af§lé’ (see Figure 3.3) in order
to make it easy to mount in the pipe, and alsdHerprobe measurement (see Chapter
3.3). Finally, the tube was connected with thedrag mechanism, a device that will

be described in Chapter 10.

~ wires

Figure 3.3 Schematic of four-sensor probe PN1

Initially two types of coatings were used to insalthe needles, except at their tips: a
waterproof paint, and an insulating varnish. Theewaoof paint electrically isolates
the needles from the water. The insulating varmisdates an additional insulating
layer. Due to the fact that the varnish coating w#fcult and time consuming to
apply to the sensors, this technique was abandanddsilicon coating was applied

instead. This method was easier and less time oungy but concentration was
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needed in order to make the paint thickness unif@aong the needles. The

performance of the probe was not changed becaubésdlteration.

3.1.1.1 Steps of fabrication of a four-sensor probe

Step 1: Cut stainless steel tube, needles andiavlength; use different colour wire.

Step 2: To achieve close lateral needle spacingg liee blunt end of three needles
(see Figure 3.4) so as to allow sufficient spaaettie wire to be connected to the

needles.

—

—
— j
——

Figure 3.4 Bent acupuncture needles used for fouressor probe PN1

Step 3: Clean needles of dust and grease and retinevigst few millimetres of wire

insulation and twist around the blunt end of thedtes.

needle wire

ﬂ (o)
I
I

)

Figure 3.5 Two out of four needles showing the condtive wire twisted around

the blunt ends.

Step 4: Apply conducting paint to glue togetheruhee-needle connections; thus, the

wire connects firmly with the needles.

Step 5: Clean needles and apply a thin layer afosilpaint on all conducting areas

(needle and conducting paint); while painting sificit is important to ensure that the
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paint is as smooth as possible to avoid any defoomaf the bubble passing over the

sensor.

Step 6: Remove insulation from tips of needles witie sandpaper to make it

electrically conductive.

sand paper

T~

A

Insulated needle

Figure 3.6 Sandpaper used to remove insulation frorthe tips of the sensor.

Step 7: The prepared needles were then glued ootwaaic guide. While applying
glue to the needles, it was ensured that one atlieofour needles was placed forward
of the others, as shown in Figure 3.7. The distdoeteeen the tip of the front sensor
and the tips of all the rear sensors was made apppately equal to 1-2 mm i.e; =

Z =2zz3 = 1-2 mm. The tip of this upstream needle wasngefias the front sensor
(marked as ‘O’ in Figure 3.2). The origin of theoodinate system was made
coincident with the position of the front sensorhilat the z-axis of the probe
coordinate system was parallel to the axis of thab@ (this axis was vertical for
vertically mounted probes such as those describgt]). Thex andy axes are chosen

arbitrarily, but are orthogonal to each other anthez-axis.

Step 8: Insert needle assembly into stainless sibel of Smm diameter, used as a

common electrode, and bond them with two compogkr. Also glue far end of the
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tube where the wires come out for strain reliethaf needles (see Figure 3.7). Finally

the tube was bent to 90° (see Figure 3.3).

Figure 3.7 Cross section schematic of a four-sensprobe PN1.

Step 9: Measure probe dimensions (see Chapter 4).

The spatial locations of rear sensors 1, 2 and 83 bma defined using this probe
coordinate system. Suppose that an approachingdbhbb velocity vectoV relative
to the probe coordinate system, as shown in Figur@ (further details are in Chapter

7.2).
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A digital microscope was used to measure the p(ebe later section 3.3 for details).
The measurements were carried out with referenéegiare 2.18 (see Chapter 7.2 for

further details of the probe coordinate system).

X (mm) | y (mm) | z (mm)

Sensor 1 -0.702 0.999 1.084
Sensor 2 0.254 1.486 1.067
Sensor 3 0.810 1.081 1.153

Table 3.1 Measured dimensions of a typical probe (L) with a new type of

ceramic guide.

Figure 3.8 Sketch of the frontal view of the probé&N1 based on the dimensions
in Table 3.1 with sensor 0 being at coordinate (@, 0)
Table 3.1 shows the dimensions of one of the mawlnbuilt probes (PN1) using
the new type of ceramic guide. Figure 3.8 showkedch of the frontal view of the
probe based on the dimensions provided in Tablev@H the front sensor ‘0’ as the
coordinate (0, 0, 0). These dimensions show thetdtoarea of the probe is
approximately 1.10 mfn The newly made probe PN1 (described above) was

compared with the probe (PNO) used by Lucas ¢1l.
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X (mm)| y (mm)| z (mm)

Sensorl 1.384 -0.988 1.200
Sensor2 0.263 -1.713 0.640
Sensor 3 -0.988 -1.318 1.800

Table 3.2 Probe dimensions of the PNO probe

Figure 3.9 Sketch of the frontal view of the PNO mbe based on the dimensions
in Table 3.2 with sensor 0 being at coordinate (@, 0)

Table 3.2 shows the probe dimensions used by Leicak [1] and Figure 3.9 shows
the frontal view of the previous probe (PNO) drafvom the probe dimensions
provided in Table 3.2. From the dimensions giveiable 3.2, the frontal area of the
previous probe PNO was found to be approximatél@mnf. Thus the overall frontal
area of the new probe PN1 was reduced by about c&@#fpared with the previous
probe PNO using the new ceramic guide. Thus the pebe can be expected to
reduce the retarding effect caused by the bubbddepinteraction. Although the
frontal area of the newly fabricated probe was ifigantly reduced, initial
investigations suggested that there was no imprewein calibration factoK, which

was believed to be due to the applied paint orathguncture needles. Therefore, it
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was decided to design another new probe (descabeN2 in this thesis) with an
even smaller frontal area, as well as using thimeedles, so as to minimise the effect

on the bubble during bubble-probe interaction, Whecdescribed in section 3.2.

3.2 Miniature four-sensor probe (PN2)

The previous results (Chapter 2), from the fourssemprobe used by Lucas et al. [1]
and the rotating index dual sensor probe develtyddanagiotopoulos et al. [11], and
the above discussion suggest that the rotating skrador probe has a much smaller
retarding effect on the bubbles than an equivabtemventional four-sensor probe,
which implies that, when designing a four-sensoobpr the issue of probe
intrusiveness must be addressed. Thus, new ideé&abiicating the four-sensor probe

were considered, including the following two opson

Option one - The first option is to sputter coat gold onteulbstrate and then remove
the track from the sensor using a method suchtlasgliaphy, etching, laser beam

machining or electrical discharge machining.

Option two: - Another possible method is to use Teflon (PTE&)ted needles with a
diameter of 0.15mm in conjunction with a centredehceramic guide, as shown in
Figure 3.10. This ceramic guide contains six hole8.3mm diameter with one hole
in the centre (see Figure 3.10). From the five ohtdes, three outer holes are chosen
(with an additional hole in the centre) in suchayvwhat the three outer holes form an

isosceles triangle.
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Figure 3.10 Ceramic guides with a hole in the cengrused for PN2 probe

From the above two options, option two was choserhis research, as although the
proposed first method might be feasible, the pcess found to be very

complicated and expensive.

3.2.1 Advantages of a miniature new probe PN2

This section describes the advantages of the negrsion of probe PN2 made with

Teflon coated needles over the older probe PN1 mattieacupuncture needles.

1. There is a smoother insulating layer on the neetiesTeflon coating was
already applied by the factory using non conducliefion; hence, it was
not necessary to paint the needles again. Sincedheonductive Teflon
was applied in the factory, the surface of the teets much smoother
than the hand painted probe PN1.

2. Fewer ‘obstacles’ on the probe’s surface: due o dmoother layer on
probe PN2 there are less obstacles during bubldbepmteraction as
compared with PN1.

3. Smaller overall frontal area: compare the new prebi2 with probe PN1

made from conventional acupuncture needles anddtetype of ceramic
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guide (centred hole ceramic) as shown in Figur®.3This ceramic guide
contains six holes of 0.3mm diameter with one halghe centre (see
Figure 3.10). From the five outer holes, three ohtdes are chosen (with
an additional hole in the centre) in such a way tha three outer holes

form an isosceles triangle.

5

Figure 3.11 Cross-sectional view of miniaturised far-sensor probe PN2

with a new ceramic guide (hole in the centre of Fige 3.10) and Teflon
coated needles.
The centre hole was used for the front (upstreanyar, sensor’0’, and the
other three holes were used for the rear (downsiregnsors ‘1’,’2" and ‘3’,
as shown in Figure 3.11. The rear sensors weresgblapproximately 1mm
behind the front sensors, which is the axial seseparation making, 2z
z3 1-1.5 mm. The four-sensor probes PN2 fabricatenh filme above method

have two important advantages:
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A. Using this technique to place the sensors, thera ikigher

possibility that the bubble will always hit the ftosensor first

followed by the rear sensor (see advantage number 8etails)

which allows the data to be collected during a wroperiod of

time (sampling time), thus making the data file Bemawhich

means it can be processed faster.

. Another advantage of using this technique is tlticBon of the

frontal area of the probe itself. Table 3.3 showse typical

dimensions of the rear probe with respect to thetfprobe.

X (mm) y (mm) | z (mm)
sensor 1 0.0233 0.7471 0.7965H
sensor 2 0.4128 -0.6322 0.953b
sensor 3 -0.4767 -0.6149 0.86056

Table 3.3 Measured dimensions of the PN2 probe

Figure 3.12 Sketch of the frontal view of PN2 prob&ased on the dimensions in

Suman Pradhan

Table 3.3 and sensor 0 being at coordinate (0, 0, 0

From the above table it can be seen that the franéa of probe PN2

is approximately equal to 0.61mMnwhich is half of the area of probe
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PN1 and four times smaller than PNO described enptievious section
(see Figures 3.8 and 3.9); this can also be verifig Figure 3.12,

which is a sketch of the frontal view of the reansor based on the
coordinates given in Table 3.3, with the front sgnsensor’0’, placed

as coordinate (0, 0, 0).

4. Less deformation of bubbles due to interaction witk probe: due to
probe PN2 possessing a smaller frontal area andtberoneedles, there is
less deformation of the bubble during bubble-priobberaction.

5. More bubbles hit the front sensor first: the newola# of probe PN2
ensures that the probes are arranged in an isest&agle, where the
three rear sensors are placed on the three coohéhg triangle with the

front sensor in the middle of the triangle, as shawFigure 3.13.

Figure 3.13 Layout of probe PN2
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Therefore, it is more likely that the bubble wilt the front sensor before
hitting any other sensors, which is the basic agsiam of the

mathematical model, no matter which direction thiéle is flowing.

Whereas in the older designs [1, 2], namely prdtid8 and PN1, there is
a high possibility of the bubble hitting the reansor before hitting the
front sensor if it is flowing in a different direch (see Figure 3.14). This
situation results in lots of bubbles being ignodedling signal processing
because they don’t hit the front sensor first, ttassing a longer sampling
time and increasing the amount of data to be pseckésee Chapter 6 for

details).

il

Figure 3.14 Showing the general idea of hitting thprobe using conventional
(left) and new probe designs (right)

3.2.2 Steps for manufacturing probe PN2

Cut the Teflon coated needles, stainless tube aredtw length; use different

colour wires.
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Figure 3.15 Teflon coated needles cut to differem¢ngths

To prevent the wires from touching each other,tbatTeflon coated needles
to a different length.
Scratch the Teflon from the tip of the needles sdoamake them conductive

in order to connect the wire.

Figure 3.16 Scratched Teflon coating in order to mike needles conductive

Apply the conductive paint to glue together theeaneedles connections;

thus, the wire connects firmly with the needles.

Figure 3.17 Wire twisted and glued on the scratchedeedle

Place and glue the needles in the four holes oténamic guide, denoted by
‘0, '1’, ‘2" and ‘3’, as shown in Figure 3.10.
Insert the needle assembly into the stainless sibel and bond them with

two-component glue. Also glue the far end of theetwhere the wires come
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out in order to relieve the strain on the needigsure the needle at the centre
of ceramic ‘0O’ is approximately 1- 2 mm longer th#re remaining three
needles; this is the front sensor of the four-sepsabe.

Bend the stainless steel tube at 90° facing awasn ffront sensor ‘0’, as

shown in Figure 3.18.

The probe constructed by following the above procedvas measured again with a

digital microscope using the probe coordinate se&hesferred to in Figure 2.18. The
positions (x;, y1,2),(X5, Y2, 2,).(Xs, Y5, 25) Of sensors 1, 2 and 3 with respect to
sensor 0 are shown in Table 3.3. Figure 3.19 shbwgrobe under the microscope,

ready to be measured, which has a magnificatiofOofimes that of the true probe

(see Chapter 3.3 for the detailed procedure forsoméag probes).

lue

S
—
=

— /
/\

Figure 3.18 Miniature four-sensor probe PN2 with tke probe holder
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Figure 3.19 Measurement of a probe PN2 under a digil microscope

3.3 Measurement of a probe

In Chapter 2, Equations 2.44 - 2.48 suggest tletéhculation of the velocity vector

of the bubble is highly dependent on two variablesthe time intervalgf; and the

probe dimensiong;, y, andz (wherei = 1, 2 and 3).

glue ™

Figure 3.20 Schematic of a four-sensor probe PNO

Thus, this section describes the method used tesunedhe dimension of the probe.

Within the University of Huddersfield, in earlieays, the sensors in four-sensor PNO

Suman Pradhan 111



Chapter 3 Probe Fabrication

probes were placed in a rectangular position (setom 3.1.1), where the front sensor
was normally placed 2.5 mm upstream of the reas@sn The probe body (5mm
stainless tube) was bent 90° away from the fronsee perpendicular to the front

sensor ‘0’, which was marked as tlgeaxis of the probe, as shown in Figure 3.20.

Further details on the probe axis definition arevmted in Chapter 7. These PNO

probes were measured using a shadowgraph.

In the present study, the probes were measured astommercially available digital
stereo microscope shown in Figure 3.21, MOTIC DN8B4The microscope has a
magnification range of up to 40X, and the viewirepti can be rotated to 360° and

consists of a two mega pixel CMOS digital camera.

‘

———

_I@

-;__:-b:____ " 3 & 3

Figure 3.21 Digital stereo microscope MOTIC DM-143Bused to measure the

probe dimensions
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In order to measure the probe dimensions it is mapb to align the axes of the

microscope X Y. and Z with the axes of the probe yand z. In order to align these

axes, a holder for the probe was designed, as shokigure 3.22.

Figure 3.22 Probe holder

The holder was made from a metal block 200 mm 188gnm wide and 25 mm thick
and in the centre a groove of 5mm was made wherprttbe can be placed, as shown
in Figure 3.22. In order to keep the probe fixedmtythe measurement process, the

holder was covered and fixed with another blocknetal.

Figure 3.23 shows the schematic of the probe hoitdeface under the microscope,
where it defines the axis of the probe and the cameyand z denote the axes of
the probe, whereas XY and Z denote the axes of the microscope. Khaxis of the

probe co-ordinate system is defined as being mhrtdl section BB of the probe
holder. Thez axis of the probe co-ordinate system is definedeainag parallel to

section AA of the probe holder and orthogonal &xis. The origin of the probe
coordinate system is the tip of the front sensbrT@e x axis of the probe coordinate

system is orthogonal to both theand z axes. Similarly, Zis defined as the vertical

pillar of the digital microscope and is intendedt parallel toz axis and Y, as the
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base of microscope is intended to be parallelytoaxis. The axis X of the

microscope coordinate system is orthogonal to Bgénd Y; axes.

Figure 3.23 Schematic of the probe with the probedider in place under the

microscope

3.3.1 Measurement of probe PN1

In order to measure the probe, it is importantrisuee that the probe axesyand z
are respectively parallel to the microscope axesYX and Z. To carry out this
process, the microscope was placed on a smooth @all levelled both vertically and
horizontally with the help of spirit levels. Thetie probe that was mounted in the
probe holder, which was placed in front of the msoope as shown in Figure 3.18.

The spirit levels were used again to ensure treapthbe was parallel and level.
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MHLL

Length : 2740.0 um

THHL?
ength : 3577.8 um

Figure 3.24 Probe PN1 under the microscope (lefpositioned to measure

(x,y:) (right) 40X magnified image captured by the microsope

Once the probe was positioned, the microscope a@sséd in between the front and
rear sensor and the image was captured with a figgion of 40X the original
probe, as shown in Figure 3.24 (right). The captungage was then measured using
inbuilt measuring software. The software makes#sible to draw line; the X and Y
axis was drawn over front sensor ‘0O’ and the pahintersection was regarded as
coordinate (0, 0). The distance between each masos and the front sensor was

measured to obtain the distarloe, y;) dimensions of each sensor with respect to the

front sensor.

For the measurement of the Z dimensions, the pr@seplaced under the microscope
in a horizontal position parallel tocXas shown in Figure 3.25. The above procedure

was repeated again to find the dimensiorof the probe, only this time the reference
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line was drawn perpendicular to the front sensgrrtaking it parallel toy axis and

red

L1
Length : 1404.0um

L3
Length : 14212 um

HHLZ
Length : 14087 urm|

blue

Figure 3.25 Positioning of PN1 probe under the miascope (left) probe under

the microscope magnified 40X to measure,

The method described above to measure the dimewos$itre local probes was not
necessarily always accurate, as the captured imagegocussed neither on the front
nor on the rear sensor; thus, it was necessaryat@®ran assumption as to where the

centre of the tip of the sensor was placed.

3.3.2 Measurement of the new miniaturised probe PN2

To overcome the uncertainty of allocating the pbpshe front and rear sensors, a new
approach was introduced. In this new technique, images were captured; the first
image was captured with the focus on the front @e@®d the next image was
captured with the focus on the rear sensor, as showigure 3.26. Figure 3.26 (left)

Is the captured image that was focused on the §@msor, whereas Figure 3.26 (right)

Suman Pradhan 116



Chapter 3 Probe Fabrication

Is the captured image that was focused on the seasor. Before capturing the

images, the probe was mounted in the same waysasiloled in section 3.3.1.

Figure 3.26 Microscopes capturing the image of fran(left) and rear (right)
sensors of the PN2 probe

Figure 3.27 Image of the combined front and rear sesors in Figure 3.26

Next, the captured images were combined using ehereercially available software
MOTIC PLUS, making the entire sensor visible andacl The software allows
similar pictures to be combined, as it detectsatige of both provided pictures and

overlaps them on top of one another. Figure 3vs the front and rear sensors
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combined. When comparing Figure 3.27 to Figure Jright), it is clear that the
method of taking the images with a combined froml aear sensor gives a much

clearer image of all four sensors.

hlue

HML3
Length @ 471.3 urr)
HL2
Length : 784.9 urm
B mmL
Length @ B04.6 L)

Figure 3.28 Measuring xand y; of the combined image of the PN2 probe

Due to the clarity of the image of all four sensiireras possible to measure probe
dimensions with greater accuracy. Figure 3.28 shtbesneasurement of the captured
image. In the figure, the blue lines denote X andaxés parallel to the axes of
microscope X and Y.. The intersection of these two lines was on theofithe front

sensor, ‘0’, which was in the centre in this casd was described as coordinate (0,
0). Once the line was plotted, the measurementefdistance between all the three

rear sensors and the X and Y axes was carriecasughown in Figure 3.28, which is

(x; ,y; ) of probe PN2.

To measure the; of probe PN2, the probe was placed in the horaoposition,
making the probex axis parallel to the X axis of the microscopg ®nce the image
was captured, the reference line was plotted pelipelar to the front sensor, ‘0’, as

shown in Figure 3.29, making the line parallel toag well asy axis. Once the line
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was plotted, the distance between all the rearosens the line was measured to

achieve thez; of each rear sensor with respect to the front senso

Length @ 1011.6 um,

e e
L3
Length @ 1162.8 um,

|:| HHLZ
Length © 1191.9 um

Figure 3.29 Probe PN2 under the microscope to measuz

The measurement process was carried out twiceafdr probe, once before capturing
data and once after data capture, to ensure thalittension of the probe hadn’t been

affected by the bubble-probe interaction.
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CHAPTER 4

Sensitivity Analysis

It can be seen from Equations 2.47 and 2.48 in &hdpthat thecalculation of the

polar anglea and the azimuthal anglé are highly dependent on the measured
probe dimension,,y, andz and the measured time delagt, (wherei = 1, 2 and
3). Thus, in this chapter an effort is made to ys®lthe sensitivity of the calculated

polar anglea. and the calculated azimuthal andle to errors in the measured probe

and to the measured time intervad;

ii,meas

andz

1,meas

dlmenSIOnS(i,mea57 yi,meas

during the bubble-probe interaction. For comparigorposes, an analysis was carried

out using two different reference polar angles vath= 0° anda, = 30°, keeping the
reference azimuthal angle, constant at 0° in both cases (N.B. whaen= 0° 6, does

not have any physical meaning).

4.1 Effect on polar anglea and azimuthal angle 4 due to the errors

in the measured probe dimensions

It can be seen from Equations 2.44 - 2.46 thatywdwar anglea is equal to zero,

the termsx; sinasinb and vy, sinacost (i=12and 3) are both equal to zero,
making the polar angla and the azimuthal anglé only dependent oz, and aft; .

Therefore, a series of MATLAB simulations were @arout with various values of

z and dt; (x10% of error was introduced in real valueg oénd d't; ). In order to

proceed with the analysis, probe dimensions weosaas shown in Table 4.1.
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i 1 2 3
Xit 0 0.4 -0.4
Vit 0.5 -0.3 -0.3
Zi 1 1 1

Table 4.1 Assumed probe dimensions in mm

4.1.1 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in Z;, meas

1. Select the probe dimensioxs, y;; and z, from Table 4.1.

2. Calculated't; (i =12 and 3) using Equations 2.44 — 2.46, assuming reference
polar anglea, equals 0° or 30°, azimuthal andgleequals 0° and the velocity
of the bubblev, equals 0.5 m&

3. Using the value of't; , calculated in step 2 and the correct values; pfand
Yiy and forz,, and z3;, z) .. is varied from 0.9 mmto 1.1 mm in steps
of 0.01 mm in order to calculate new valuesdqrand 6, .

4. The intention is to show the effect on the cale@datalues ofa, and b, of

the measurement errors from -10% to +10% in theevaf z, . -

Figure 4.1 shows the effect on the calculated patale a. and azimuthal anglé,

due to the measurement errorap, ... It can be seen that the calculated polar angle

a. increases as the assumed valueQf.,; decreases below its true value of 1mm.

C
It also shows that if the assumed valuezgf, s increases, the calculated polar angle

a. also increases. The error &) reaches 7.2° when the error in the measured value

of 7 | casiS POth £10% .
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Figure 4.1 Variation of calculated polar anglea. with the errorin z, ...susing

reference polar anglea, = 0° and b, = 0°

Figure 4.2 Variation of calculated polar anglea, and azimuthal angleb, with

the error in z,..,s using reference polar anglea, = 30° and 4,= 0°

Similarly, Figure 4.2 shows the effect on the chlted polar anglez, and azimuthal

angleb, when the measurement errorap, .. is £10% for the reference polar angle
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a, = 30° and azimuthal angle = 0°. The figuresuggests that, as the assumed value

of 7z ..s decreases below its true value of 1mm, increases gradually to 34.2°

whereas, if the assumed value increasesa, decreases to 25.2Figure 4.2

,fmeas

also shows that there is very little variation (B0- 0.012) inb, for the variation -

10% to +10% in the value of

1,meas’

4.1.2 Effect on the calculated polar anglea, and azimuthal angle . due to

the errorin z, ;cas

1) Select the probe dimensioxs,y;, and z;, from Table 4.1.

2) Calculate d't; ; using Equations 2.44 — 2.46, assuming referencar @oigle
a; equals 0° or 30°, azimuthal andle equals 0° and velocity of the bubble
v, equals 0.5 m§

3) Using the value of't; , calculated in step 2 and the correct values; pfand
Yip and forz,, andzs;, 7, s iS NOW varied from 0.9 mmto 1.1 mm in
steps of 0.01 mm in order to calculate new valoesaf and b, .

4) The intention is to show the effect on the cale@datalues ofa. andb, due

to the measurement error from -10% to +10% in tlae/of z, o,

Figure 4.3 shows the effect on the calculated pafale a. of the error inz, ...
The figure shows that, a5, ,...sdecreases below its true value of 1mm, the caledlat

polar anglea. increases. Similarly, ifz increases, polar angle, increases

2,meas
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again. The error ina, reaches up to 8° when the error in the measuréee vat

Z, meas IS both -10% and +10%.

Figure 4.3 Variation of calculated polar anglea, with the errorin z, .. using

reference polar anglea, =0 and 6, = 0°

Figure 4.4 Variation of calculated polar anglea, and azimuthal angleb, with

the error in z, ... using reference polar anglea, = 30 and b, = 0°
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Similarly, Figure 4.4 above shows the effect on th&ulated polar angle. and
azimuthal anglé, when the measurement error ... is £10% for the reference
polar anglea, = 30° and azimuthal angle = 0°. The figure suggests that, as the
assumed value of z, .. decreases below its true value of 1ma), decreases
gradually to 27°; whereas, i, ... increasesa, also increases to 34° . Figure 4.4
also shows that there is very little variationsp for the variation -10% £, increases
slightly up to 10°); howeverp, reaches 350° wheam, .., increases above its true

value of Imm.

4.1.3 Effect on the calculated polar angle, and azimuthal angle 6. due to the

errorin. Zs eas

1) Select the probe dimensioxs,y;; and z, from Table 4.1.
2) Calculatedt; , using Equations 2.44 — 2.46, assuming polar aaglequals

0° or 30°, azimuthal anglg equals 0° and velocity of the bubblke equals

0.5 ms..

3) Using the value ofi't; ; calculated in step 2 and the correct values; pfand
yi; and forz,, andz,,, Z;e,siS Now varied from 0.9 mm to 1.1 mm in
steps of 0.01 mm in order to calculate new vafoes, andb, .

4) The intention is to show the effect on the cale@datalues ofa, and 6, due

to the measurement error from -10% to +10% in tlae/of z; ..
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BE L M N

d= (] nes L [ 1

23,?‘?‘!6‘-0.5 ;'123;

Figure 4.5 Variation of calculated polar anglea, with the errorin z; .. using
reference polar anglea, = 0 and b, = 0°
Figure 4.5 above shows the effect on calculatedrpmhglea, due to the error in
Z3meas The figure shows that, ag,,.,s decreases below its true value of 1mm, polar

angle a. increases. Similarly, ifz increases, polar angle, increases again.

3 meas

The increment of polar angle, reaches 8° when the error in the measured value of

is -10% and +10% ofz

Z3,meas 3 meas

Similarly, Figure 4.6 shows the effect on polarlang, and azimuthal angle, when
the measurement error iny .., is £10% for the reference polar angie = 30° and
azimuthal anglé, = 0°. The figure suggests that, ag..s decreases below its true
value of 1mm, a. also decreases gradually to 27°, whereas if thenasd value of
Z3 meas iNCreases a, also increases to 34°. Figure 4.6 also shows thateaches
300° for a variation of -10%; howevef, changes only slightly #. increases up to

10°) whenz; .. is increased by +10%.
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Figure 4.6 Variation of calculated polar anglea, and azimuthal angleb, with
the errorin z; .., Using reference polar anglez, = 30 and b, = 0°
4.1.4 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in  z, ...s(increasing) and z s (increasing)

1. Select the probe dimensioxs,y;, and z,, from Table 4.1.
2. Calculatedt; , using Equations 2.44 — 2.46, assuming polar aaglequals

0° or 30°, azimuthal angle equals 0° and velocity of the bubblke equals
0.5 ms".

3. Using the value ott; , calculated in step 2 and the correct values; ofand
Vit for 2y, , Z,eqs iS varied from 1 mmto 1.1 mm arg, ., from 1 mm

to 1.1 mm in steps of 0.01 mm in order to calcutee values foa, and b, .
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4. Z;meas ANd Z; 0, @re altered in such a way that, wheyy, .. is changed by
19, Z3meas IS Changed from 1% to 10% agaim, .5 iS changed by 2% and

Z3meas 1S Changed from 1% to 10%; the process continugd &, ..s

changes to 10%, making a total of 100 data points.

5. The intention is to show the effect on the cale@datalues ofa. and b, due

to the measurement error in the valuezgf .. and z; cas

40

300

b=
&

100

Dl
1.15

Figure 4.7 Effect on polar anglea, and azimuthal angle 6, due to the error in
Z, meas(INCreasing) and z; .., (increasing), polar anglea,=30° (left) polar angle

a,=0° (right) 6, =0°

Figure 4.7 shows the effect on the calculated palagle when the reference polar

angle a, is 30° (top left) or when the reference polar ang] is 0° (top right) and
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azimuthal angle whea, is 30° (bottom left) or whew, is 0° (bottom right) due to

the error discussed above. The figure on the tdipsleows the variation in the

calculated polar anglea, when the reference polar angke = 30°, where the
calculated polar angla, increases when increments were made,ife,s and Z; eas
and this rise in the value ofa, reaches 35° when the measurement error in both

Z) meas @Nd Z3 a5 IS 10% of their true value of 1mm.

Similarly, the bottom left figure shows the varaatiof azimuthal angleb, when the
reference polar angle is 30°, which shows that attial angleb, is always close to
the reference azimuthal angke which is 0° (taking 360° equivalent to 0°). When
calculated, azimuthal anglé, was found to be a maximum of 10° whey .. is

is increased by 1% of its true value.

eas

increased by 10% of its true value ang,

Similarly, Figure 4.7 on the right shows the vaaatin polar anglea, and azimuthal
angle b, (top and bottom respectively), while referenceapainglea, and azimuthal
angle b, are both 0°. The results shows that the calculptéar anglea, reaches a
maximum of 7° when the measurement error in bajh,.,s and z; ..., is increased

by 10% of their true value of 1mm. As mentionedliegrthe model used suggests

that azimuthal anglé, is not relevant in terms af,, =0°.

4.1.5 Effect on the calculated polar anglez, and azimuthal angle b, due to the

error in  z, ..os(increasing) andz; .., (decreasing)

1. Select the probe dimensioxs,y;, and z,, from Table 4.1.
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2. Calculatedt; , using Equations 2.44 — 2.46, assuming polar aaglequals
0° or 30°, azimuthal anglg equals 0° and velocity of the bubblke equals

0.5 ms..

3. Using the value offt; , calculated in step 2 and the correct values; of and
Vit and zy; , Z, eqas IS Varied from 1mmto 1.1mm amg .. from 0.9 mm
to 1Imm in steps of 0.01mm in order to calculate nalves fora, and b, .

4. z,, and z3,..s are altered in such a way that, whep, .. is changed by 1%,
Z3 meas IS Changed from -1% to -10% agaip, .., is changed by 2% and
Z3 meas 1S Changed from -1% to -10%; the process continued 2z, ...

changes to 10%, making a total of 100 data points.

5. The intention is to show the effect on the cale@datalues ofa, and b, due

to the measurement error from +1% to +10% in tHaevaf z, ., and -1%

to -10% in the value 0f; .

Figure 4.8 shows the effect on the calculated palagle when the reference polar
angle a, is 30° (top left) or when the reference polar ang] is 0° (top right) and
azimuthal angle whea, is 30° (bottom left) or whe, is 0° (bottom right) due to
the error discussed above. The figure on the thsh®ws the variation in polar angle
a. when the reference polar angie = 30°, where the calculated polar anglg

increases with the increments madezi,..s and z; ... and this rise in the value of

a. increases to 34° when, .., is increased by 10% anzt ... is reduced by 10%

C

of its true value of 1mm.
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Figure 4.8 Effect on the calculated polar anglez, and azimuthal angle 6, due
to the errorin z, ,..,s(increasing) and z, .., (decreasing), polar anglea, =30°
(left) polar angle a,=0° (right) b, = 0°
Similarly, the bottom left figure shows the caldelh value of azimuthal anglé,
when a, is 30°, which shows that azimuthal andlg is always close ta, which is
0° (taking 360° equivalent to 0°). When calculatezsimuthal angleb, was found to
be at a minimum of 340° whem, ..., is increased by 9% ang, ..., is decreased

by -10% of its true value of 1mm. Similarly, Figu#e8 on the right shows the

variation in the calculated polar angi®, and azimuthal anglé, (top and bottom
respectively), while reference polar angle and azimuthal angleb, are both 0°.
Results show that tha, reaches up to 14° when bo# .. and z; .. are at their

most extreme.
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4.1.6 Effect on the calculated polar anglez, and azimuthal angle b, due to the

error in  z, ... (decreasing) andz; ., (increasing)

1. Select the probe dimensioxs,y;, and z,, from Table 4.1.

2. Calculatedt; , using Equations 2.44 — 2.46, assuming polar aagle: 0° or
30°, azimuthal anglé, = 0° and velocity of the bubblg = 0.5m§".

3. Using the value of't; , calculated in step 2 and the correct values; ofand
Vit for 2, , Z, neas 1S varied from 0.9 mm to 1 mm argf .. from 1 mm
to 1.1 mm in steps of 0.01 mm in order to calcute® values foa, and b, .

4. Z, meas AN Z3 055 are altered in such a way that wheyy,..s is changed by
1%, Z3 heqs IS Changed from -1% to -10% agam, .,s is changed by 2% and
Z3meas 1S Changed from 1% to 10%; the process continugd L, .

changes to 10%, making a total of 100 data points.

5. The intention is to show the effect on the caledatalues ofa, and b, due
to the measurement error from -1% to -10% in tHeevafz, ., and +1% to

0,
+10% Z3,mea5'

Figure 4.9 shows the effect on the calculated patgle when the reference polar

anglea, is 30° (top left) or when the reference polar argl is 0° (top right) and
azimuthal angle whea, is 30° (bottom left) or whe, is 0° (bottom right) due

to the error discussed above.. The figure on tpddft shows the variation in the

calculated polar anglea. when the reference polar ange = 30°, where polar
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angle a, gradually decreases untd, reaches 27° when, ... is decreased by

1% andz; .. is increased by 10% from its true value of 1mm.

A i
Abb A

Lo e
e e
L e

AR

Figure 4.9 Effect on the calculated polar anglez, and azimuthal angle 6, due
to the errorin z, ..., (decreasing) andz; .,s (increasing), polar anglea,=30°
(left) polar angle a,=0° (right) b, = 0°

Similarly, the bottom left figure shows the varaatiof calculated azimuthal angle,
when a, = 30°, which shows that the calculated azimutinglle 6. is always close
to the reference azimuthal anglg which is 0°. Calculated azimuthal angle was
found to be at a maximum of 24° when the measureereor in z, ... is decreased
by 10% andz; ., is increased by 10%. Figure 4.9 on the right shibws/ariation in
calculated polar angla, and azimuthal anglé, (top and bottom respectively) while

reference polar angla, and azimuthal angle, are both 0°. Results show that the
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polar angle reaches 14° when the measurementiarmy,..s is decreased by 10%

and z; .5 IS increased by 10%.

4.1.7 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in  z, ... (decreasing) andz, ,.,s(decreasing)

1.

2.

Select the probe dimensioxs, y;, and z , from Table 4.1.

Calculatedt; , using Equations 2.44 — 2.46, assuming polar aagle 0° or
30°, azimuthal anglé, = 0° and velocity of the bubblg = 0.5 ms. .

Using the value ofat; , calculated in step 2 and the correct values«of
andy;, and zy, , Z, s IS varied from 0.9 mmto 1 mm arg .., from 0.9
mm to 1 mm in steps of 0.01 mm to calculate newesfora . and b,.

Z; meas @Nd Z3 05 are altered in such a way that, when, .. is changed by -
190, Z3 a5 IS changed from -1% to -10% agam,.,s is changed by -2% and
Z3 meas 1S Changed from -1% to -10%; the process continu@d 2z, ...

changes to -10%, making a total of 100 data points.

The intention is to show the effect on the cal@datalues ofa. and 6, due

to the measurement error in the valuezgf .,s and z; ca

Figure 4.10 shows the effect on the calculated rpaftegle when the reference

polar anglea, is 30° (top left) or when the reference polar ang| is 0° (top

right) and azimuthal angle whem, is 30° (bottom left) or whew, is 0° (bottom

right) due to the error discussed above due toether discussed above. The

figure on the top right shows the variation in tpelar anglea, when the
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reference polar angla, = 30°, where the calculated polar angle gradually
decreases as increments are mada, j.,s and z; .. and the decrease continues
until a. reaches 22°, when bots ...s and z; ... are decreased by 10% from

their true value of 1mm.
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Figure 4.10 Effect on the calculated polar anglez, and azimuthal angle 6, due
to the error in z, ..., (decreasing) andz; ,..s(decreasing), polar anglea,=30°
(left) polar angle a,=0° (right) b,, =0°

Similarly, the bottom left figure shows a variatiohthe calculated azimuthal angle

b. when the reference polar angk is 30°, which shows that the calculated
azimuthal angleb, is always close to the reference azimuthal anfglevhich is 0°
(taking 360° as equivalent to 0°). Calculated a#hmal angleb, was found to be at a
maximum of 347° wherg, ... is decreased by 10% arnd ... is reduced by 1% of

its true value.
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Similarly, Figure 4.10 on the right shows a vagatin the calculated polar angée,
and azimuthal anglé, (top and bottom respectively), while the referepokar angle
a, and the azimuthal anglé, are both 0°. Results shows that the calculatedrpol

anglea . reaches up to 7° when bo#j .. and z; ., are decreased by 10%.

4.2 Effect on the calculated polar anglea, and azimuthal angle 5,
due to the errors in the measured time intervalsyt; ... (Wherei = 1,

2 and 3)

This section will focus on how the calculated p@aglea. and azimuthal angles,
are affected by the error in measurementatf .. (wherei = 1, 2 and 3). As

discussed in the previous section, this sectiohalsb introduce an error of £ 10% in

the true value ofd't; ., where d't; , is calculated with dimensions, ,y;, and z,

given in Table 4.1 and reference parameters gieémb

Velocity magnitudev, = 0.5ms"

Azimuthal angleb, = 0°

Polar anglea, = 0° or 30°

The analysis was carried out with the error intetlin the individuald't as

ii,meas’

well as the error in multiple’t; .. (see section 4.2.4).

4.2.1 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in time intervals d't;; eas
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[EEN

. Select the probe dimensions, , y;, and z, from Table 4.1.

2. Calculate a't; ,using Equations 2.44 — 2.46, assumiag equals 0° or 30°,
azimuthal anglé, equals 0° and velocity of the bubhlgequals 0.5 m&

3. Using the true values ok;,, yi;, z; and the value ofdt;;; and aft,,,
calculated in step 2,0t e, IS varied from 0.9 mmto 1.1 mm in steps of
0.01 mm and a new_ and 6, are calculated.

4. The intention is to show the effect on the cale@datalues ofa, and 6, due

to the measurement error from -10% to +10% inthe value ofd't;; cas

Hh'.- ag [+1 ] 106 11

e
551],:"?23.2.5,"'{5‘;1],:
Figure 4.11 Variation of the calculated polar anglea. with the error in d't;; o5

using reference polar anglea, = 0° and b, = 0°

Figure 4.11 shows the effect on the calculatedrmolglea,. (a =0°) due to the error
iN dt;neas The figure shows that, adt, ., decreases from its true value, the
calculated polar angle, increases. Similarly, ifd't;; ....s increases, the calculated
polar anglea, increases again. The increment of the calculatadr pangle a,

reaches 7.2° (supposed to be 0°) for either sidel0% of true value of't;; e,

Similarly, Figure 4.12 below shows the effect or tdalculated polar angla, and

azimuthal anglé, when the error ind't; .. is £10% for the reference polar angle
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a, = 30° and azimuthal anglg = 0°. The figure suggests that, d$ ; ., decreases
from its true valuea. decreases gradually to 24°, wherea#'if, .. iS increased,
a. increases to 35°. Figure 4.12 also shows thae tisevery little variation (0.008° —

0.012°) in b, for the variation -10% to +10% in the valuedt,, ..s

|

3]
B & = H

s . i L i L
e (1] [T:] 1 1005 11

ﬁc “E

5£1Lmsas,l"r5£1],:r

Figure 4.12 Variation of the calculated polar anglea, and azimuthal angleb,

with the error in d't;; ..,s USing reference polar anglea, = 30° and b, = 0°
4.2.2 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in time intervals d't,, 1 cas

1. Select the probe dimensioxs,y;; and z, from Table 4.1.
2. Calculatedt; ; using Equations 2.44 — 2.46, assuming polar aagle 0° or

30°, azimuthal anglé, = 0° and velocity of the bubblg = 0.5 ms.
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3. Using the true values ok, ¥;;, z; and the value ofits;; and at,,;
calculated in step 2,05, 0,5 IS Varied from 0.9 mm to 1.1 mm in steps of

0.01 mm and a new_ and b, is calculated.
4. The intention is to show the effect on the caledatalues ofa, and b, due

to the measurement error from -10% to +10% in the value ofd'ty, cas

1 : i "

Eﬂi 0% R 1.06 1.1

4] fzz,mi.s [8taz,

Figure 4.13 Variation of the calculated polar anglea. with the error in d't,, cas
using referencea,= 0° and b, =0°

Figure 4.13 shows the effect on the calculatedrpmigle 2, and the azimuthal angle

b, due to the error iw't,, ..s Figure 4.13 shows that, @,, .,s decreases from

its true value, the calculated polar angig increases. Similarly, ifd'ty, cas IS

increased, the calculated polar angleincreases again. The incrementaf reaches

8° (supposed to be 0°) when the error is +10%us Walue ofd't,, cas

Figure 4.14 shows the effect on the calculatedrpaigle a, and azimuthal angle,
when the measurement error dft,, ..s IS £10%. The figure suggests that, as the

01y, meas decCreases from its true valug, increases gradually to 33°, whereas if
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a1y, meas INCreases from its true valua, decreases gradually to 27.5°. Figure 4.14
also shows that there is very little variation fn resulting from the variation when
the error ind'ty, ..s IS decreased by 10% from its true valug (ncreases slightly
up to 10°). Howeverp, reaches almost 350° (10° offset while 360° = ORewthe

Error in d'ty, .5 iS increased by 10%.

Mr

i1

a,
u
-]
165 o8 15 1 [ 1
5“’22,.%3::5 ,l"ll'ﬂfﬂz,:
!
-
m
p. "
m
HL ] (T3 J|'_'_--1|='v.-l--|‘|
5522,:%3&5 ,l'lllﬁfﬂﬂ,:

Figure 4.14 Variation of the calculated polar anglea, and azimuthal angle 6,

with the error in d't,, ..s USing referencea, = 30° and b,=0°

4.2.3 Effect on the calculated polar anglez, and azimuthal angle b, due to the

error in time intervals d't3; neas

1. Select the probe dimensioxs,y;; and z, from Table 4.1.
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2. Calculatedt; , using Equations 2.44 — 2.46, assuming polar aaglequals

0° or 30°, azimuthal anglg equals 0° and velocity of the bubblke equals

0.5 ms..

3. Using the true values ok, Y., z, and the value ofdt,;; and adt,,,
calculated in step 2,033 o5 is variedfrom 0.9 mm to 1.1 mm in steps of
0.01 mm and a new_ and b, are calculated.

4. The intention is to show the effect on the cale@datalues ofa. and b, due

to the measurement error from -10% to +10% in the value ofd'ts; eq

BE W R B

f= T 0%

gt Sameas J(é' ﬁ33,2‘

Figure 4.15 Variation of the calculated polar anglea. with the error in d'ts; s
using referencea,= 0° and b,=0°

Figure 4.15 shows the effect on the calculated rpatgle a. due to the error in

0133 meass The figure shows that, ag'ts; .. decreases from its true value, the

calculated polar angla. increases. Similarly, it/ts; .. IS increased from its true

value, polar anglea, increases again. The increment of polar arglereaches 8°

(supposed to be 0°) when the error is £10% of valee of d'ts; s
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Figure 4.16 Variation of the calculated polar anglea, and azimuthal angleb,
with the error in d't3; .45 USING referencea, = 30° and b,=0°

Similarly, Figure 4.16 shows the effect on the chlted polar anglea, and
azimuthal angleb, when the measurement error @ts; 0. is +10% from its true
value for the reference polar angie= 30° and azimuthal anglg= 0°. The figure
suggests that, agts;,,..s decreases from its true valag increases gradually to 33°,
whereas ifd'ts; e, IS increased from its true valua, decreases gradually to 27.5°
for the 10% error ind'ts; as Figure 4.16 also shows thét reaches 350° when the
error is increased by 10% itfty; .. HOwever, b, shows only a small change
(increases slightly up to 10°) when the errordity; .5 is increased by 10% of its

true value.
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4.2.4 Effect on the calculated polar anglez, and azimuthal angle 6, due to the

error in multiple time intervals d't;

II,meas

In this section, the effect on the calculated palaglea. and azimuthal anglé, due
to the error in the multiple time interval$; .. was investigated. Firstlygt; , is

calculated from the dimensions given in Table 4ithwhe reference velocity of
0.5ms', azimuthal angle Oand polar angle®0and 30. Once all the time intervals

dt; . are calculated, an error of + 10% is introducethio time intervals out of three,

keeping one constant. For example, keepiftg, constant,dt,; ne.s and @'tz cas

are changed to £ 10%. For simplicity, four condii@re introduced.

Condition 1: both the time intervals are increabgdl10%, for example ifat,, is
constant,d't,, ..s iNCreases by 1% and'ts; ., increases from 1% to 10%, again
0ty meas INCreases by 2% and'ts;..s inCreases from 1% to 10%. The process

continues untild'ty, ..s reaches 10%.

Condition 2: keeping the first time interval candt the second time interval is
increased by 1% to 10%, while the third time ingris decreased by 1% to 10%

(taking dt;y;, dt,,; and dtg;, as the first, second and third time intervals
respectively). For example, ifft;,, is constant,dt,, ., increases by 1% and
0133 meas decreases from 1% to 10%, agai,, .. increases by 2% andts; qas

decreases from 1% to 10%. The process continuésaiy .. reaches 10%.

Condition 3: keeping the first time interval cast the second time intervals are

decreased by 1% to 10%, while the third time irdaeig increased by 1% to 10%
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(taking dt,y;, dt,,; and dty;, as the first, second and third time intervals
respectively). For example, iff't;, is constant,dt,, ...s decreases by 1% and
0133 meas iNCreases from 1% to 10%, agaift,, .,s decreases by 2% anmts; qas

increases from 1% to 10%. The process continueks dlty, ..s reaches -10%.

Condition 4: both the time intervals are decreasgdl% to 10%, for example if

aty, is constantdt,, ..s decreases by 1% anths,; ., decreases from 1% to 10%,
again dt,, ...s decreases by 2% andts; ., decreases from 1% to 10%. The

process continues untilt,, ... reaches -10%.

4.2.4.1 Effect on the calculated polar ang&e_and azimuthal angleb._using

Condition 1

Figure 4.17 shows the effect on the calculatedrpiglea, and azimuthal anglé,

due to the error in the measured time intervalg ... as shown in Condition 1
(described above). The variation in red denotesstemto'ty; .., With errors in
01y meas @Nd d13300s The data in black is the constandft,, .. and errors in
0133 meas @Nd Aty oo The data in blue is constamfts; .. With the errors in

dtll meas and dt22,mea5'

In Figure 4.17, the top half (the left is the cédted polar anglea, and the right is
the azimuthal anglé,) of the figure is the effect on the polar angle azimuthal

angle calculated with reference to the polar argle 0°, whereas the bottom half
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(the left is the calculated polar angie and the right is the azimuthal andlg is

calculated with reference to the polar ang|e= 30°.

*

constant dt11
constant dt22
constant dt33

©  constant dt11
*  constant dt22
©  constant dt33

+

*

Figure 4.17 Variation of the calculated polar anglea, and azimuthal angleb,

due to the errors described in Condition 1

Figure 4.17 suggests that the calculated polareaag| in the case o&, = 0°, rises to

7° with all constant time intervals. Figure 4.18akhows that when reference polar

angle a,= 30° and whend't, ..s is equal toadty,;, as the error increases, the
calculated polar anglez, decreases gradually until it reaches 24°; whereagn
015 meas @Nd d'133 05 @re constant, the calculated polar angleincreases gradually

to 33° as the error increases. Calculated azimathgle 6. in each case shows very

small variation, as it is either close to 0° or 360
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4.2.4.2 Effect on the calculated polar angle._and azimuthal angleb__using

Condition 2

Figure 4.18 shows the effect on the calculatedrplglea, and azimuthal anglé,

due to the error in time interval#t; .., as per Condition 2 (as described above). The
variation in red denotes constagit,; ..s, With errors ind'ty; .. and d'tsz 00 The
data in black is the constaott,, ... and errors ind'ty; .. and d'ty; ;.. The data

in blue is constantt,; .5 With the errors ind't; | eas aNd Aty eas

©  constant dtl1 +  constant dt11
*  constant dt22 +  constant di22
O constant 4133 +  constant dt33

400
3004
200

100 .-

0.
095

Figure 4.18 Variation of the calculated polar anglea, and azimuthal angleb,

due to the error described in Condition 2

In Figure 4.18, the top half (the left is the cédted polar anglea, and the right is
the azimuthal anglg,) of the figure shows the effect on the calculgpetar angle

and azimuthal angle calculated with reference tarpangle a,= 0°, whereas the
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bottom half (the left is the calculated polar anglg and the right is the azimuthal
angleb.) is calculated with reference to the polar angle= 30°. Figure 4.18
suggests the calculated polar armgle in the case ofa,= 0°, rises to 10° with all
constant time intervals. The figure also shows, thditen polar anglea,= 30° and
when d't; ..s IS CONstant, as the error increases the calcupatkeal anglea. slightly
increases until it reaches 33°; whereas whgy ... and d't3; ... are constant, the
calculated polar angla. increases gradually to 36° as the error incre&aigulated
azimuthal angleb, in each case shows a very small variation, as éither close to

0° whend't); eqos aNd d'ty, cas @re constant or 360° whedts; .. iS constant.

4.2.4.3 Effect on the calculated polar ange_and azimuthal angleb. using

Condition 3

Figure 4.19 shows the effect on the calculatedrpilglea, and azimuthal anglé,
due to the error in time intervalgt; ... as shown in Condition 3 (described above).
The variation in red denotes constdy, .., With errors ind't,, .,and dts; cas
The data in black is the constadit,, ...s @and errors ind'ts; eos aNd Aty oo The
data in blue is constadlts; ., With the errors ind't;; .. @and d't,; 0.s IN Figure

4.19, (the left is the calculated polar anglg and the right is the azimuthal angle

of the figure is the effect on the polar angle aziimuthal angle calculated with

reference to the polar angég = 0°, whereas the bottom half (the left is the elkated
polar anglea, and the right is the azimuthal andlg is calculated with reference to

the polar anglea,= 30°. The figure suggests that the calculatedmpahglea., in
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case ofa,= 0°, rises up to 6° with all constant time intdsvédigure 4.19 also shows
that, when reference polar angg= 30° and whend't;, ... iS constant, as the error
increases the calculated polar angle increases gradually until it reaches 34°,
whereas whend'ty, ..s andd'ts; .. are constant, the calculated polar angle
decreases gradually to 27° as the error incre&asulated azimuthal anglé, in
each case shows a very small variation, as ittieeiclose to 0° whem/ts; o5 IS

constant or 360° whea't;; ,.,s and d't,, 0,5 are constant.

C  constant dt11
*  constant di22
©  constant dt33

+  constant dt11
4 constant $122
+  constant 433

.
260
204
180

tnaL- T
115

/9 200 4
o

o 03
-095

: T st
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)?ze%/d.f 1 11 Stii_‘mgas ‘

Figure 4.19 Variation of the calculated polar anglea, and azimuthal angleb,

due to the error described in Condition 3
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4.2.4.4 Effect on the calculated polar angie_and azimuthal angleb,_ using

Condition 4

Figure 4.20 shows the effect on the calculatedrplglea, and azimuthal anglé,
due to the error in the measured time intend@ts ..., as shown in Condition 4 (as
described above). The variation in red denotes taotet,; ..., With errors in
01y meas @Nd d133.. The data in black is the constandft,, .. and errors in
133 meas AN 0't1 case The data in blue is constarty, ... with the errors in

dtll meas and dt22,mea3'

©  constant di11 +  constant dt11

*  constant dt22 +*  constant dt22
©  constant di33 . +  constant dt33

Figure 4.20 Variation of the calculated polar anglea, and azimuthal angleb,

due to the error described in Condition 4
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In Figure 4.20, the top half (the left is the cédted polar anglea, and the right is
the azimuthal anglé,) of the figure is the effect on the polar angle azimuthal
angle calculated with reference to the polar argle 0°, whereas the bottom half
(the left is the calculated polar angie, and the right is the azimuthal andlg is

calculated with reference to the polar ang|e= 30°.

Figure 4.20 suggests the calculated polar aagle in case ofa,= 0°, rises up to 7°

with all constant time intervals. Figure 4.20 adwws that, when reference polar

angle a,= 30° and whend't ,..,s IS constant, as the error increases the calculated
polar anglea. slightly increases until it reaches 33°, whered®@mwd'ty, .. and
0133 meas @re constant, the calculated polar angledecreases gradually to 27° as the
error increases. Calculated azimuthal andgle in each case shows a very small
variation, as it is either close to 0° wheft; .. and d'ty, ..s are constant or 360°

when d'ts; 046 IS CONstant.

4.3 Conclusion

In this chapter, the sensitivity of the ‘z’ dimemss of the four-sensor probe and the
time intervals were analysed. The analysis wasethaout with the introduced error of
+ 10% in the single variable, as well as the mildtyariable. In order to check the
effect of the error, the results were analysedfarence polar angle 0° and 30°. The
results show that even a small error in the measemé of probe and time intervals
for the calculation showed a big difference in plodar angle when the reference polar

angle is 0°.
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However, when the reference polar angle is 30%oen the probe is tilted by 30°),
the calculation shows a great difference in theresfce and the measured values, due
to the error in the ‘z’ dimensions as well as mdiintervalsdt; . These results show
good agreement with the results presented by Sahaei al. [150], where the author
states that the probe has less effect on the buldi#e it is tilted by 20° (polar angle).
The author also states that the effect of the pmides as the probe’s inclination

becomes closer to 55° (polar angle).
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CHAPTER 5

Measurement Electronics

5.1 DC circuitry

Figure 5.1 shows the basic circuit design thaeauired for the four-sensor probe to
measure the conductance of air or water. The cdmglecuit is based on a non-

inverting amplifier and a regulated DC voltage seur

In Figure 5.1,SRL is the resistance between the relevant sensantipthe probe

body (common electrode). The output voltagg,, from the operational amplifier in
the circuit is given by:

Vamp =V, 1+Z—'F:i Equation 5.1

The working principle of the circuit is that whehet tip of the given sensor is
immersed in water, the value 8RL is very small compared to the feedback resistor

RFL1 (which is typically > 1.5 M ). Thus,V,

amp Saturates at the positive supply
voltage of the operational amplifier (+15 V). Whie tip of the sensor is immersed

in a bubble, the circuit becomes open loop, makiregvalue ofSRL higher tharRF1

which is

n?

and making the quantityFS{%L close to zero so that,,, approache¥,

typically +5 volts. Thus, as each of the four sease immersed successively in water
and air, output signals similar to those shownigufe 5.2 are obtained. Note that the
variable resistoORL was used to fine tune the output voltage, to cover the full

range of analogue to digital converters of the datguisition system that was used.
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RF1
1hd
184
+
B? =T . - IC5H OR1 th
Sensar resistance -=}—
A 50
SR1
R4

1 1

Figure 5.1 D C circuit

Figure 5.2 (A) Typical output from four-sensor probe DC circuit.
(B) Output from four-sensor probe.

Four separate circuits were made for the four-ggmsae, as described above. Figure
5.2 (A) shows the ideal output signal from the feensors of a four-sensor probe, and
Figure 5.2 (B) is the experimental output from ginebe when a gas bubble (in water)
passes over it. In Figure 5.2 (B), the red colowigdal is from the front sensor while

the other coloured signals are from the three seasors. The time lag between the

front and the rear sensors (time interval betwé&endrop in signal level between the
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front and rear sensors) depends on the axial depatzetween the front and the rear
three sensors. The time interval from when theaifrom a given sensor drops and
rises again (e.g. from point ‘a’ to point ‘b’ indtire 5.2 B) depends on the size of the

bubble (diameterd’ of the bubble) and the bubble velocity. This desice timet, . of

the bubble on the sensor can be approximatetﬂrelg};:9 for the bubble travelling
v

with velocity v parallel to the probe axis which strikes the gigensor centrally.

When using the DC excitation circuit, the disadeget of electrolysis caused by the
DC source should not be forgotten. Electrolysia grocess whereby a DC current is
applied across two electrodes, one of which isgatie electrode and the other is a
positive electrode. The negative terminal is r&feéro as the cathode, and the positive
terminal is referred to as the anode. Negativelgrgbd electrons flow through the
wiring of the circuit from cathode to anode, whigsults in corrosion of the anode;

thus, solid corrosive residue forms on its surface.

Figure 5.3 Sensor tip — before electrolysis (leftgfter electrolysis (middle), and

after cleaning (right). Images are from a shadow-gaph.

Due to this electrolysis process (in the presamysthe probe holder and the sensor
tip work as the electrodes for electrolysis), tl@f@rmance of the sensors can be
degraded because particles from the insulation bepme loose as a result of the
corrosion. Also, the tiny particles that exist retflow will attract to the tips of the
sensors because they are electrically charged. WHisresult in the sensor tips

becoming partially or completely covered by a nonducting film of dirt and the
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acquired signal’'s characteristics will be alteremeating errors in the signal
processing scheme. The solution to this problertoislean the tips of the probe
whenever it is observed that the probe’s perforraastarts to deteriorate. The sensor
tip can be cleaned using very fine emery papeurgi$.3 shows stages of the tip of a
sensor affected by the electrolysis and the impitosensor tip after the cleaning

procedure is applied.

5.2 AC circuitry

Another way to measure the conductance of air otewaithout causing the
electrolysis process is to use AC excitation indteDC. The working principle of
this type of circuit is similar to that of the D@auit, where the conductance value
increases and decreases as the sensor tip is igdriara/ater or air respectively. The
only difference is that this circuit uses an AC reeuinstead of DC, as shown in

Figure 5.4.

Figure 5.4 Basic AC circuit

An investigation was carried out with AC excitatiaa a possible alternative to DC

excitation. The complete circuit was based on itwgran amplifier and regulated

Suman Pradhan 155



Chapter 5 Measurement Electronics

voltage source, as shown in Figure 5.4. A 10 kHZz 3V peak-to-peak signal was
applied as an excitation signal, as shown in Fidgou® (simulated signal). Four
identical circuits (as shown in Figure 5.4) weredmdor a four-sensor probe. For
each circuitvR2was replaced with the relevant sensor. The cigag also designed

and simulated in the software “Proteus” for comgami purposes.

Graph of X5C1
15

10 ~

“oltage [*]
[}
1

5

-0 H

-15 4 1 1 1 1 1
0 4 g 12 16 20
Time [m=]

Figure 5.5 Simulated input signal

Figure 5.6 Output signal

Figure 5.6 shows the simulated output signal frdra tircuit as the sensor is
immersed in air and water. The increased amplitelgotes that the sensor was in

contact with the water, making the resistance valuie sensor(R2) smaller than
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VRL. The output of circuiV, (output of inverting amplifier) is given by Equarti 5.2

so when the sensor is immersed in water, the \Gflug, is greater thav, .

V,=-V, VR Equation 5.2
(VR2+R1)

However, when the tip of the sensor is immersed inubble, the circuit becomes

open loop, making the value &fR2 higher thanVRL and making the quantity

VRL ) close to zero so that, approached/,, as shown in Figure 5.6. The

VR2+R1
amplified outputV, is then passed through the rectifier in conjuwrctvith an active

low pass filter (Figure 5.7) to convert the outfprdm AC to DC for easy signal

processing. The cut-off frequendy for the low-pass filter is calculated as Equation

5.3.

1

fo=—— Equation 5.3
2P Ry Cy

Vi

Cs
e

4 1 — 4 Ve
% 1C&
3 1B4B42
=8

Figure 5.7 Low-pass filter

Figure 5.8 (A) shows the “Proteus” generated sitedlautput signal from the low-
pass filter, and (B) shows the output signal frorbudt circuit. Both of the signals

show similar characteristics, with noise on thengslevel and slow decay on the
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falling edge of the signal.

S
I (ms) (ms)
ure 5.8 Output signal after low — pass filter isA) simulated B) experimental

From the signals obtained using the DC circuit (iFég5.2) or the AC circuit (Figure
5.8), it is necessary to measure the time intervjs(i = 1, 2 and 3). From the
calculated values otf; and the measured probe dimensions (see Chapierit3s

possible to calculate the polar angke, azimuthal anglet and the velocity

magnitude v of a bubble using Equations 2.48, 2.47 and 2.4peetively, as

described in Chapter 2.

Figure 5.9 Various levels of threshold
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Although it is possible to calculate the velocigctor from the signal obtained using
an AC source, it is extremely likely that the cdéted velocity vector might not be
very accurate. The presence of the rectifier arddtv-pass filter in the circuit causes
a high level of noise (see Figure 5.8) in the digmal, as a result, it will force the use

of a lower value of threshold, as shown in Figu& 5

In Figure 5.9, three different threshold levels presented; in an ideal situation, the
threshold level is placed where it just contactsriking or falling edge of the signal.
“Threshold levelA” shows there is only contact with the rising edfi¢he signal,

resulting in the data processing software ignotimg type of signal (see Chapter 6).

“Threshold levelB” shows that, although it contacts both the risind the falling
edge of the signal, the threshold level touchesritiag and the falling edge very
often and the measured time interval between giegiand the falling edges is likely

to be ambiguous; again, the software will avoid thubble (see Chapter 6).

“Threshold levelC”, however, fulfils the required criteria as it tthes the falling

edge and the rising edge of the bubble at apprdeimahe correct times, but this
level itself is very low for the threshold valuedathe measured times at which the
bubble’s surface contacts the sensor are likelgetancorrect. Hence, by using this
lower value of threshold, it is more likely thaetivrong times for the falling edge and

rising edge will be chosen, giving incorrect valé@s d;, , and ultimately an incorrect

bubble velocity vector.

Despite the possibility of electrolysis, it was msd to carry out experiments with
DC source circuits. To overcome the problem oftetdgsis, it was decided to replace

the probe when any of the original sensors stopya#ing.
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5.3 Trigger circuitry
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Figure 5.10 Trigger circuit for four-sensor probe

A trigger signal was used in the bench test expamisito stop high speed cameras

(see Chapter 7) from capturing the images. Th@erngircuit was also used to stop

the data acquisition card (see Chapter 6) fromecbflg the data. The trigger signal

was used as a mid-trigger for the high speed cameee Chapter 7). The velocity
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vector calculated from the high speed camera wed as a reference with which to
compare the velocity vector calculated from therfeensor probe. Therefore, it was
important to ensure that the velocity vector meaddrom the probe is from the same
bubble that was captured and measured by the Ipgledscamera. Hence, it is
important that the trigger signal was generated bybble that strikes all four sensors

of the probe.

In order to fulfil the above criteria, the signditained from each sensov,(;) from
the DC source circuit, as described in Chapter el passed on from a comparator
(C1) in conjunction with an invertetl) and AND gates, as shown in Figure 5.10. A
trigger circuit was made such that the triggernéyaeceived if a bubble strikes all
four sensors. Figure 5.10 shows the trigger cirtaitthe four—sensor probe, where

three different AND gates were used.

The outputs from the two individual sensoi, (S andV,,S ) from the DC

source circuit were passed through AND gate 1. dimput from AND gate 1 will
become high (+5v) only if a bubble touches senBb(SQ as well as sensor ‘15();
however, if a bubble touches only one sensor oches none then the output from
AND gate 1 stays low (0Ov). Similarly, the outputerh the remaining two sensors

(VoS andV,, S ) were passed through AND gate 2.

The output from AND gate 2 will become high (+5w)lpif a bubble touches sensor
‘2" (S2 as well as sensor ‘35Q; however, if a bubble touches only one sensor or
touches none then the output from AND gate 2 shawys(Ov). The outputs from the
above two AND gates were again passed through AR §. When either one or
both outputs from AND gate 1 and AND gate 2 is Idlke output from AND gate 3

will also be low. The output from AND gate 3 onlgdomes high when both the
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outputs from AND gate 1 and AND gate 2 are highisTdutput from AND gate 3 is
used as the trigger signal. Figure 5.11 showthput trigger signal generated by a

four-sensor probe.

Figure 5.11 Trigger output
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CHAPTER 6

Software Developments

6.1 Data acquisition

This chapter will discuss the software that hasmba®veloped in order to be used in
this project. This software includes programs usectollect the data and also to
process the collected data. In order to acquiredtta from the circuits (see Chapter
5) which were connected to the four-sensor proleta acquisition card (DAQ 2006
purchased from ADLINK technology) was used. The D2@D6 can sample 250ks/s
(kilo sample / second) simultaneously with four lagae input channels. The DAQ
2006 also contains analogue and digital triggeutspwhich were required to trigger

the DAQ 2006 to prevent it from collecting data.

In order to communicate between the computer aadDhQ 2006, C++ and Visual
Basic software was used (for detailed softwarenlyst see Appendix B). In this
project, the data was collected by two differenthods. In the first method, the data
was collected continuously for a certain periodiwie, allowing numerous bubbles to

hit all four-sensors. This was named the Continudata Collection.

In another method the data was collected from arlg bubble that hit all four
sensors and was named the Single Bubble Data @ohle®oth these methods are

described in detail later in this chapter.
6.1.1 Continuous Data Collection

In this process, data was collected for a certanmop of time (max 180 seconds). For

Suman Pradhan 163



Chapter 6 Software developments

this purpose, Visual Basic code was used to comeatmiwith the DAQ2006 from

the computer. The basic code format is shown beloegvFigure 6.1 shows the block
diagram for data collection (for further detailse skppendix B). A program named
“asynchronous double buffer mode and scan chanadie” was used to collect the

data; the program allows the collected data tcelbbended straight to a designated file.

card = D2K_Register_Card(DAQ_2006, card_numbé()resister DAQ2006)

Register the DAQ card once the card is detecteitidgoftware.

D2K_Al_AsyncDblBufferMode (card)l); // (Analogue input Asynchronous

double buffer (buffer fills one at a time) mode)

Once the card is detected, call the function Anadoginput
Asynchronous double buffer mode; this function \aHothe analogue
data to be input with a double buffer, which allows samples of data

to be scanned or read at a time.

D2K_Al_ContBufferSetup (card, ai_buf, data_size, §H);

Set up the first buffer.

D2K_Al_ContBufferSetup (card, ai_buf2, data_siz&uild); //(DAQ2006

Analogue input continuous buffer2 setup)

Set up the second buffer.

D2K_Al_ContScanChannelsToFile (card, channel, Bufld

data_size/(channel+1), Scanintrv, Samplintrv, ASYNOR);
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Call function D2K_Al_ContScanChannelsToFile, whallows all four
channels to be scanned continuously, and storectirned data to the

specific file in the directory.

do{

D2K_Al_AsyncDblBufferHalfReady(card, &HalfReady, &tbp);

Call the function DAQ2006 Analogue input Asynchraosodouble

buffer half ready; half ready is always either Qlor

} while ('HalfReady);

Function helps to scan the second data when teedata is halfway
through being scanned by the first buffer. The riemg half of the

first data is scanned by the second buffer.

D2K_Al_AsyncClear(card, &startPos, &count); // (DRQO6 Analogue input

Asynchronous clear card)

Once the data are stored in the file, this functt@ars the data from

the card and the card is ready to collect anotbieofsdata.

D2K_Release_Card (card);

Function helps to release DAQ2006.
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No

No

No

Figure 6.1 Block diagram for continuous data colletton
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Figure 6.2 EXE windows for continuous data collectin

Figure 6.2 above shows the execution window fotectihg the data, where it is

possible to:

1. Input channels: the number of sensors to be scannetlis case it is either
two or four (i.e. software can be used with duadsee or four-sensor probes).

2. Sampling frequency: this is the parameter whichidésc how fast it is
necessary to read the signal. The maximum samleguency is 250 kHz
(for four channels simultaneously). Sampling frageis chosen depending
on the frequency at which the bubbles collide wite probe and the sensor
separation. The faster the bubble frequency, thledrithe sampling frequency.
Also, the smaller the sensor separation, the highersampling frequency
needed, as described earlier in Chapter 3.

3. Sampling time period: this is the parameter whidvegns for how long

samples are collected. The maximum sampling timeogewhich can be
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chosen is 180 seconds; the lower the bubble frexy¢ine higher the sampling
time period needed. The sampling time period issehdo ensure that at least
30 or more bubbles touch all four sensors of treb@rwithin that period of
time.

4. Voltage range: the range of the voltage can beashap to £10 V. There is no
particular rule to decide what voltage should beseim, except that the chosen
voltage range must be greater than that of theubwigtage from the circuit.

5. Data file name: specifies the directory and pattvitich the collected data can

be saved.

6.1.2 Single Bubble Data Collection

This data collection process is similar to thatcdiégd above in section 6.1.1. The
only difference in this method is that there is sampling time period; instead, a
trigger signal was used which was generated bybdlbuhat hits all four sensors of
the probe (see Chapter 5). The trigger signal veasl @s a mid-trigger on the DAQ
2006 so that it is possible to see the output ftbenfour sensors resulting from this
bubble. The mid-trigger signal was also used orctmeras so that the cameras could
be used to obtain a reference velocity vector fer $ame bubble. This process is
carried out in order to find the local velocity w&cof a single bubble. Thus, the
results can be compared with the results obtaimedn fthe Continuous Data
Collection and can also be used to compare thelbutdbocity vector measured by
the probe with the velocity vector obtained fromghhspeed cameras (see Chapter 9).
Visual C++ was used as a programming language.bBls& code format is detailed
below and Figure 6.3 shows the block diagram faa @allection (for further details

see Appendix B):
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[Example Code Fragment]

card = D2K_Register_Card(DAQ_2006, card_number);

D2K_Al_CH_Config (card, channel, range )

D2K_Al_Config (card, 0, DAQ2K_Al_TRGMOD_PRE|

DAQ2K_Al_TRGSRC_ExtD| DAQ2K_AI_TrgPositive, 0, 0, D);

D2K_Al_AsyncDblBufferMode (card, 0); //non-doubleHfered Al

D2K_Al_ContBufferSetup (card, ai_buf, data_size, §H);

D2K_Al_ContScanChannels (card, channel, Bufld, dsitee/(channel+1),
Scanlntrv, Sampintrv, ASYNCH_OP); or

D2K_Al_ContReadChannel(card, channel, Bufld, ddte,s Scanintrv,
Samplintrv, ASYNCH_OP)

do { D2K_AIl_AsyncCheck(card, &bStopped, &count);

} while (!bStopped);

D2K_Al_AsyncClear(card, &startPos, &count);

D2K_Release_Card(card);

The code described here is similar to that desgribesection 6.1.1 (see section 6.1.1
for a detailed explanation of the code), excephia case the function that allows the
external positive trigger signal to be introduceccalled “D2K_AlI_Config (card, O,
DAQ2K_ Al TRGMOD PRE| DAQ2K_Al_ TRGSRC_ExtD| DAQ2KIATrg

Positive, 0, 0, 0, 1)".
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Figure 6.3 Block diagram for single bubble data cdéction
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6.2 Signal processing for analysis of the collectethta
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Figure 6.4 (Left) raw signals from the four-sensoprobe over 120 seconds time,

(right) raw signal from the individual sensors.

New signal processing software was written in ‘MASR’ in order to analyse the

collected data. Figure 6.4 (left) shows the rawnaigrom the four sensors during a
specific period (0 - 120s) of time and Figure 6rght) shows the extracted raw
signals for each sensor. Figure 6.5 show the sesigoals, extracted (40 - 40.1s) from
Figure 6.4, for a particular bubble. In order técatate the bubble velocity vector, it
is important that the bubble touches all four sensm the probe twice without any
deformation of the bubble being caused. From Figufeit can be seen that the
signals are different from the ideal signals (Feg®.29). Using the mathematical

model, the time intervals (see Chapter 2) mustabeutated from these probe signals.

In some cases it is possible that the bubble anlghtes some of the sensors. In other
cases two different bubbles might hit the probe@troximately the same time. In

both these cases it will not be possible to cateullae correct bubble velocity vector.

Therefore, in order to minimize these errors, wasigignal processing methods were
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implemented to extract the required informationnirthe raw signals, as discussed

below.

Figure 6.5 Raw signals from an individual bubble

6.2.1 Evolution of signal processing

Data are collected by the probe with a samplingdesmcy of 20 - 40 KHz. These data

are used to find the relevant time intervals ofssersignalsd't,, and d'ty, (wherei =

1, 2 and 3, see Equation 2.22 and 2.23 in Chaptém2? accurate measurement of the
velocity vector of the bubble, it is important titae signals (four signals from four
sensors) are generated by the same bubble. Therdéher most important factors for
the software to pick up are the falling and risauges of the sensor signals caused by
the same bubble. It is also a requirement thah dabble touches sensor O first
followed by the three rear sensors. The followirgnal processing conditions were

used to ensure that a group of sensor signals, ¥hith d't;, and d't, (i =1, 2 and 3)
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were determined, were all produced by the samelbubb

6.2.1.1 Voltage threshold

buéiulmu , *
,—
T voltage threshold(o\/ )
65}
?; 6
55
=]
- 5
a5}
‘ -
35; |
3 I 1L L Il
78.8 Time (s) 79

Figure 6.6 Baseline and voltage threshold for thednt sensor signal

Voltage threshold is a small value of voltage belbw baseline (see Figure 6.6) at
which the corresponding bubble surface touchess#resor. From the raw signals
(Figure 6.5), it can be seen that the rising anlihépedges of the signals obtained
from each sensor are not purely vertical, as theylevbe in the case of the ideal
signal (see Figure 2.29). Additionally, for eacims@ signal, the times at which the
signal leaves or rejoins the baseline may not #gtuapresent the contact times
between the sensor and the bubble surface. Thisbmajue to a small reduction in
the sensor’s conductance just before the bubbleakgtouches the sensor, due to the
bubble partially blocking the flow of electrical ant through the water from the
sensor tip to the earthed probe body. For a sim#lason, the sensor conductance may
not return to its baseline value until a short tiafter the bubble has ceased to be in

contact with the sensor. In [2], the transient ogse of a four-sensor probe has been
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analysed and it has been shown that the time mte/t,, and dt, (i =1, 2 and 3)

are relatively insensitive to the choice of theefiitold voltage values.

In order to find the effect of the threshold vokagalues on the velocity vector of the
bubble, a small experiment was carried out usiegcdimera to film the; axis of the
tank (see Chapter 7). Two lines separated bytardie of 23mm (in the Z direction)
were drawn on the wall of the tank and a high spmsdera was used to record the
time interval for a given bubble to pass from thetfto the second mark. The time
interval between successive frames from the canseegual to 0.004s. Using video
processing software, it was possible to count timaber of frames it took for a given

bubble to pass between the two lines. The meanerce velocity, . in ms'of the

bubbles (approximately 5mm in diameter) in thed#ection is then given by

237103

Y =— "~ Equation 6.1
2t TN, 0.004 q

Where N; is the mean number of frames that the bubble takgmss between the

two lines. The mean value of the bubble veloaityhe Z direction was 0.24m/s.

Different threshold voltage values were used to susathe velocity component of
the bubble in the Z direction using the probe dgy@ad the mathematical model in
Chapter 2 (N.B. this is straightforward when thaxis of the probe coordinate system
is in the Z direction, but requires the use of meathtical transformations when tlze
axis of the probe is inclined with respect to the axis of the tank [4, 11]). The
threshold voltage valuev was varied from 0.2V to 2.0V for each sensor difnaan
the respective baseline of each signal. The incnéwas made in an order of 0.1V.

Figure 6.7 shows the velocity of the bubble in thelirection, as measured by the
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probe.

—— velocity in Z direction using different voltage threshold
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Figure 6.7 The velocity of the bubble in the Z diretion using the different

threshold voltage values

It can be seen from Figure 6.7 that, for the défgrthreshold voltage values, the
velocities of the bubbles in the ‘Z’ direction maesd by the probe are very close to
the reference value 0.24m/s. In fact, the meanevadlrigure 6.7 is 0.248m/s and the
standard deviation is 0.00128m/s. Varying the tho&b voltage value from 0.2V to
1.5V makes very little difference to the calculapdbe velocity in the Z direction.
[N.B. another possible method for choosing the shoéd voltage is based on a
comparison of the mean local volume fraction measdny the probe with the local
volume fraction measured using an alternative teglen (such as a differential
pressure measurement [1])]. From the results shalove, it is believed that the
relative insensitivity of the velocity measured ttwe probe in the Z direction to the
choice of threshold voltage is a major advantagiefprobing technique described in
this project. The voltage threshold value usedhis tresearch is 0.3V from the

baseline of each signal for all four sensor signals
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6.2.1.2 Ignoring signals with small time intervalsand small voltage changes by

introducing a time threshold (t;.;) and voltage level threshold V| yes)

respectively

Most of the probes touch the bubble at its centi@ inis important that the bubble
touches all four sensors twice. There can, howéweisome circumstances when one
or two sensors touch only the edge of the bublalesiag confusion during the signal
processing. It is more likely that, when the a sernsts the edge of the bubble, the
time interval between the falling and the risinggedor that sensor will be very small
as compared to when the sensor hits the centrdeofbtibble. Such small time
intervals will result in a higher velocity, ultimely resulting in an incorrect bubble
velocity vector. This effect can be clearly beeersén the signal in the form of a
small time interval, as shown in Figure 6.8. Fig6r8 shows two different signals
where the bubble hits all four sensors. The sigmathe left shows that one of the
sensors hits the edge of the bubble, whereas ¢gmalson the right shows that two
sensors hit the edge of the bubble, causing the iimerval between the falling edge
and rising edge to be very small as compared tather signal in which the sensors
hit the bubble at the centre. Thus, in order tdex@correct results, it is important to
delete (ignore) this type of signal which has alstrae interval. Therefore, a time

threshold (<) is introduced, which is 0.1 times the averagedm=e time ¢,..) of

each signal, within the software to ignore all fhgnals with a time interval which is

less than the time threshold.

hres= 0.1 Nres Equation 6.1

where N is the total number of bubbles hittingfaillr sensors.
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Figure 6.8 (Left) one sensor hitting the edge of thbubble, (right) two sensors

hitting the edge of the bubble

In some cases, as shown in Figure 6.8, the voldage from the signal associated
with a particular sensor is much smaller than fer other three sensors, suggesting
that the bubble is only grazing the probe’s surfdoeorder to ignore this type of

situation, another voltage level threshold (,.s) is applied which is normally half of

the average voltage level i.e. baseline to thagigidge, as shown in Figure 6.8. The

two situations discussed above often happen togethe

6.2.1.3 Ignoring bubbles which do not strike all far sensors

It is only possible to measure the bubble veloeggtor when the bubble hits all four
sensors. It is also important that the bubble thigsfirst sensor ‘0’ first and only then
hits the rear three sensors, but sometimes a sfgmal only three or less sensors
rather than four sensors is achieved, as showmuré 6.9 (left). Therefore, in order

to ignore such signals, a new dummy time threskjg,,) is introduced. A dummy

time threshold is the average time between thengptdge and the rising edge of the

front sensor ‘0’. Software is used to check ifthk falling edges from the three rear
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sensors are withiry,..., as well as the number of falling edges. If thenber of

falling edges withint,,,, is less or more than three, the signals are ighore

Figure 6.9 (Left) signal from four-sensor probe wih one signal missing (right)

image of bubble at three different positions in itdrajectory.

In previous work, Mishra et al. [1] mentioned tife& bubble touches the front sensor
of the four-sensor probe first it is more likehattbubble’s surface will touch all four

sensors twice. However, this depends upon thevelaizes of the frontal area of the
probe and the bubble. Consequently, under somansgtances, the bubble’s surface
will not touch all of the four sensors twice. Faaeple, Figure 6.9 (right) shows the
same bubble at three different positions in itgetimry captured by a high speed

camera.

In some cases, it is also possible that the fusbke touches front sensor ‘0’ and one
or two of the other rear sensors and a second butmhbiches the remaining rear
sensor. However, if the axial sensor separatiowdst the front sensor ‘0’ and the
other three rear sensors is small (normally betwleen1.5mm for the probes used in

this investigation), it is extremely unlikely thahy of the probe’s sensors will miss
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the bubble.

6.2.2 Calculations of polar angle a and azimuthal angleb and velocity

magnitude n

After the signal processing and extraction of thédvsignals from the invalid ones,

at; for the individual bubbles are calculated. Witle ttollecteddt; values and the
measured probe dimensions, y,,z (where X, y;,z are the probe coordinates of

the rear sensors with respect to the front sengloich are measured using a digital

microscope, see Chapter 4.2) it is possible toutaiie the azimuthal anglé by
using Equation 2.39, polar angée by using Equation 2.40 and, onge and b are

found, it is possible to find the velocity magnieug by using any of these three
Equations 2.36-2.38. However, this procedure is esoinat complicated and the

process of calculatinga and 6 is described in detail in section 2.5.1.

Before calculatinga and b the following steps are carried out:-

Step 1:- Call the stored data collected by DAQ2006.

Step 2: - Check if the data contains all four sigma not (visual check)

Step 3:- Introduce voltage threshold (section 612.1

Step 4: - Calculate't;

Step 5: - Check if the signals are for the sameblmsbor not, i.e. falling edge of the
rear three sensors should be in between the fadlintyrising edge of the signal from

front sensor ‘0, by introducing dummy time threkht,, ..., (section 6.2.1.3).
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Step 6: - Ignore the signals which contain sigriedsn different bubbles and those

missing signals from the bubble (section 6.2.1.3).

Step 7: - Ignore the signals with a small time nva by introducing time threshold

tes (S€CtiON 6.2.1.2).

Step 8: - Ignore the signals with a small voltagenroducing voltage level threshold

Vines (S€Ction 6.2.1.2).

Step 9: - Check if any signals remain.

Step 10:- Calculata and b

Figure 6.10 shows the steps and the signal pracsss in this research, in the block

diagram. From the figure, it can be seen that pai@lea and azimuthal anglé are

calculated in two ways, which are described below.

6.2.2.1 Averaging individuala and b

In this processa and 6 of the individual bubbles are calculated as désctiin

section 2.5.1 and the average is calculated asaa neandb .

6.2.2.2 Calculation ofa and & by Average of dft;

In this process, first the collectett;; are averaged and from the averagég a

and b are calculated as in section 2.5.1 using EquaRo#8 and 2.47.

The results of both the above conditions are desdrin detail in Chapter 10. The

block diagram below shows the signal processingmeh as discussed above.
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Figure 6.10 Block diagram for signal processing andalculating a and 6 from

the collected data
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CHAPTER 7

Image Processing

7.1 Introduction

In this chapter, a model is described which enathleseference velocity vector of an
individual bubble, relative to the coordinate swystéx;,y;,z;) of the tank, to be
determined from images taken by two orthogonal tighed cameras, as shown in
Figure 7.1. The images were captured by both éimeecas simultaneously at a speed

of 250 frames per second.

camera

Yr
Figure 7.1 Experimental set up for the tank experirents

The aim of using high speed cameras was to contpareelocity vector calculated
by the probe with the velocity vector calculated the cameras. Therefore, it is
important that the data collected by DAQ 2006 wasnfthe same bubble as that

captured by the cameras.
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In order to ensure the cameras capture the sabi®@edthat hits all four sensors of the
probe, the trigger system described in Chapter $ wgad to capture images from the
cameras as well as capturing data from the proaeDAQ 2006. The mid-trigger
system was used to trigger both the cameras and P@38. The mid- trigger stops
the cameras recording shortly after receiving tiggér and allows 20 frames of
captured images to be saved before and after liagetive trigger (21 frames with the
trigger signal i.e. 10 frames before and after tiigger signal is received by each

camera). The same trigger was also used to stopAliE2006 collecting data.

7.2 Synchronizing the cameras

camera

Figure 7.2 Camera set up with the oscillosco;F

During the processing of the captured images, & Wand that the cameras have a
delay in their trigger time i.e. the trigger sigmeteived by the first camera was at the
10" frame and the second camera received the sangettrig the 11 frame, out of
21 saved frames. To avoid errors in calculating welcity vector when using the
cameras, it is important to know which frame froatle camera captures a picture of

the bubble at the same instance in time. Any difiees in the timing of the images
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from each camera will cause errors in the calcdlagéerence bubble velocity vector

obtained from the cameras.

Thus, to avoid any miscalculation, a pair of anaeg@scilloscopes was placed in
front of each camera, as shown in Figure 7.2. Ba¢hcameras were synchronized by
the inbuilt function ‘master’ and ‘slave’, so thhabth could be controlled by the
master camera. All the cameras and the scopes gisga the trigger signal, which
stops the cameras, and in the meantime the scogiesie the trigger signal voltage

level.

Slave v master
trigger signal
from scope

Figure 7.3 Two consecutive frames from ‘slave’ (I€&f and ‘master’ (right)
cameras with trigger signal from the scope in the &ckground. The two white
dots are the trigger signal on the oscilloscope; éhlower positioned dot means the
trigger signal has not yet been received. The highédot means the trigger signal

has been received.
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With regard to the above system, when capturingrtteges, the cameras will depict
the bubble that strikes all four sensors of thebproSince the trigger signal is
generated by a bubble which hits all four sensord ® connected to both the
cameras, as well as to the scopes, the cameraslgdll capture the trigger signal
displayed on the scopes, as shown in Figure 7.3th@neft hand side of Figure 7.3,
two consecutive frames from the ‘slave’ camerashi@vn, where the two white dots
are the trigger signal on the oscilloscope. It lbarseen that the trigger level stays low
until the bubble hits all four sensors. A simil@uation can be seen in the figure on
the right hand side (from the ‘master’ camera). réfme, from these displayed
trigger level signals, the correct frame correspogdo the moment at which the
bubble hits all four sensors can be obtained frasth cameras. Any time delay
between the two cameras can be eliminated by aoyritom the frame where the

trigger signal first rises, as seen by each camera.

In order to process these images, ten frames fittmareside of the trigger signal were
saved from both of the cameras. Thus, the capiorades are processed according to

the model described below.

The model described below enables mathematicalesgmns to be obtained for the
shape of a given bubble. Although the model is ablprovide a reference velocity
for any part of the bubble (e.g. the geometric i=nf the upper or lower surface and
the centre of gravity), it was subsequently fouhdtt due to oscillations of the
bubble’s surface, the most reliable reference vglacas that of the centre of gravity

(COQG) of the bubble.

The analysis presented in this section is appledntages taken by the ‘master

camera, which is orthogonal to txe, z; plane of the tank coordinate system, and by
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the ‘slave’ camera which is orthogonal to tlye,z; plane of the tank coordinate

system (see Figures 7.1 and 7.2).

The camera images were pre-processed using MATL#Bvare, as described step

by step below:

1 Extract the individual frame from the saved images.

2 Extract the first frame.

3 Convert the frame to ‘grayscale’ from ‘RGB’ imageofnbined Red, Green
and Blue).

4 Introduce the edge detection function for the clgaunalization of the bubble
(see Figure 7.4).

5 Identify the coordinate of every black dot at therder of the bubble. These
points are defined as the edge of the bubble.

6 From the above identified coordinate points, thgomaxis of the bubble is
calculated, which is the longest distance betwesntao points in the border.
This calculation was performed automatically in MANB, where the
distance between every pair of points on the bovdes calculated and the
coordinates of the points with the longest distabhetveen them is picked.
These points are identified a&s¢,z) and (X,,z,) in the x - z; plane
(master camera) as the major axis of the partiduléable, as shown in Figure
7.4.

7 The centre of gravity (COG) of the bubble is defirzes the centre of the major

axis, which is defined 4., z. ,)ps shown in Figure 7.4.

A similar process for the other frames of the sdmbble is carried out. The above
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mentioned process is also conducted for the imagptired by the camera placed in
the y; - z; plane (slave camera). In the next section, anyaisabf a bubble image

from the master camera is described in detail.milar analysis of the bubble image

from the slave camera was undertaken.

Figure 7.4 Frames fromx; - z; plane on the left andy; - z; plane on the right

from the cameras after image processing

7.3 Theory behind image processing

It is assumed that the bubble image from the masterera (orthogonal to the, z;
plane) is in the shape of two semi-ellipses witboeamon major axis of lengtl;

(see Figure 7.5). The bubble centre of gravity (J@Gat the centre of this major

axis, which is assumed to be the longest possitbedcbetween any two boundary
points of the bubble. Assume that poiliss, z;) and(x,,z,) represent the end points
of the major axis. The bubble centre of gravitytheas coordinategx,,z, Where

CAE (X 2 x) , (2, 2 2) Equation 7.1

The slopem, of the major axis is given by
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Equation 7.2

The slopem, of the minor axis of the semi-ellipse that fornhe ttop half of the

bubble is obtained from the relationshig m, = - 1. From this calculated value of
m,, it is now possible to initiallassume that the semi-ellipse defining the top dialf
the bubble passes through pomtwhere the coordinates af are the intersection of
the line of slopem, (which passes through the centre of the major) axid the upper
boundary of the bubble image. From the coordinates it is now possible to make
an initial guess of the length; of the minor axis for the semi-ellipse defining ttop

of the bubble.

Figure 7.5 Coordinate systems and notations used processing the bubble

images for the cameras.

At this stage, it is helpful to define a new cooate system(X,Z )such that
X =X- x, and Z = z- z, (see Figure 7.5). Suppose that the major axib@fktlipse
makes an angl¢ with the increasingXx axis, as shown in Figure 7.5 [NB: is

measured anticlockwise relative to the increasingxis). Another new coordinate
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system (X,Zz) may be defined such that X=Xcosf+Zsinf and
Z=-Xsinf +Zcosf . In the (X,2) coordinate system, the equation for the initial
guess of the semi-ellipse forming the top halfha bubble is (for positivé only)

)22

52
5 +Z—2 =1 Equation 7.3
b,

ar

The curve of the semi-ellipse created from Equatighis not necessarily the best fit
for the boundary points for the top half of the blgbimage obtained from the master
camera, SO it is necessary to use least squares-fiting to minimize the distance

of the boundary points in the bubble image fromdaleulated bubble boundary. This

curve-fitting is carried out in the&,Z coordinate system, where the origin is at the

COG of the bubble, where the axis coincides with the bubble major axis and wher
the z axis coincides with the minor axis of the top pafrthe bubble. Let us define a

point w with coordinates(X, ,z )which lie on the boundary of the upper part of the
imageof the bubble (Figure 7.5). A line may also beimed with gradientn, from
the COG of the ellipse @ . This line intersects the boundary of the cal@dallipse

at point/ ; with coordinateg X', ,2; XFigure 7.5). X, and Z, may be calculated as

follows. Equation 7.4 gives

— + = =1 Equation 7.4

But there is also the relationship thgt= m X'; which gives

X = aTZsz
Vb + iy %)

Suman Pradhan 191



Chapter 7 Image Processing

and

2y, 2
_ ar by
|

Z,=m ~ Equation 7.5
\/(bT2 + iy %ar”)

The distance from the COG t§ is s and the distance from the COG m is r,

wherer, =/(%)° + (2)®> and s :\/(f('i )2 +(2))2 Equation 7.6

An error terme may be defined such that=(s - r, )2 Equation 7.7
N

A total error terme can now be defined such that= e Equation 7.8

i=1

where N is the number of individual points (pixels) on tingper part of the bubble
boundary in the image from the master camera. tifqud.8 is used to calculate

for different values ofb;. By minimising €, the best value fdo, can be found,
which is the length of the minor axis of the sefitipse, which defines the upper part
of the bubble boundary in the image from the masaenera. A similar procedure is
followed to find the best value fobg, the length of the minor axis of the semi-ellipse
for the bottom part of the bubble image from thesteacamera. The whole procedure
is then repeated for the image from the slave can@nce optimum values for the
major and minor axes of all of the relevant seripsés have been found, the
appropriate ellipse equations are transformed hatk the (%, Y,z ) coordinate

system.

For successive images of the bubble from the masterera, separated by a time

interval at, it is possible to calculate bubble velocity comeots v, and v,;;
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where

a'X; :
Vo = Equation 7.9
XT dt q
and

adzy, :

Equation 7.10

7Tl at q

where dx; and d'z;; are the displacements of the bubble COG inxheand z;
directions respectively, as viewed by the mastenera. Similarly, for the slave

camera, it is possible to define bubble velocitsnponentsv,; andv,;, where

Vyr :% Equation 7.11
and
Vyrp = d;IZ Equation 7.12

A reference bubble velocity vectdr,, obtained using both the master camera and

slave camera can now be defined relative to theudrere

Vit = Vil +Vyrit + V7K Equation 7.13

(Vo1 +Vor2)

and wherev,; = 5

Equation 7.14

and i, jrand k; are unit vectors parallel to the;,y; and z direction
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respectively.

The reference bubble velocity vectdf, (measured using cameras 1 and 2) enables a
comparison with the bubble velocity vector relatteethe tank, as measured by the
four-sensor probeVy,,, as described in the next chapter. To comparevéhecity
vector measured by the four-sensor probe, theaméerbubble velocity vector,, of

the bubble crossing the probe was calculated fah eaxperiment presented in

Chapter 9.

7.4 Calibration of cameras

Pulley with coloured paper

Motor

Pulley
AC motor 1400 rpm «—
Side view v

Enlarged front view with
the coloured paper glued
on the pulley

Figure 7.6 Disc for calibrating the cameras

Even though the factory specification stated thatframe rate of the camera is 250
frames per second, to maximise the precision oté#beulation of the velocity vector

of the bubble, it was decided that the cameras|dhwmel calibrated to determine the
actual frame rates of the cameras. The calibratias carried out using a coloured
circle attached to a pulley and the pulley itsedfswdirectly coupled onto the shaft of

an AC motor rated 1400 rpm, as shown in Figure 7.6.

The image of the coloured paper was captured bly thee cameras with the motor

rotating at its full speed. The rotational speedtld disk was measured by a
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tachometer, and found to be 1400 rpm, i.e. 70 temwis in three seconds (three
seconds was chosen for simplicity, as one secorkesna3.3 revolutions and the
decimal place adds an unnecessary complicatior. ififages captured from both
cameras were extracted with software called ‘Virtdab'. The software also allows
the extracted images to be counted frame by frarhas, numbers of frames were
counted while the coloured disc made 70 full rotagi The number of frames was
found to be 738. These counted frames give theahftame rate for the camera.
Therefore, the calibrated frame rate of the camera46 per second for both the
cameras (738 is the frame rate for three secondshce, the actual time interval for

each frame is 0.0041 seconds.
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CHAPTER 8

Bench Test Rig Experimental Set Up

8.1 Relationship between the probe and tank coordates

8.1.1 Positioning the probe to vary the velocity wor of the bubbles relative to

the probe for a purely vertical bubble air-water flow.

The origin of the probe coordinate system (seergi@ul8) defined by Lucas et al.[1]
for the four-sensor probe corresponds with thetwsof the lead sensor, with the-
axis parallel to the axis of the probe where thigartically mounted. The and y
axes are orthogonal to each other and tozhexis, and are parallel with the top of

the probe holder.

The spatial locations of rear sensors 1, 2 and B lma defined using this probe
coordinate system. Suppose that an approachingléuids velocity vectorV,
relative to the probe coordinate system, as shawhigure 2.18.V makes a polar
angle a with respect to thez -axis. Furthermore, the projection & onto the x-y
plane gives rise to a line that makes an azimudingle 6 to the y-axis (in the
direction shown in Figure 2.18). According to tihedry outlined in section 2.5 and
Lucas et al. [1], in order to determine the effemtiess of the four-sensor probe in
measuring the velocity vectd¥ of a bubble, it is necessary to subject the prtobe
bubbles approaching with a wide range of valued/ofSince it is not practical to
change the direction of the air bubbles, it becomesessary that the position of a

probe can be rotated or tilted. One way to chahgeptobe’s position is to mount it
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horizontally at the top of the column on a hingéaltfprm, as shown in Figure 8.1.
The hinged platform is able to tilt and rotate giebe, making it possible to change

the direction ofV relative to the probe coordinate system, as destiibelow.

S

7

_4\

—PrObe a __ ,&’ - ’i‘a’*’ ‘/ Probe

——E - =

Figure 8.1 Schematic of how the probe is moved irraer to the change the vector

velocity of bubbles relative to the probe.

According to the theory outlined by Pradhan et[&B], the y-axis of the probe
coordinate system is parallel with the centrelirelaof the hinged platform, with the
increasing y -axis in the direction from a to al, when usingoarfsensor probe

mounted horizontally on a hinged platform at thp & the column. As the hinged

platform is rotated through angle” (in the direction shown in Figure 8.1), the

velocity vectorV of the approaching bubbles will now make a potaylaa relative
to the z-axis of the probe wher@ =a". If the y-axis of the probe coordinate

system is now rotated counter clockwise (as viefs@th above) through an angle’

relative to the line a-al, the projection of thdoedy vector V (of the bubbles

approaching the probe) onto the x-y plane will makeazimuthal anglé relative to

the y-axis whereb = 6" . By varying the angles” andb’, the direction of V

relative to the probe coordinate system can bes#ldior the purposes of testing or
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calibrating a four-sensor probe. The magnitwdef the bubble velocity vector cannot
easily be changed, since this is a function ofribe velocity of air bubbles through
stationary water; however, small variationsvirtould be achieved by varying the size

of the air bubbles via manipulation of the air atjen system.

In the present investigation, reference measurenfehe inclination angles”™ of the

hinged platform was made using an inclinometereRefce measurement of angle

b" was made using a simple protractor system.

8.1.2 Transformation of the Bubble Velocity Vectomeasured by the probe into
the Tank Coordinate System for the bubble where theise velocity is not purely

vertical.

In order to investigate the accuracy of the foursee probe (described in section 2.5)
which can measure the bubble velocity vector, &eseaf experiments were carried
out in which the probe coordinate system is orieutat different angles relative to an
approaching stream of bubbles and, hence, makiesaiif angles relative to the tank

coordinate system [11]. Initially assume that they,z axes of the probe coordinate
system are respectively parallel to tke, y;,z; axes of the tank coordinate system.

Let the probe be rotated through an angleabout thex-axis and4” about thez -

axis, as described in section 8.1.1.

Therefore, a new direction of the prokeaxis in the tank coordinate system is given
by i; cosbh” in x; direction, j; sind” cosa” in y; direction andk; sind’ sina’ in

z; direction.
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Similarly, the new direction of the probe m-axis in the tank coordinate system is
given by -i;sinb” in x; direction, j;cosb cosa’ in y; direction and

ky cosb sina in z direction.

Also, the new direction of the probe maxis in the tank coordinate system is given

by 0 in x; direction,- j;sina” in y; direction andk; cosa” in z; direction.

Where i, .,k are the unit vectors in the directions of tke, y;,z; axes of the
tank coordinate system, letj,k be the unit vectors in the new directions of the

x,y,z axes of the probe (which has undergone rotatiensand 6" as described

above).i,j,k can now be given by the following expressions

i =cosbi; +sinb’ cosa j; +sinb’ sina ky Equation 8.1
j=-sinb’i; +cosb cosa j; +cosb sina ki Equation 8.2
k =-sina’j; +cosa ky Equation 8.3

Suppose a bubble which strikes the probe is meddwrehe probe to have a polar

angle a and an azimuthal anglé relative to the probe coordinate system and a

velocity magnitudev. Then, the velocity vectoy of the bubble relative to the probe

coordinate system is given by

V =v(sinasinbi+sinacosb | +cosa k) Equation 8.4
Substituting fori, j,k from Equations 8.1, 8.2 and 8.3 in Equation 8.4

V = (v)sinasinb (cosb'i; +sinb’ cosa’j; +sinb” sina’ky )
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+sina cosb ( sinb’i; +cosb” cosa’ j; +cosb sina*kT)

+cosa ( sina’j; +cosa*kT) Equation 8.5
V =(v)sinasinbcosh’i; +sinasinbsinb’ cosa’j; +sinasinbsinb” sina 'k ;
- sina cosbsinb’i; +sina cosbcosb” cosa’ j; +sina cosbcosh’ sina k;

- cosasina’j; +cosa cosa Ky Equation 8.6
V =(v)sinasinbcosh’i; - sina cosbsinb’i; Equation 8.7
+sina cosbcosb” cosa’ j; +sinasinbsind’ cosa’j; - cosasina j;

+c0sa cosa k; +sina cosbcosb sina k; +sinasinbsinb” sina’k

It may now be written that the bubble velocity \ect/,,, relative to the tank

coordinate system, as measured by the probe,es diy Equation 8.8.

Vi =V( pip) Equation 8.8
where ,; is a unit vector given by

op = (Sin@asinbcosb” - sinacosbsind’ )iy
+(sinasinbsinb’ cosa’ +sina cosbcosb cosa’ - cosasina )jr

+(sinasinbsinb’ sina” +sinacosbcosh’ sina” +cosa cosa )k; Equation 8.9
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As described in Chapter 7.4, the calculation \gf, from Equation 8.8 can be

compared with the reference bubble velocity vedfgr measured by camera 1 and

camera 2, as described in Chapter 7.3 and defmEduation 7.13.

8.2 Experimental apparatus and setup for the benctest rig

In order to carry out the measurements on the disdebubbles in the multi-phase
air-water flow using the four-sensor probes, experits were carried out on a bench
test rig as well as in an air-water flow loop. Baoftfthese test rigs, as well as the flow
loop, consist of various types of reference measarg device and control systems.
In the bench test rig, high speed cameras were fosede reference measurement of
the bubble velocity vector (see Chapter 7). Thiaptér is therefore intended to

describe in detail the above-mentioned items irbérech test rig.

8.2.1 Bench Test Rig

For the purpose of the experiments, a 750mm higlenmtank of square cross section
was designed and built from Perspex sheets of 6hickness. The tank’s overall
dimensions were 100mm x 100mm x 750mm high. Forintfextion of bubbles of
different sizes (Imm - 5mm diameter), a seriesafavable injectors were made and
placed at the base of the tank, as shown in Figrdeft. Each injector was made up
of stainless steel tube, as shown in Figure 8.3¢clhwivas connected to the tank using
pressure tap screws in order to prevent leakagetdr from the joints. In this current
experiment, two injectors with 6mm external diametend internal diameters of 3.5

mm and 5mm respectively were used.
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= . S
JL - CameraA. =
Outlet _,!_EC?L =
L 5\. AL -
l Relay | | Lamp
olenoid vahve CameraB
| 1 Lamp
QOutlet - I :
' . . : = —=—=1PC
Compressed air Synchroniser

Figure 8.2 Bench test rig with the bubble injectorset up (left). High speed
camera to obtain a 3-D image (right).

pipe

Figure 8.3 Assembly diagram of the air inlet for ttke bench test rig

Initially, a small air pump was used as the sowtéhe air-bubbles, but due to its
poor performance, pressurized air from the unityedmpressor was used. This air
supply was controlled by using a manual valve ratguland a solenoid valve. The
solenoid valve was controlled by software via aadatquisition and control card for
the precision flow of the bubbles. Software wasttem in MATLAB and developed

in such a way that the opening and closing timehef valve could be altered as

necessary, to give the appropriate bubble sizestmidture. During the experiments
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described in Chapter 9, it was observed that th¥leusize varied with the opening
time of the solenoid valve; the longer the operinge, the bigger the bubbles. The
assumption was made that the above situation hautred due to the diameter of the
solenoid valve itself, which is 1/2 inch. Thus,aeercome the issue, a small manual
pipe valve was used to control the air that pa$sed the solenoid valve, allowing

the bubble diameter to be approximately 5mm.

In order to vary the velocity vector of the bubbles relative to the probe coordinate
system, a new probe holder platform was designedsh@wn in Figure 8.1. The
platform consists of a metal base with a slottelé o the middle for the probe to go

through. It was then fixed to two rotating holdesse of which was used for varying
b" and the other for varying . The detailed description of the transformationhef

bubble velocity vector measured by the probe ihtotank coordinate system for the

bubble is described earlier in section 8.1.1. Ia articular experiment, the data was
collected using the values @ of 0°,10°,20° and 30° and values af~ of 0°, 90°,
180° and 270°. Since the bubble rise velocity wgseeted to be close to vertical,
these values o~ and b~ were expected to approximate valuesaof and 4 that

the bubble velocity vector makes relative to thabercoordinate system.

Two high speed cameras (modtleluble shooter 250 with a capability of 250 frames
per second, were also placed orthogonal to eadr,atls shown in Figure 8.2). The
cameras were interlinked with each other as masigislave, so that both the cameras
could be controlled by the master camera (see €hapt These cameras enabled the

determination of the reference velocity vecigy; of each individual bubble, relative

to tank coordinate systenx{, yr, z; ), as explained in Chapter 7.3.
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CHAPTER 9

Tank Experimental Results

This section presents the results of the experiahéesting carried out using the local
four-sensor probe. The results presented belowrane the experiments conducted
using the bench test rig. This section also dessrithe reference measurements
carried out with the high speed orthogonal cameraish include measurements of

the bubble shape, the trajectories of single bubatel the bubble velocity magnitude.

9.1 Image processing

Image processing involved the use of two high spesderas placed orthogonally, as
described in Chapter 7. These camera images weyeé s order to obtain the
reference bubble velocities for the bench test exyents. The images were further
used to obtain the bubble shape, size, and thectaay of a single bubble as they

passed over the local four-sensor probe.
9.1.1 Reference velocity measurement

For the calculation of the reference bubble velpdhie images were first captured as
described in Chapter 7. Ten frames from the cagtumages were saved before and
after the trigger points. In order to establisheéerence dimension, a mark 15mm
wide was placed on the body of the probe usinglatisun tape, as shown in Figure

7.3 and 9.1.

Captured images were extracted using ‘MATLAB’ sdte to find the longest

possible chord corresponding to the major axihefldubble. The centre of the major
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axis was calculated and assumed to be the ceneavity (COG) of the particular

bubble at a particular frame.

—

ZT ref2

ZT,refl

o
0Zr,
S

Figure 9.1 Calculation of the distance travelled by bubble between two frames

in (xT : zT) plane using the reference distance of 15mm markdzy using

insulation tape

From the extracted COG the distance travelled bmtwevo different frames was

calculated. This distance was calculated by compattie coordinate of the -axis
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with the coordinate of the mark placed on the priobdy, as shown in Figure 9.1. Let

Zr1, and z;,; be the coordinate of the COG of a bubble in frarfBesand 1
respectively as measured by the camera inXhe; plane of the tank coordinate
system. Letz; ., and z; ., be the top and the bottom coordinates of the 15 mm

insulation tape. Therefore, the distance traveligda bubble between two frames is

dz;,, as given by Equation 9.1.

With the known coordinates and the reference leogttne insulation tape used, the
actual distance’ z;, travelled by a bubble between the two successareds is given

by Equation 9.2.

5’le: __ 0015 az, Equation 9.2

47 ref2” 47 ref1
Chapter 7 details the calibration of the camerdschvestablished a frame rate of 246
frames per second; therefore, one frame corresponals elapsed time of 4.06ms. As
the time taken for each frame and the distanceslied by the bubble in each frame
has been established, it is possible to calculsereéference bubble velocity of the
bubble in the tank coordinate system. The resuéisgmted in Table 9.1 are only from

the COG of the bubble.

Table 9.1 shows the velocity magnitude for a fieag single bubble measured for
21 frames using high speed cameras. Three sdenfical experiments were carried
out to observe the difference between the velaiity single bubble and a stream of

bubbles. Each experiment shows the calculated wglbetween the successive 21
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frames captured by the camera. The average tadtsred the 21 frames shows that
the velocity of the bubble is 0.24m/s, which isyelose to the axial rising velocity,

as shown by Sam et al. [159].

E N Velocity (m/s)
rame No Set 1 Set 2 Set 3
1-2 0.33 0.19 0.31
2-3 0.25 0.30 0.13
3-4 0.30 0.20 0.33
4-5 0.16 0.13 0.21
5-6 0.20 0.30 0.43
6-7 0.28 0.32 0.21
7-8 0.24 0.22 0.15
8-9 0.25 0.32 0.34
9-10 0.24 0.18 0.16
10-11 0.38 0.37 0.24
11-12 0.12 0.10 0.18
12-13 0.24 0.34 0.29
13-14 0.25 0.21 0.25
14-15 0.27 0.24 0.26
15-16 0.15 0.11 0.26
16-17 0.20 0.29 0.17
17-18 0.21 0.26 0.40
18-19 0.29 0.25 0.16
19-20 0.19 0.26 0.18
20-21 0.19 0.29 0.21
average 0.24 0.24 0.24

Table 9.1 Velocity magnitude of the individual bublte from the camera

Table 9.2 shows the average bubble velocity ofr@thés of a bubble when rising as a

stream of rising bubbles. The high speed cameras used to calculate the velocity

of bubbles when the probe was tilted at variousupahglesa’. These calculated
bubble velocities were used as reference veloditiégter experiments for calculating
velocity vector using the four-sensor probe. Tledoesity was calculated between
each subsequent frame from the images that wetereapjust before collecting the

data using the four—sensor probe, when the prolsetited at a certain polar angle

a’ and the calculated velocity was used as a referealocity for the particulaa”
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as presented in section 92.and b~ are defined as follows. The axis of the probe
is initially parallel to thez; of the tank and thg axis of the probe is initially parallel
to the y; axis of the tank. The bubble is allowed to beepum z; direction. The
probe is then tilted bya" and rotated byb" (as described in Chapter 8.2). The

bubble velocity vector now makes a polar angleand azimuthal anglé” relative to

the probe coordinate system (see Figure 2.18).

Tests carried for various polar angte
(by tilting the probe by angla™ )
a 0° 5° 10° 20°

Average bubble velocity of 21 frames  0.38 0.34 0.41 0.35

Table 9.2 Velocity magnitude for an individual bubbe picked from the stream of

bubbles when the probe is tilted at various polar agles

From Table 9.2 it can be seen that the velocigifierent for variousa . Although,

the velocity of the bubble is unaffected by theipas of the probe, the variation of
the bubble velocity is due to the fact that theezkxpents were carried out on various
days and at various times and also the fact thatfdbquency of the bubble was
controlled manually; thus, it was impossible to mbain an equal frequency of the

bubble.

Thus, calculated velocities were used as a refergalocity for each polar angie .
These results show the velocity as being somewiffateht from the ideal shown in
Table 9.1. The reason behind this could be duén¢ostream of bubbles from the
injector causing a wake effect. The effect is alsofied by the study of Celata et al.
2004 [60] and Tsuge et al. [161], who suggest tthatlarger the bubble diameter, the

greater the wake effect. Celata et al [60] alsagesats the increase of velocity with
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frequency is inversely related to bubble size,lunbecomes negligible for a bubble
diameter smaller then 1.2mm. Therefore, basedhoset previous research papers,
the existence of a reasonable amount of wake dfidtiese experiments can also be

expected.

9.1.2 Bubble trajectory

In Figure 9.2, a diagram shows the trajectory @& dtentre of gravity of a bubble
injected into the base of a water tank in whichfthe-sensor probe was mounted (the
injector was 500mm below the probe). The diagraowshthe bubble trajectory in a
plane parallel to the, z; plane of the water tank, as measured by cameaad.,
parallel to they;, z; plane, as measured by camera 2. Also shown ind-ig4 are
the outline shapes of the bubbles, as viewed ixthez; and y;, z; planes for each
of the bubble positions [note that in Figure 9t tinear scale used for the bubble
shapes is different from that used for the bubtdgettories, where the vertical scale
was expanded to match the scale of each bubbleh Fesults such as those shown in
Figure 9.2, the initial simplifying assumption wasde that the velocity vectdr,,

of each bubble relative to the tank was purelyhia vertical direction. Given this
simplifying assumption, the angles and 4" by which the probe is rotated relative
to the tank coordinate system (see Chapter 3 ahf) flow represent ‘reference

values’ for the polar and azimuthal angles of thblte velocity vectoVy,, relative

to the probe coordinate system. Thayg, =a and b, = b .

Suman Pradhan 209



Chapter 9 Tank Experiment Results

—
=1

Figure 9.2 The path of a single bubble as measurdxy camera 1 (X;,z;) and

camera 2 (Y1, z; ). Also shown are the corresponding bubble shapes$ @ach point

on the two trajectories. All dimensions are in mmThe scale shown for the lower

left bubble applies to all bubbles. The other scalapplies to both trajectories and
also to the probe. Line cc is the position of thepper surface of a bubble when

the lower surface leaves the probe
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Figure 9.3 Image of single bubble at different stags passing through the local

B % % ¥ ® ¥

B

four-sensor probe (left) and a reconstruction of aingle bubble (right)

9.2 Bench test rig

The experiments on the bench test rig were caoigdising the tank with the set-up
shown in Figure 8.2, as discussed earlier in ChaPteln order to measure the
conductance from the probe, the dc-circuit, asrnilest in Chapter 5, was used. The
DAQ-2006, as described in Chapter 6, was used Hectdhe data. The data were
collected with a probe made up of Teflon coateddle=e Teflon-coated needles with
a diameter of 0.15mm and 0.25mm were used to ilpastthe best size of needles
for future use, in terms of deformation and theditg of the needles themselves. The

experiments were also carried out with two différgines of bubble and two different
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dimensions ofz, (i =1,2 and 3,z is the distance between the tip of front sensar an
the rear sensor) categorized as longewith dimensions between 1.5 -2.5 mm, and
short z, with dimensions between 1- 1.5 mm. In this segtivarious sets of

processed results are presented from the Tefloredgaobe, collected from different

sets of experiments, as listed below.

For each experiment, calibration factorwas also calculated which was introduced

by Lucas et al. [1] after findin@,,s IS always less thamw; with n,.,s being
typically 80% of then,; , which led the author to make an assumption tiatctuse

was due to the retarding effect of the probe-bubbteraction. Thus, the author

introduced calibration factd€, which is given by:

K Vineas™=Vref Equation 9.3

The initial experiment results, gathered from thefed 0.3mm diameter acupuncture
needles, indicate that the velocity vector measugtexivs a big error. This could be
due to the probe size, as well as the roughnesiseofensors due to the painting. It
could also have been due to the effect of the dvar@a of the probe. Hence, in this
section, only the results from the Teflon coatedbps are presented. The data were
collected using two different diameters of Teflopated needles, 0.15mm and

0.25mm. These results are presented and discusetead im detail.

9.2.1 Experiment 1

The experiment was carried out using Teflon coateddles of 0.25mm diameter,

with a bubble size of 10mm and probe dimensiorghasvn in Table 9.3, wherg, =

-0.26 mm y; = 0.68 mm z,=1.70 mm X, = 0.63 mmy, =-0.66 mm, z, = 1.76
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mm,X; =-0.24 mm,y; = -0.65 mm z; = 1.59 mm. The tests were carried out using
two reference polar anglea,; 0° and 10° in a stream of rising bubbles. For
comparison purposes, two data sets were collectee f; = 0° and fora,; = 10°
the data were collected at various reference ahahanglesb,; . All the data were

collected at a sampling frequency of 10 KHz for 328onds.

1 2 3

X -0.26mm | 0.63mm | -0.24mm
y 0.68mm | -0.66mm | -0.65mm
Z 1.70mm | 1.76mm | 1.59mm

Table 9.3 Probe dimensions for Experiment 1

a ref bref nref a meas bmeas nmeas dtll dt 22 at 33
NOB
Test| (deg)| (deg) (M| (deg) | (deg)| (m§ (s) (s) (s)
1 N/A 0.38 | 18.97 - 0.24 | 0.011482| 0.016046 0.012991 14
2 0 N/A 0.38 | 24.04 - 0.24 | 0.011983| 0.01587% 0.01164p
3 10 0 0.41| 11.91 | 119.17 0.27] 0.011303]| 0.013861 0.011531
4 10 90 0.41| 31.87 | 101.91 0.24| 0.010497| 0.016040 0.011041 17
5 10 270 0.41| 38.44 | 242.14 0.25| 0.010136| 0.009709 0.01242b 19

Table 9.4 Results with reference polar angle 0°,anti3° at various azimuthal

angles
Test | Eapga (deQ) | Eapsp (deg) | &,(%) K
1 18.97 NA -36.84 1.58
2 24.04 NA -36.84 1.58
3 1.91 119.17 -34.15 1.52
4 21.87 11.91 -41.46 1.71
5 28.44 -27.86 -39.02 1.64
Cabsa Cabst €, Average
19.05 3441 -37.66 1.61
9.11 50.97 2.45
sabsa sabsb S,

Table 9.5Errors in the values of polar angle, azimuthal angt and velocity

magnitude of the results presented in Table 9.4
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Table 9.4 shows results of measured polar amglg,, azimuthal anglé,,.,. and
velocity magnituden,,., for the reference polar angk,; = 0° and 10 ° calculated

with various reference azimuthal angles . However whena 0°, the value of

ref =

b is meaningless. The reference veloeaity, = 0.38 m/s whera,; = 0° and

meas

N = 0.41 m/s whema,; = 10°. Table 9.4 also shows the average timeviatert;

(i=1, 2 and 3) and the total number of bubbles (NMB) hit all four sensors.

Table 9.5 shows the error analysis of the resaltwlated in Table 9.4. Table 9.5

shows the mean absolute ergy,s, of the measured polar angig, .., and mean
absolute erroreypg, Of the measured azimuthal anglg... The table also presents

the percentage error i@, in 7,,.,, Which is defined as

Vieas- V
e, =1 T 100 Equation 9.4
Vref

Table 9.5 shows that the mean valgg,, of the absolute error i@y, , is equal to
19.05° and the standard deviatisy,., of &,,., is equal to 9.11°. The mean value
€5 Of the absolute error i, , is equal to 34.41° and the standard deviation
Sabsp Of Eapsp IS 50.97°. The mean valug, of the percentage error in the bubble

velocity magnitude is -37.66%. The standard desmati,, of €, is 2.45%. Table 9.5

also shows that calibration factd€ is 1.61. The results show that, although the
miniature four-sensor probe can be used to cakuleg polar angle@ and azimuthal

angle b of the bubble velocity vector, this may lead tage error for the following

reasons.
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Sensor diameter:- The bigger the diameter of the@eneedles, the higher the
possibility of deformation of the bubble during pesbubble interaction,

leading it to calculate incorrect time intervalshig, in turn, gives us an

incorrect velocity vector.

Dimensions of z:- The longer the separation between the front seat

sensors, the longer it takes for the bubble totlindgt rear sensor, allowing
enough time for the bubble to deform and thus pl®vincorrect time

intervals. This, in turn, gives us an incorrectoedly vector. Wu et al. [146-

148] recommended the probe spacing is 0.5 to 2stitihe size of the bubble
diameter.

Bubble size: - The bigger the size of the bublile,dreater the possibility of
deformation of the bubble during probe-bubble &téon, leading to

incorrectly calculated time intervals. This, in riurgives us an incorrect
velocity vector.

Sampling frequency: - The smaller the dimensionghefprobe, the higher the
sampling rate that is needed in order to acquireliable and representative

signal from each sensor (see section 3.1).

Hence, in the later tests, the above parameteldwitarefully examined one by one

in order to achieve the best possible results filterdefined parameters.

9.2.2 Experiment 2

The second experiment was carried out using Tefloated needles of 0.25mm
diameter, with a bubble size of 10 mm and the pmaiibeensions shown in Table 9.6

wherex; = -0.10 mm y; = 0.51 mm z,= 0.99 mm x, = 0.27 mmy, = -0.64 mm,

z, = 1.18 mmx; = -0.24 mm,y; = -0.78 mm z; = 1.11 mm with a smalleg, as
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compared to Experiment 1. The tests were againedaaut on two reference polar

anglesa,; 0° and 10°. For comparison purposes, two setsiaf were collected for

both a, = 0° and fora,; = 10° the data were collected at various reference

azimuthal angles,; at a sampling frequency of 10 KHz for 120 secands stream

of rising bubbles.

1 2 3
-0.10 0.27 -0.24
0.51 -0.64 -0.78
Z 0.99 1.18 111

Table 9.6 Probe dimensions for Experiment 2

nref a meas nmeas dtll dt 22 dt 33

meas | D
Test| (deg)| (deg) (M3 | (deg) | (deg)| (m9 (s) (s) (s)
0 N/A 0.38 | 10.01 N/A 0.37 | 0.00691|1 0.00969| 0.00875| 20

0 N/A 0.38 2.90 N/A 0.38 | 0.00661| 0.00822| 0.00799| 18
10 0 0.41| 15.13 | 310.224 0.30| 0.00676| 0.00641| 0.00667 19

ref ref

NOB

10 0 041 14.51 5.48 0.29( 0.00732| 0.00667] 0.00601 9
10 180 0.41( 16.64 | 210.427 0.29] 0.00575] 0.00858| 0.00893| 28
10 180 041 2192 | 171.19 0.28] 0.00510] 0.00945| 0.00922| 15

10 270 0.41( 1531 | 256.7 0.28] 0.00679] 0.00792] 0.00849

0 |N o |0 |~ |WwW|IN]|F

10 270 0.41| 14.23 | 257.79 0.29] 0.00663]| 0.00770] 0.00818

Table 9.7 Results for referencgolar angle 0° and 13° at various azimuthal

angles
Table 9.7 shows results of measured polar amglg,, azimuthal anglé,,.,. and
velocity magnituden,,., for the reference polar angk,; = 0° and 10 ° calculated
with various reference azimuthal angleg . Table 9.7 also shows the average time

interval dt; (i =1,2 and 3) and the total number of bubbles (N®B} hit all four

SEensors.
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Test €absa (deg) €abs b (deg) €y (%) K

1 10.01 NA -2.63 1.03

2 2.90 NA 0.00 1.00

3 5.13 49.78 -26.83 1.37

4 4.51 5.48 -29.27 1.41

5 6.64 30.42 -29.27 141

6 11.92 -8.84 -31.71 1.46

7 5.31 -13.30 -31.71 1.46

8 4.23 -12.21 -29.27 1.41
Eabsa Cabs b é, Average
6.33 8.55 -22.59 1.32
2.89 20.94 12.38

Sabsa Sabsb Sy

Table 9.8 Errors in the values of polar angle, azinthal angle and velocity

magnitude of the results presented in Table 9.7

Table 9.8 shows that the mean valgg,, of the absolute error i@y, , is equal to

6.33° and the standard deviatien,., of e,,, is equal to 2.89°. The mean value
€. Of the absolute error iy, , is equal to 8.55° and the standard deviation
Sabsp Of Eapsp IS 20.94°. The mean valug, of the percentage error in the bubble

velocity magnitude is -22.59%. The standard dewat, of €, is 12.38%. Table

9.8 also shows that calibration factéris 1.32.

9.2.3 Experiment 3

In order to conduct the next experiment, the Tefloated 0.15 mm diameter needles
(a smaller sensor needle diameter than the onesilisiee previous two experiments)
were used as sensors to avoid the errors thatiaxise above two experiments. This
experiment was conducted again with a larger bufllemm) and longez . The
data were collected for 60 seconds at a sampliegafal0 KHz and Table 9.9 shows

the dimensions of the probe used to collect tha déterex; = -0.30 mm,y; = 0.43
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mm, z,= 2.61 mm,X, = 0.15 mm,y, =-0.30 mm, z, = 2.57 mm,X; = -0.20 mm,
y; =-0.50 mm,z; = 2.58 mm
1 2 3
X -0.30 0.15 -0.20
y 0.43 -0.30 -0.50
2 2.61 2.57 2.58
Table 9.9 Probe dimensions Experiment 3
a ref bref nref a meas bmeas nmeas dtll at 22 at 33 NOB
Test| (deg)| (deg) (M3 | (deg) | (deg)| (m9 (s) (s) (s)
5 0 0.34| 11.99 | 351.11] 0.34| 0.015540| 0.014385 0.014219 5y
2 5 0 0.34 | 21.48 | 279.34 0.34| 0.015162| 0.013825 0.014538 21
3 5 90 | 0.34| 9.85 | 211.80, 0.37| 0.013741| 0.013977 0.014270 40
4 5 90 | 0.34| 11.10 | 200.53 0.31| 0.015910| 0.016416 0.016741 19
5 5 90 | 0.34| 8.37 | 227.200 0.33]| 0.015349| 0.015356 0.015668 1}
6 5 180 | 0.34| 16.74 | 213.91 0.31| 0.015938| 0.016494 0.017128 38
7 5 180 | 0.34| 18.28 | 218.04 0.32| 0.015142| 0.015627 0.016320 33
8 5 270 | 0.34| 21.91 | 268.95 0.32| 0.015803 | 0.014676 0.015549 31
9 5 270 | 0.34| 18.48 | 257.221 0.33| 0.015100| 0.014471 0.015220 45
10 10 0 0.41| 10.43 | 307.760 0.33| 0.016257 | 0.015199 0.015385 16
11 10 0 0.41| 16.96 | 353.65 0.35| 0.015034| 0.013545 0.013302 29
12 10 90 0.41| 12.34 | 176.83 0.34| 0.014500| 0.015318 0.015473 13
13 10 90 0.41| 12.36 | 164.00 0.34| 0.014257 | 0.015147 0.015187 24
14 10 180 | 0.41| 29.43 | 212.13 0.31| 0.013960| 0.015113 0.016186 5
15 10 270 | 0.41| 32.68 | 265.01 0.28| 0.016423| 0.014889 0.016373 30

Table 9.10 Results for reference polar angle 5° antD° at various azimuthal

angles

Table 9.10 shows results of measured polar aaglg, azimuthal anglé,,.,. and

velocity magnituden

meas

with various reference azimuthal angles . The reference velocity,; = 0.34 m/s

when a

= 5% andn

ref

= 0.41 m/s whema

ref

for the reference polar angke,; = 5° and 10 ° calculated

= 10°. Table 9.10 also shows the

average time intervad/t; (i=1,2 and 3) and NOB that hit all four sensors.
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Test | Eapga (deg) | Eapsp (deg) | &, (%) K
1 6.99 -8.89 0.00 | 1.00
2 16.48 -80.66 0.00 1.00
3 4.85 121.80 8.82 0.92
4 6.10 110.53 -8.82 1.10
5 3.37 137.20 -2.94 1.03
6 11.74 33.91 -8.82 1.10
7 13.28 38.04 -5.88 1.06
8 16.91 -1.05 -5.88 1.06
9 13.48 -12.78 -2.94 1.03
10 0.43 -52.24 -19.51 1.24
11 6.96 -6.35 -14.63 1.17
12 2.34 86.83 -17.07 1.21
13 2.36 74.00 -17.07 1.21
14 19.43 32.13 -24.39 1.32
15 22.68 -4.99 -31.71 1.46
Cabsa Cavsp e, Average
9.83 31.17 -10.06 1.13
6.72 61.91 10.27
Sabsa Sabsb Sp

Table 9.11 Errors in the values of polar angle, amuthal angle and velocity

magnitude of the results presented in Table 9.10

Table 9.11 shows that the mean vakyg, , of the absolute error i, is equal to

9.83° and the standard deviatien,., of e,,, is equal to 6.72°. The mean value
E.sp Of the absolute error i, , is equal to 31.17° and the standard deviation
Sabsp Of €5y IS 61.91°. The mean valug, of the percentage error in the bubble

velocity magnitude is -10.06%. The standard demmat, of ¢, is 10.27%. Table

9.11 also shows that calibration fact€ris 1.13.

9.2.4 Experiment 4

The next experiment was carried out with a smatlerThe probe was made up with

0.15 mm diameter Teflon coated needles. Table Shi®vs the probe dimensions

used to collect the data whese = -0.19 mm,y, = 0.39 mm,z= 1.05 mm,x, =
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0.40 mm,y, =-0.27 mm, z, = 1.05 mm,X; = 0.06 mm,y; = -0.50 mm,z; = 1.09

mm. The data were collected at a sampling ratéddfMz for 80 seconds using a 10

mm bubble size, and the data were collected foithe 0° and 10°, at variou$,; ,

as shown in Table 9.13.

1 2 3
-0.19 0.40 0.06
0.39 -0.27 -0.50
1.05 1.05 1.09

Table 9.12 Probe dimensions for Experiment 4

A ref bref o A meas bmeas Mmeas dtll at 22 dt33 NOB
Test| (deg)| (deg) (M3 | (deg) | (deg)| (M9 (s) (s) (s)
1 0 0 0.38 | 12.61 - 0.34 | 0.005858 | 0.006058 0.006765 30
2 0 0 0.38 | 12.85 - 0.38 | 0.004916 | 0.005978 0.006024 33
3 0 0 0.38| 231 - 0.35 | 0.006018 | 0.006006 0.00629%9 24
4 10 0 0.41| 14.23 | 14.04 0.34| 0.006430| 0.005750 0.005508 23
5 10 0 041 16.19 | 34.17 0.34| 0.006229 | 0.005918 0.005490 31
6 10 90 0.41| 26.90 | 99.35 0.31| 0.005267 | 0.007320 0.006638 19
7 10 180 0.41| 24.96 | 156.01 0.34| 0.004517| 0.006642 0.006993 15
8 10 180 0.41| 24.10 | 152.12 0.34| 0.004621| 0.006734 0.007017 19
9 10 270 0.41| 7.39 | 187.88 0.33| 0.005954| 0.006428 0.006842 23
10 10 270 0.41| 22.23 | 228.221 0.31| 0.005979| 0.006000 0.007199 20

Table 9.13 Results for reference polar angle 0° 40° at various azimuthal angles

Table 9.13 shows the results of measured polareaagl,, azimuthal anglé

meas

and velocity magnituder, ., for the reference polar angle,; = 0° and 10 °
calculated with various reference azimuthal ang|gs The reference velocity,o; =

0.38 m/s whera,; = 0°andn,; = 0.41 m/s whera,; = 10°. Table 9.13 also shows

ref

the average time intervalt; (i =1, 2 and 3) and the total number of bubbles (NOB)

that hit all four sensors.
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Test | E3pga (deg) | Eapsp (deg) | &, (%) K
1 12.61 NA -10.53 1.12
2 12.85 NA 0.00 1.00
3 2.31 NA -7.89 1.09
4 4.23 14.04 -17.07 1.21
5 6.19 34.17 -17.07 1.21
6 16.90 9.35 -24.39 1.32
7 14.96 -23.99 -17.07 1.21
8 14.10 -27.88 -17.07 1.21
9 -2.61 -82.12 -19.51 1.24
10 12.23 -41.78 -24.39 1.32
Capsa Cavs s e, Average
9.38 -16.89 -15.50 1.19
6.09 31.46 7.12
Sabsa Sabsb Sp

Table 9.14 Errors in the values of polar angle, amuthal angle and velocity

magnitude of the results presented in Table 9.13

Table 9.14 shows that the mean vakyg, , of the absolute error i, is equal to

9.38° and the standard deviatien,., of e,,, is equal to 6.09°. The mean value
€.sp Of the absolute error iy, is equal to -16.89° and the standard deviation
Sabsp Of €445y IS 31.46°. The mean valug, of the percentage error in the bubble

velocity magnitude is -15.50%. The standard demma®, of ¢, is 7.12%. Table

9.14 also shows that calibration fact€ris 1.19.

9.2.5 Experiment 5

The experiments were carried out with a smallebbrisize of 5 mm. The data were
collected for 80 seconds at a sampling rate of ¥z K a stream of rising bubbles.

Table 9.15 shows the probe dimensions whgre= -0.19 mm,y; = 0.39 mm, z,=
1.05 mm,x, = 0.40 mm,y, =-0.27 mm, z, = 1.05 mm,x; = 0.06 mm,y; = -0.50
mm, z; = 1.09 mm. Teflon-coated needles of 0.15mm diam&ere used as a sensor

to collect the data.
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1 2 3
X -0.19 0.40 0.06
0.39 -0.27 -0.50
1.05 1.05 1.09

Table 9.15 Probe dimensionfor Experiment 5

a ref bref nref A meas bmeas Mmeas dtll at 22 at 33 NOB
Test| (deg)| (deg)| (3 | (deg) (deg) | (m9 (s) (s) (s)
1 0 - 0.38 4.44 - 0.37 0.005514 | 0.005779 0.006081 34
2 0 - 0.38 7.5 - 0.38 0.00544 0.005347 0.005808 27
3 0 - 0.38 2.73 - 0.41 0.005051 | 0.005284 0.005425 51
4 10 0 0.41 9.01 337.66 0.39 | 0.005666 | 0.005150 0.005289 58
5 10 20 0.41 9.98 82.04 0.44 | 0.004632| 0.005054 0.004914 65
6 10 180 0.41 6.13 177.65 0.42 | 0.004815| 0.005194 0.005468 54
7 20 0 0.35 22.41 7.27 0.36 | 0.006263 | 0.005052 0.004733 50
8 20 0 0.35 20.49 16.44 0.36 | 0.006228 | 0.005329 0.004938 31
9 20 180 0.35 19.17 188.31 0.33 | 0.005288| 0.006780 0.007402 14

Table 9.16 Results for reference polar angle 0°, 1@nd 20° at various azimuthal

angles

Table 9.16 shows results of measured polar aaglg,, azimuthal angl®,,., and
velocity magnituden,.,, for the reference polar angle,; = 0°, 10° and 20°
calculated with various reference azimuthal ang|gs The reference velocity,; =
0.38 m/s whera,; = 0°, =0.41 m/s whem,,; = 10° and?,; = 0.35 m/s when

a. = 20° Table 9.16 also shows the average timeviaitedt; (i =1, 2 and 3) and

the total number of bubbles (NOB) that hit all f@@nsors.
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Test | E3pga (deg) | Eapsp (deg) | &, (%) K
1 4.44 - -2.63 1.03
2 7.5 - 0.00 1.00
3 2.73 - 7.89 0.93
4 -0.99 -22.34 -4.88 1.05
5 -0.02 -7.96 7.32 0.93
6 -3.87 -2.35 2.44 0.98
7 2.41 7.27 2.34 0.98
8 0.49 16.44 1.75 0.98
9 -0.83 8.31 -6.73 1.07
Capsa Cavs s e, Average
1.32 -0.10 0.83 0.99
3.17 10.33 4.72
Sabsa Sabsb Sp

Table 9.17 Errors in the values of polar angle, amuthal angle and velocity

magnitude of the results presented in Table 9.16

In Table 9.17, the absolute errogg,, and e, in degrees, for the values & ..

and b, respectively, are presented. From the data, thenmalueé, ., of the

bsa

absolute error ing,,., is equal to 1.32° and the standard deviaigf., of &y, Is
3.17°. The mean valug,,,, of the absolute error i@, , is equal to -0.10° and the
standard deviatios 4, of &,,5, is 10.33°. The relatively low values o#&,;., and
.5y iNdicate that these miniature probes can be usgive a reasonably accurate
estimate of the polar angle and azimuthal anglé of the bubble velocity vector.
The values for the standard deviatisy,., ands,,., do, however, indicate that, for

some of the individual tests carried out, the eriora .,c and b, were somewhat

greater that would be suggested by inspectiog,gf; and &, -

The mean values, of the percentage error in the bubble velocity nitagle is 0.80%.
The standard deviatios, of €, is 4.75%. The observed value &f is somewhat

surprising because, as stated in [1,11], a prelyoused conventional four-sensor
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probe had a retarding effect of up to 20% and &t frarticular paper it was 6% on
the bubble velocity magnitude. It should be noteal tin Table 9.16 the values of

A meas Pmeas @NA V. fOr @ given test are averaged values obtained ftgpically)

30 bubbles. It should also be noted that whaen =0° then bothb,; and b, are

meaningless. Table 9.17 also shows that calibrdticior K is 0.99.

9.3 Discussion

In the above sections, the tests were conductetiviodifferent sizes of bubble: 5mm
(smaller) and 10 mm (larger), two sensor diamef@rs55mm and 0.25 mm) and the
probe dimensions. The results show that bigger lesbiend to deform more rapidly
than smaller ones as they move upwards. The expetiaiso shows that when using
a probe with 0.25mm diameter needles there is atgrgossibility of affecting the
shape and the trajectory of the bubble before thable comes into contact with the
rear sensor after leaving the front sensor. A simdituation occurred during the
experiment with the various lengths of #hedimension. If the length of; is longer
(>1.5mm), it will provide enough time for the bubblo change its shape before
hitting the rear sensor (note: a rising bubble iomausly changes its shape and a
bubble bigger than 5mm deforms/changes its shapiellyaas it flows upwards).
Hence, to avoid these situations, it was suggdsi@dthe dimension of, should be
approximately 1mm and the bubble size no more 8ram. In the meantime, as the
dimension ofz, becomes smaller, the data are to be collectedavtiyher sampling
frequency (see Chapter 3 for detail). All the abawentioned experiments were

carried out with a stream of bubbles. From the arpants, it was also found that, for

good accuracy of results, it is important that tluenber of bubbles that hit all four
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sensors must be approximately more than 30. Thusngure the required number of
bubbles hit the sensors, it is important to santipdedata for more than one minute.

From the above discussion, for an accurate measmteaf a,, ., and b, it IS

recommended the following criteria should be met:

Bubble Size: 5mm

Sensor type: 0.15mm Teflon coated needles
Dimension ofz : 1-1.5m

Sampling frequency: 40K Hz

Sampling time: >1 minute

Number of bubbles: > 30

Stream of bubbles.

The four-sensor probe described in Chapter 3 foasmeng the velocity vectors of
individual gas bubbles in gas-liquid flows was usedneasure the& ,bandv in a
stream of gas bubbles. The probe was tiltecabyandl rotated byb *as described
in Chapter 7, to change velocity vector with respgecthe probe. Gas bubbles were
assumed to rise vertically relative to the tanke Taference velocity magnitude was
calculated by using two high speed cameras arrangbhdgonally to the tank. Since
the gas bubbles were assumed to rise verticalltivel to the tank, reference polar
anglea,; and azimuthal anglé,; were equal taa *and 6 * (for further details
see Chapter 7.2). The results from Experiment Svstat there is good agreement
between the reference data and the measured tlatm &lso be noticed that, for the
smaller polar anglea, the error is somewhat larger than that of thgdarpolar

anglea , which is still less then £10%, whereas for thrgéda polar angles, the errors
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were found to be less than £1%. However, the testll show a few errors, which
could be due to the effects described by Juilalet[181]. These results may
recommend the new technique of mounting the prées further works). The results
also suggest improvements in calibration fa&pwhich is now around 0.99, whereas
in previous experiments the value Kfwas shown to be 1.2, although that varies *
20% [1, 11]. The improved calibration factérindicates there is less retarding effect

during probe-bubble interaction.

The above results also show that the greater ther pmgle, the lesser the errors,
which shows good agreement with the results predehy Sanaullah et al. [150],

where the author states that the probe has lesst effi the bubble when it is tilted by
20° (polar angle) . The author also states thaeffext of the probe rises as the probe

inclination becomes closer to 55° (polar angle).

The results from the high speed cameras allowediaal simplifying assumption to

be made that the velocity vectdf, of each bubble relative to the tank was purely in

the vertical direction. Given this simplifying assption, anglesa” and »* by which
the probe is rotated relative to the tank coordiratstem are respectively equal to

a.s and b, . Bubble velocities relative to the water tank itas bubble moves over

a vertical probe), the COG result far is interesting in its own right because visual

observation of a rising bubble stream suggestgzagi motion which would lead the

observer to think thai#™ was significantly greater than the actual measuvedde as
the bubble moves over the probe. It also shows #sabubbles move across the
probe, they move in the direction of BUOYANCY foras COG (later motion
appears to be suppressed). This result could eatebermined without high speed

cameras
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CHAPTER 10

Flow Loop Experimental Set Up

10.1 The multiphase flow loop for air-water experinents

Figures 10.1A and 10.1B show photographic and sabiertayouts of the flow loop
which was used to carry out testing of the probesltiphase flow. The facility was
capable of producing the necessary flow conditiortevant to the present
investigation. Different flow conditions used in ethexperiment investigation
described in Chapter 11 required a variety of lawfrates, water flow rates, and gas

volume fractions.

It was necessary to be able to position the worlgagtion (i.e. that part of the
multiphase loop where the measurements take pla&gendicular to the ground.
Some of the experiments were carried out in svgrlilow in which a swirler was
used to generate swirl in the working section. Vokimetric flow rate of the water

Q,, in the working section was measured using a terlfiow meter; while the gas
flow rate, Q, was measured using a thermal mass flow metemperature sensor

and a pressure sensor. These were installed isy#tem as shown in Figure 10.1 B.
A differential pressure (DP) cell was used for theasurement of the mean gas
volume fractions/ in the flow loop working section. The principlektbe operations

of these instruments are described later in thapter.

The flow loop that was used was capable of produaisingle stream of bubbles for a
single bubble flow experiment. The flow loop iscalable to produce a swarm of

bubbles for the experiment, with or without thegenece of swirl.
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Figure 10.1 (A) Photographic image of the flow loopvhich can also be used for
solid-water flow and (B) Schematic diagram of air-vater multiphase loop used

for the current experiments.
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10.2 Reference measurement devices

The reference measurement devices that are deddrdlew were used in the air-

water flow loop to measure volumetric flow ratetloé waterQ,,, volumetric gas flow

rate Q, and mean gas volume fractions

10.2.1 Thermal mass flow meter

With respect to Figure 10.1, pressurised air framlaboratory compressed air supply
was passed through a regulator and a thermal nwgarfeter, in order to measure

the gas mass flow ratél ;. Measurements of the absolute press@ye and absolute
temperaturer,,, in the working section, enabled the mean gasmettic flow rate

Qg to be determined from the measudd, as shown in Equation 10.1.

T, .
Q=M ,—2= (981 r,) Equation 10.1
’ ? IDatm + Pabs "
where P,,,, denotes atmospheric pressure andmercury density. The air superficial

velocity U . was then calculated using the following formula:

Uy, = R Equation 10.2

== p

whereA represents the cross-sectional area of the wgpgeaation.

10.2.2 Turbine meter

Turbine meters were installed in the liquid lindgle flow loop; they were used to
measure the water volumetric flow rate deliveredhgyrelevant pumps. The principle

of the turbine meter operation is that the numlbeotations per second of the turbine
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rotor is a function of the flow rate of the liqui@iherefore, by counting the frequency
of the rotations of the turbine rotor, it is pos$sito determine the measurement of the
water flow rate. A turbine meter is designed toéhavinear relationship between the
flow rate and the frequency of the rotation ovearsge of flow rates. The relationship

can be expressed by the following formula:

Q, = Kf Equation 10.3

where Q,, is the volumetric flow rate of watef; is the frequency of the rotation and

K is the meter factor for the device, which can vasythe meter begins to wear. For
the turbine meter, the meter factofor the liquid line of the air-water loop was give
by the manufacturer as 0.046Hz' over a design range of 3.43mt to

40.88nh™.

10.2.3 Gas volume fraction measurement using a difential pressure sensor

A Honeywell ST-3000 differential pressure sensorswastalled in the working
section of the flow loop. This instrument was usedeasure the differential pressure
across a one metre length of the working sectioflughing system was installed in
the DP cell in order to ensure that no air couldtggpped in either the sensor or the
fluid filled measurement lines which connected $le@sor to the pressure tapping of
the working section (see Figure 10.1A). The diffiad pressure sensor was used to

calculate the volume fraction of the air, as denrasd below.

The method of calculating the volume fraction of tispersed phase is adopted as
described by Panagiotopoulos et al. [12]. Assuntlirag the pressure tappings, which

are in the working section, are separated by disthrand that the pipe is inclined by
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degrees from the vertical, which is zero in thegeeriments, then the mean volume

fraction / of the dispersed phase can be calculated as:

Dp+F _ Dp+F

/ = =
(rw'rd)xgmmoy (rw'rd)xgm

Equation 10.4

whereg depicts the acceleration due to gravip is measured by differential
pressure;r,, and r4 are the densities of water and the dispersed plgas)
respectively;cosy is equal to one; anid is the frictional pressure loss. The frictional

pressure with reference to [12] can be calculaseibliiows:

et shxr,, U,

Equation 10.5
2xM

where f is the single-phase friction factor given by Edquat10.6 andM is the
hydraulic radius of the working section flow loopdacalculated as shown in Equation

10.6:

DDp

IR Equation 10.6
2r ,, hvg,

where D represents the diameter of the pifiep is the pressure difference; , is
the density of the water ang, is the velocity of the water.

M =R Equation 10.7

whereR denotes the internal radius of the working secéindU, the homogeneous
velocity, which is the sum of the water and gas) (siperficial velocitiesJ, and

U, respectively. In detail:
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Up =Uys+Ug Equation 10.8
where

Qq

Up=——"7—- Equation 10.9
A G

Qu

=—% Equation 10.10
PNRE - R;)

ws

andQ,, andQ, are the volumetric flow rates of water and gapeetvely.

10.3 Experiment with a single stream of bubbles

The experiment was carried out in the stream ofblagh The purpose of the
experiment was to measure the velocity vector lbfilable using a four-sensor probe.
To vary the reference velocity vectgrof the bubble relative to the probe in the flow
loop, it was not practical to use the method descriin Chapter 8 to position the

probe.

Figure 10.2 (A) Four-sensor probe for the flow loop(B) Probe holder with

various angles

Therefore, a new method of supporting the probe imasduced, which necessitated
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making the probe in two sections. The first sec{jmart A) of the probe contained the
four sensors, as described in Chapter 3.14 (sagd-p.2, left). The overall length
of the probe was designed to be no longer than 20sonthat the final support and
mechanism would fit into the working section of ftev loop. The second section of
the probe (part B in Figure 10.2), was made usirgpexific angle to represent the
reference polar angle as shown in Figure 10.2 AB¥uming that bubbles rise purely
vertically, the velocity vectoW of the approaching bubbles will make a reference

polar anglea . relative to thez -axis of the probe.

A

Figure 10.3 Part A and Part B of the four-sensor pobe connected with pressure
tight bolts and mounted in the flow loop using a taverse mechanism.

The probe was measured, as described in Chaptdoed@e the probe and the holder

were connected together using a pressure tight (bmlensure that there was no
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leakage), as shown in Figures 10.3 and 10.4. Wheming the probe and the probe

holder together, it was ensured that yhReaxis of the four-sensor probe was aligned
with the AA' of the probe holder, as shown in Figure 10.2 BHnG.
Part B was connected to Part A so that both paand part B lay within the same

vertical plane when the probe was mounted in tpe;phis ensured that both and

y axis of the probe coordinate system also lay m shme vertical plane. This
alignment ensured that the reference azimuthakabg| of the bubble relative to the

probe coordinate system was always 0°, provided gas bubbles rise purely

vertically, which is generally the case when wadtowing[13],.

pressure tight bolt

Figure 10.4 Probe for the flow loop with 34° polalangle a

Probes set at various angtesgiving values ofa,; equal to 5°, 14°, 21° and 34°

were manufactured, as shown in Figure 10.3.

10.4. Experiment with a swirler in a swarm of bubbés

The experiment was carried out in a swarm of bubhligh the presence of a swirler.
The purpose of the swirler was to create a necgsgamuthal and vertical motion of

the flow in which the air bubble was moving. A feaensor probe designed with
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Teflon coated needles, described in Chapter 3.2 @gure 3.11), was used to
measure the mean gas volume fraction, azimuthalcitg] axial velocity and the
radial velocity across the cross section of the pfptraverse mechanism was used to

move the probe across the cross section of the pipe

10.4.1 Swirler device

”\q%
T
— ———

]

Figure 10.5 Working section of air-water flow loopwith swirler

The swirler consisted of six brass vanes which weeéded to a central brass hub
measuring 10mm in diameter. For this experimdma,swirl angle was set at 20° and
the design of the vanes was based on the criteggested by Mathur et al. [162]. In
order to accommodate the swirler in the workingtieacof the pipe, the outer

diameter of the swirler measured 80mm; this, imtuvas housed in a flanged clear
pipe section with an internal diameter measuring®0 The swirler was placed in the
working section upstream of the probe, as showrignre 10.5. Figure 10.6 shows a

picture of the swirler that was used in the experita.
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Figure 10.6 The swirler device in the air-water flav loop.

10.4.2 Traverse mechanism

A traverse mechanism was used to reposition thbepio the cross section of the
pipe. In this device, two separate stepper motaesewitilised to achieve the linear
and the angular movements required of the probéh Bue stepper motors were
powered by a programmable stepper motor driverchvisupplied the chain of the
pulse to each stepper motor. This, in turn, pravithee necessary signal to move the

probe in the correct direction.

A) Linear Traverse Mechanism

Traversing voke

Linear stepper motor

Supporting Tunction Guide rails
clamp | -

Figure 10.7 The linear traverse mechanism
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The linear traverse mechanism, shown in Figure,ltbrisisted of a linear stepper
motor, a guide rail, a traversing yoke, a suppgriclfemp and a junction box. The
traverse mechanism was mounted on the side w#ilegbipe which contained a small
hole; this hole was used to insert the probe ihtogipe. The supporting clamp was
used to hold the linear traverse system inline \thih pipe, which also provided the
support for the traverse mechanism. In order tweneleakage of water from the
hole, an “O” ring was used as a seal. The bodyhefpgrobe was clamped onto the
traversing yoke in order to ensure rigidity. Thaversing yoke itself was fixed at the
guide rail, thereby enabling it to move forwardsl dvackwards freely; it was also
attached to the screwed shaft of the stepper métence, when the motor was
rotated, the shaft also screwed and unscrewedelheadditionally simultaneously

moving the yoke forwards and backwards.

This resulted in the probe, attached with the trsing yoke, moving forwards and
backwards, which helped to achieve the desiredargmbsition of the probe. The
linear traverse could make the probe move in iner@siof 0.025mm in a straight
line. A junction box was used to connect the wifesm the probe, which was

connected to the electronic circuitry describe€apter 5.

A) Rotary Traverse Mechanism

A rotary traverse mechanism was used for the angutevement of the probe within
the working section of the pipe. It consisted dftepper motor, a geared ring and a
mechanical support to hold them together. The sbéfthe stepper motor was
connected to the geared ring, thereby allowingHerrotation of the geared ring when
the stepper motor was rotated. This, in turn, eatahe pipe attached to the geared
ring. When this pipe was rotated, the probe al¢ated simultaneously. This rotary

traverse was capable of moving the probe in angiégos of 0.015°. In order to avoid
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any leakage from the traverse mechanism; it wagsexiad to the section of the pipe
with sealed stainless steel bearings mounted latmés. Figure 10.8 shows the whole

traverse mechanism used in the current experiments.

seals

Figure 10.8 The traverse mechanism in air-water lqon[7]
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CHAPTER 11

Flow Loop Experimental Results

A series of experiments were carried out in a floap with and without the presence

of swirl in a single stream of bubbles as well asvarm of bubbles.

11.1 Flow loop experiments

This section presents the results from the experiroarried out in a single stream of
bubbles, making the volume fraction of the dispgérgghase negligible. The
experiments were conducted without the presenssvof. A turbine meter was used

in order to measure the volumetric flow ra@e of water, which in turn was used to

calculate the superficial velocity of the watemgsEquation 11.1. At the beginning of
the experiments, the velocity magnitude of the ledblivas measured using a single
high speed camera at various water flow rates. &¢smption was made that the
measured velocity magnitude remained the same ghout the experiments at a
given water flow rate, although there might haverba slight variation in the velocity
magnitude of the bubble at a given flow rate dueth® variation of the bubble
frequency and resultant wake effects. However, flortevas made to maintain the

constant bubble frequency at a given water flow.rat

Table 11.1 shows the reference velocity magnitwje of a bubble of 5 mm

diameter, obtained by using the high speed cameraa@ous water superficial

velocitiesU ¢, given by Equation 11.1.
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_ Qu

U =W
pR?

Equation 11.1

where Q,, is the volumetric flow rate of water obtained fréquation 11.2R is the
internal diameter of the working section.

_00462 f 5

Qu 360(

Equation 11.2

where f is the frequency in Hz from the turbine flow metestalled in the flow loop.

Uws(Mm/s)| 0.00 | 0.14 | 0.18 0.27 0.30
Ne(M/S)| 025 | 034 | 0.39] 049 0.52

Table 11.1 Reference bubble velocity for given tuibe meter readings

The flow loop experiments in a single stream oflidab were carried out for various

values of water superficial velocily ,; with different reference polar angles,; at
5°, 14°, 21° and 34° at reference azimuthal angle = 0°. From the results of the

tank experiments, it was observed that the bestepto use was a Teflon coated probe
with sensor needles with an outer diameter of Orh5iHence, in these flow loop
experiments, Teflon-coated probes were used, battduthe presence of flowing
water velocity, 0.2mm diameter sensor needles weee instead of 0.15 mm in order
to provide more rigidity. DC circuits, which werestribed in Chapter 5, were used to
measure the conductance at the tip of each prameoseData was collected for a
period of 90 seconds (sampling period) for the twedifferent experimental

conditions described above (four valuesagt and five values of; ), to ensure that

as many bubbles as possible hit the probe duriagampling period. The number of

bubbles (NOB) that hit the probe ranged from 217t for the different flow
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conditions investigated. The signals from the prolere treated in a number of
different ways, as described below, to determimentiean velocity vectors measured

by the probe at each flow condition.

A) The collected data was analysed twice, first withgignal processing (referred to
as BS or “before signal processing” later in thisamter), where the data were
processed without ignoring any bubbles, as destribesection 6.2. The second
analysis was conducted with signal processing rirefieto as AS or “after signal

processing” later in this chapter), where the sdata was processed again, only this

time the condition to ignore the bubbles was iniit], as described in section 6.2.

B) For each flow condition investigated, the probat tvas used to collect the data
was measured twice, once before collecting the dathagain after collecting the
data. The velocity vector of bubbles was calculateth both probe dimensions.
Results calculated using the probe dimensions meddoefore data collection are
referred to as ‘PMB’ (Probe Measured Before) whilssults calculated using the
probe dimensions measured after data collectionreferred to as ‘PMA’. The

purpose of this part of the investigation was ttedwine whether small changes in
the probe dimensions, brought about by the flowaigwater mixture, would

significantly affect the bubble velocity vectors asared by the probe.

C) The values of polar angla azimuthal angleb, and the velocity

measm,p measm, p

magnitudes,e,sm , Measured by the probe for tme" flow condition and thep™

value ofa . were calculated in two different ways, as describelow.

ref

Suman Pradhan 241



Chapter 11 Flow Loop Experimental Results

) “Average d;”: In this method, for them™ flow condition and thep™ value of
a. the time intervald; , , , (i = 123) for each ofN number of useful bubbles were
calculated according to Equation 2.33 and thenameewalues fo't; ., , (i = 123)

were calculated using Equation 11.3. These cakdlaverage values for't; .,

were then used in conjunction with the relevant snead probe dimensions to

calculated neasmps Omeasmp @3N Vimeasmp» @s described in section 2.5.1.
n=N
dtii,m,p,n
i mp =”le Equation 11.3

wherem refers tom" flow condition anch refers ton™ useful bubblep™ value of

aref .

I1') “Average individual bubble”: In this method, fidte m™ flow condition and the
p" value ofa, , values 0f@ neasm.pn+ Pmeasm.pn @NA Vineasm pn fOr €ach of theN

individual useful bubbles were calculated, as dbsdrin section 2.5.1, from the

measured values at; , , , (i=1,2and3) and the measured probe dimensions . From

the calculated values OB casmpns Dmeasmpn AN Vieasmpn average values

a b andv, of the measured polar and azimuthal angles and the

measm,p * “measm,p measm, p

bubble velocity magnitude were obtained using Equat11.4, 11.5 and 11.6.,

measm, p,n

a =1 Equation 11.4

Suman Pradhan 242



Chapter 11 Flow Loop Experimental Results

n=N
bmeasm p.n
b =nt 0 Equation 11.5
measm, p N .
n=N
Vimeasm,p.n
Vmeasm,p =n=1T Equation 11.6

From (A), (B) and (C) above it is clear that, for the™ flow condition and thep"

value of a , there are eight different ways of calculatigeagm ps Omeasmp @nd

Vmeasmp+ It Should be noted that the range of possiblaiealfor b,cosm, Was

converted to-180° £ b £180° using Equation 11.7 ifb >180°

measm, p measm, p

breasmp = Pmeasm,p - 360° Equation 11.7

For them™ flow condition and thep™ value of @, , an absolute erroe,,e, mp

€absomp aANd €y m,p N the calculated value ofa b and

measm,p’ measm, p

Vimeasm p Was calculated. Magnitudes of the absolute errdhéncalculated values of

a b for m" flow condition were calculated, as shown in

measm, p andv

measm, p measm, p

Equations 11.8, 11.9 and 11.10 respectively.

absa.mp = |@measmp = Arer | Equation 11.8

avstmp = | Dmeasmp = Drer | Equation 11.9
V -V

eabsv,m,p = | e = 100' % Equation 11.10

ref
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From the above calculated absolute errors for tleasured values O& eaqm ps

Brneasmp @Nd Vieasm p» the mean error and the standard deviation okther for all

the flow conditions investigated at thg" value of a, were also calculated, as

shown in Equations 11.11 — 11.16, whéfeis the total number of different flow

conditions investigated for each valueaf; (i.eM =5 in present study).

M
eabsa,m,p
éabs,a,p = 1T Equation 11.11
M
eabsb,m,p
Cabst,p :lT Equation 11.12
M
eabsv,m,p
éabs,v,p le Equation 11.13

M 2
(eabs,a,m,p = €absa 'm, p)

Sabsa,p™ ! M Equation 11.14

M
— 2
(eabsb,m, p - eabsb,m, p)

Sabsb,p = s M Equation 11.15

M
— 2
(eabsv,m,p - eabsv,m,p)
1

S Equation 11.16

absv, p = M

€ ands are respectively the mean error and the standanatibn of the errog in a

given property for a given set of flow conditiofs.om the arguments above, it is

clear that there are eight possible ways in whi€ly., s psCabsv.p:
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Sabsa.p Sabsp,p @Nd S, , CAN be calculated. These eight possible ways are

summarised in Flow chart 11.1 below.

# ( # (
#) # %
[
‘ I |
K " 1 1
# $ # $
ol %0& S %& S5l %& S5l %& S |
Y Y Y y
0,
%& %& %& & /Dgf
& " & " & "
L ! ! i
*
a measm, p,n aii ,m,p,n
measm,p,n
A
\ measm,p,n
dii ,m,p
Y 4
’ * ( a measm,p ’ b measm, p andv measm, p ‘
Y 4 A
* ( Eabsa,m,p ’ eabsb,m,p 'Eabsv,m,p vsabsa,m,p 'Sabsb,m,p andsabsv,m,p ‘
%n& & ( eabs,a,p ’eabs,b,p 1eabsv,p ’Sabsa,p 1sabs,b,p andsabsv,p & ‘

Flow chart 11.1 Calculation of &, é é s

bsa,p'“absbh,p’~absv,p’ < absa,p sabsb,p and

Sapsv,p for the flow conditions investigated at the value ofa,
11.1.1 Calculation ofa b and n

measm+ Pmeasm measm 101 @, Of 5°,14°,21° and 34°

and for reference azimuthal angleb,,; of 0° at various values of?,

This experiment was carried out in the flow loopreference polar angles,, of 5°,
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14°, 21° and 34° and for reference azimuthal argle of 0°, with a bubble diameter

of 5mm for variousU,, andn, , as tabulated in Table 11.1. The four-sensor probe

ref 7

designed as described earlier in Chapters 3 anaviil® the sensors made up of 0.2
mm diameter Teflon coated needles, was used fahalexperiments. As mentioned
earlier, the probe was measured twice; once befollecting data and once after

collecting data for different values af; .

Figures 11.1 — 11.4 show the magnitedéhe percentage difference ynand y, (i =
1, 2 and 3) of the probe dimensions measured befutefter collecting data far

5°, 14°, 21° and 34° respectively (see Appendix o€ the table of the probe
dimensions measured before and after collecting)d&tom the measurements it was

found that the change in measured probe dimensiong (i = 1, 2 and 3) is

negligible for the vertical flow, thus it is notggented in this chapter.

Figure 11.1 Magnitude of percentage error in x ang/ probe dimensions

measured before and after collecting data foe , 5°

ref
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Figure 11.2 Magnitude of percentage error in x ang/ probe dimensions

measured before and after collecting data foe . 14°

ref

Figure 11.3 Magnitude of percentage error in x ang/ probe dimensions

measured before and after collecting data foe , 21°

ref

Figure 11.4 Magnitude of percentage error in x ang/ probe dimensions

measured before and after collecting data foe , 34°

ref
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Table 11.2 shows the magnitudes of the differetmds/een the probe dimensions

x;andy; (i =1, 2 and 3) measured before collecting data (P&l the probe

dimensions measured after collecting data (PMA)tler experiments undertaken at

a. = 5° 14° 21° and 34°. The above results show ttatdimensions of the probe

change randomly during the experiments. Sincé = 1, 2 and 3) is negligible for the

vertical flow, dimensions forz (i = 1, 2 and 3) are not presented in this chapter.

a,=5 a, =14° a,, =21° a,, =34°

ref ref
X Yy X Yy X Yy X Yy
1 18.82%| 12.16% 6.24% 4.74% 18.82% 0.11% 0% 0.82%
6.59% | 8.99%| 2.63% 2.25% 527% 3.36% 2.24%  5.61%
3 4.75% | 16.96% 1.19% 1.71% 0% 510% 4.77% 10.1j7%

N

Table 11.2 Percentage difference between the probdenensions measured before

and after collecting data

It was evident the difference between the dimerssiointhe probe measured before
and after collecting the data. Also the magnituti¢ghe dimension error depends on
the number of tests carried out between the measunts of the probe. Results show
that when the number of the tests carried out bstwbke measurements was fewer,
the difference in the measured probe dimensionslegss It should also be noted that
the possibility of making an error during the presef measuring the probe cannot be
ignored, as the dimensions are measured to a tesolf millimetres and the errors

within the measurements are in microns.

11.1.1.1 Discussion oﬁabsa,p

Figure 11.5 shows the comparisons between the magnof the results of the mean

error in polar angleg,,,, , calculated using “averagd; " and “average individual
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bubbles” methods for 5°, 10°, 21°and 34° amy,; =0° and various values of

ref =

Ve (See Table 11.1). Both the methods were calculatithd and without signal

processing, with the probe dimensions measuredédaitd after collecting data.

\-5° m14° mW21° m34°

25.00 i
PMB PMA

BS AS BS AS

20.00

0.00- — — —

Figure 11.5 Comparisons between the results of adate mean error in polar angle

e

absa,p With and without signal processing, calculated usg “average d; " and

“average individual bubbles” methods for a,.; = 5°, 10°, 21°and 34° and,; =0° and

various values ofV,

From Figure 11.5 it can be seen that mean efqr, , in €., m, Calculated using
the “averaged; " method is lower than when it was calculated udimg “average

individual bubbles” method. Figure 11.5 also intksathat, asa,.; was increased

e

absa.p decreases when calculated using the “average ithudiv

n eabsa ,m,p

bubbles” bute, iN Eypsa.mp ONlY shows a slight improvement when calculated

bsa,p

using the “averaget; " method.

Figure 11.5 also shows th&,, , I €,,5, m Calculated after signal processing is

much closer to thez,;, as compared t@

absa.p 1N Eapsamp Measured before signal
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processing. The probe dimensions measured befdB)Rnd after (PMA) show

very little effect in mean value,

asa,p Of the absolute error iy, 1 b

11.1.1.2 Discussion 08 5,

B =5"D014° m21° B34

7.00 i
PMB PMA PMB PMA

6.00

5.00

Figure 11.6 Comparisons between the results of stdard deviation S ., , of errorin
polar angle with and without signal processing, daulated using “averaged; " and
“average individual bubbles” methods for a,.; = 5°, 10°, 21°and 34° and,; =0° and

various values ofV,

Figure 11.6 shows the comparisons between thetsesiustandard deviatios 4, ,

of error in the polar angle,,, ., with and without signal processing, calculated
using the “averaget; " and “average individual bubbles” methods g, = 5°, 10°,

=0° and various values of

21° and 34° and (see Table 11.1). The standard

ref
deviation of the calculated individual errors isscgbed earlier in Equations 11.14-

11.16.

Suman Pradhan 250



Chapter 11 Flow Loop Experimental Results

Figure 11.6 indicates that, for some of the indialdtests carried out using the

“average d; " method, s of e, were somewhat greater than with the

absa,p bsa,m,p

“average individual bubble” method. However, Figure.6 also suggests that the

error is significantly reduced whes,, ., , was calculated after signal processing.

Figure 11.6 also shows that, with the “averafjg” method, asa,; was increased
Sapsap Of Eapsamp iNCreases wheney,,,, was calculated before signal
processing, which indicates that, for some of titvidual tests carried ouUgype, m
was somewhat greater. However, after signal prow@ss,,., of €,,,, tended to
decrease a&g,; increased, indicating that, for some of the indlial tests carried out,
the errors iney,., m , Were reduced compared wi#,, , , Wwhen calculated before

signal processing.

On the other hand whew, was calculated using the “average individual

bsa,m,p

bubble” methods g, , Of €452 m,p t€Nded to decrease ag; was increased when

e

absa,m,p

was calculated before signal processing, as welft@r signal processing.

11.1.1.3 Discussion oféabsb,p

Figure 11.7 shows the comparisons between thetsesuthe magnitude of the mean

error in the azimuthal angle,,, , with and without signal processing, calculated
using the “averaget; " and “average individual bubbles” methods fag; = 5°, 10°,

21° and 34° and,; = 0° and various values of,; (see Table 11.1).

ref

Suman Pradhan 251



Chapter 11 Flow Loop Experimental Results

‘l5°El4°l21°i34°

PMB PMA

Figure 11.7 Comparisons between the results of tlsolute mean error in azimuthal

angle &, , With and without signal processing, calculated usg “average d; " and

“average individual bubbles” methods for a,.¢ = 5°, 10°, 21° and 34° and °and

ref =~ ref =

various values ofV,

Figure 11.7 indicates that, when azimuthal angle.., , was calculated using the

“‘average d; " method, the mean azimuthal angle ergyg., , in &, shows

bsb,m,p
larger errors for smalleg,o than €., , IN €455 mp When calculated using the
“‘average individual bubble” method. However the mesror &, , IN €555 mp

tended to decrease @&, was increased when calculated using the “avewdge

method, but shows less effect when calculated usiagaverage individual bubble”

method.

Figure 11.7 also indicated thay,, , IN €., m p tended to show a greater reduction

after signal processing than before signal prongsssing the “averaget; " as well

as the “average individual bubble” method.
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Figure 11.7 also indicates thaf,, , calculated with the probe dimensions measured

before and after collecting data shows very lith@rovement in measurefi

measm,p *°

11.1.1.4 Discussion o.ﬁabsb,p

Figure 11.8 shows the comparisons between thetsefsulthe standard deviation of

the mean error in the azimuthal angtg,, , with and without signal processing,
calculated using the “averag#, " and the “average individual bubbles” methods for
a.e = 5°%, 10°, 21° and 34° and,; =0° and various values of,; (see Table 11.1).

The standard deviation of the calculated individaealors is described earlier in

Equations 11.14-11.16.

E5° @ 14° m2]° @ 349

PMA
—I PMB PMA

Figure 11.8 Comparisons between the results of stdard deviation of mean error in

azimuthal angle S 5,55, , With and without signal processing, calculated usg “average

d; " and “average individual bubbles” methods for a,; = 5°, 10°, 21° and 34°

and b, =0° and various values ofv

ref ref
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The calculation of standard deviatian,,s, , of &, in Figure 11.8 indicates

bsb,m,p
that for some of the individual bubbles the erraswgreater when calculated using the

“averaged; " method than with the “average individual bubbhe&thod.

It can also be seen from Figure 1158, , , of &,,5,mp decreased after signal

processing compared witls of e, calculated before signal processing,

absb,p bsb,m,p

indicating the reduction of error in individual Hales.

Figure 11.8 also indicates that of e, increased asa,; increased,

absb,p bsb,m,p

indicating an increase of errors in individual blgsb

11.1.1.5 Discussion o0&, ,

Figure 11.9 shows the comparison between the magmibf the mean errors in

velocity magnitudee

asv.p With and without signal processing, calculatechgsihe

“averaged; " and the “average individual bubbles” methods fog; = 5°, 10°, 21°

and 34° anad,; =0° and various values of,; (see Table 11.1).

Figure 11.9 indicates that the mean er&y,, , of the percentage error of the

velocity magnitude Eabsv,m p

is larger when calculated using the “averadg”
method than when calculated using the “averagevimhgl bubbles” methods.

However, the improvement org, of the percentage error of the velocity

bsv,p

magnitudee,,s, m,, an be noticed when calculated after signal psogsusing the

‘averaged;; " method. Figure 11.9 also suggests tBgl., , of €,y m,p IS @lmost

p

the same when calculated before and after signategsing using the “average
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individual bubbles” methods. Figure 11.9 also iaths thaté,,,, , of E,pqym:p

tended to reduce when the reference polar aaglewas increased.

\-5" @ 14° m21° @ 34°

aii
32.00
28.00
PMB PMA PMB PMA
24.00
BS AS BS AS
20.00

BS AS BS AS

€absv,p $%&

0.00——"— — —

Figure 11.9 Comparisons between the results of abate mean error in velocity

magnitude & with and without signal processing, calculated usg “average d;; ”

absv,p

and “average individual bubbles” methods fora . = 5°, 10°, 21° and 34° and,; =0°

and various values ofV,

11.1.1.6 Discussion 08 g, ,

Figure 11.10 shows the comparisons between thdtsdeu the standard deviation

s of the mean error in velocity magnitudgy,, .,,, with and without signal

absv,p
processing, calculated using the “averafjg” and the “average individual bubbles”

methods fora = 5° 10°, 21° and 34° afy),; =0° and various values of (see

Table 11.1). The standard deviation of the caledlahdividual errors is described

earlier in Equations 11.14-11.16.
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\-5°=14°-21°-34

20.00 i

PMB PMA PMB PMA

BS AS BS AS

BS AS BS AS

4.00

8.00 i I

Figure 11.10 Comparisons between the results of sidard deviation S of

absv,p

Eahsv,ms p With and without signal processing, calculated usg “average dt; " and

“average individual bubbles” methods for a,.¢ = 5°, 10°, 21° and 34° and °and

ref ref =

various values ofV,

As shown in Figure 11.10, the calculation®f,, , 0f €,5,m,p indicates that, for

p
some of the individual tests, the error is largérew calculated using the “average

d;” method as compared tG of Expsvmip When calculated using the

absv,p
“average individual bubbles” method. It can alsonbéiced that, for both calculation

methods,s Of Epsvmsp tENAS to increase whem,; increases, suggesting an

absv, p

increase in the error in some of the individualges

However, Figure 11.10 indicates that, for the largelue of .., Sapqy, Of
E.nsvmip t€Nded to decrease when calculated after sigrmalepsing as compared

with s of eé,svm»p Calculated before signal processing, which indisahat

absv,p

errors in the individual bubbles reduce after sigmacessing
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11.2 Swirling flow measurement

Swirling flow measurement was carried out with arkew device (see Chapter 10.4.1)

placed in the working section of the flow loop. raverse mechanism (see Chapter
10.4.2) was used to position the probe. A turbirgemwas used to measure the
volumetric flow rate of the water. Similarly, a pseire-drop mechanism was used to
measure the reference gas volumetric flow ratefit] the reference mean gas volume

fraction (see section 10.2).

»>X
Figure 11.11 Data collecting point using swirler

The experiments were carried out in different floanditions, as shown in Table
11.3, with a probe made up of 0.20 mm diameterohetbated needles. For each flow
condition, data were collected at six radial lomasi on each given pipe radius. The
pipe section containing the probe was rotated 8@cockwise to take data along to
the next radius. The same process was repeatégdive different radii to collect the

data at a total of 61 different locations, as shawhkigure 11.11. The collected data
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were processed with the probe dimensions measwefeniebcollecting data and the
results presented in this section are calculatégl afignal processing described in

section 6.2.

11.2.1 Swirling flow experiment

Figure 11.12 The coordinate system of the pipe armobe, which enables the

velocity vector of the bubble to be calculated

Experiments were carried out with the superficiloeity of waterU . in the range
0.576 m/s to 0.763 m/s and the superficial gasoitgldJ ;¢ in the range 0.018 m/s to

0.041m/s. The mean gas volume fraction was setwaya be less than 0.1 for the
experiment carried out in this section. At eachlwfloondition, the four-sensor probe

was used to measure the local axial velogitypositive in the vertical upward
direction, radial velocityv,, positive in the direction pointing away from tp&e
centre and azimuthal gas velocity (positive in the clockwise direction when the
observer faces towards the oncoming flow; see Eidur12 for a definition of axial

velocityv,, radial velocityv, and azimuthal velocity,, for the given position of the

probe). The mean gas volume fractidn was also measured at each point, as
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described in section 10.2.3. All the flows inveat&gd were found to be axisymmetric
and the results presented in this section showan@tion of mean local properties
across a single pipe diameter at a given set off ftonditions. For each flow

condition, mean axial gas velocity, .., was calculated, as shown in Equation

11.16.

61
/i v,; DA

Uy, probe = 57— Equation 11.16

/, DA

i=1

In Equation 11.16/; andv,; are the measured local gas volume fraction and the

measured local axial gas velocity at ifledistinct probe position respectivelp.A is

one of 61 discrete areas into which the flow cresstion is divided.

For the given experiments, the reference gas wglagj,¢ was calculated as shown

in Equation 11.17.

U
Uy ref :&: _ 9 Equation 11.17
Al ref

where Qq is the volumetric flow rate of the dispersed phasg, is the superficial

velocity of the gas (air). The reference mean alume fraction/ ., was measured
using a DP transducer, (see section 10.2.3). Thed@RBducer was placed in the flow
loop as shown in Figure 11.13. The high speed carfs&e Figure 11.13) was also

used to calculate the reference gas veloify,me.r From the calculated values of

Ugret @NdUg camers Calibration factoK was calculated as described below.
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Traverse
system

¢ probe

swirler

Camera | ]

Flow HT

direction
2 =

Figure 11.13 Positioning of probe and DP transducen the working section with

swirler for the measurement of Uy ,ope @Nd Ug

Lucas et al. [1] found in their results thay ... is always less thal . with
Ug,probe DEING typically 80% of thel, ., consequently the author made an

assumption that the cause was due to the retareffegt of the probe-bubble

interaction. Thus, the author introduced calibrafiactorK, which is given by:

KU Ugres OF KU u Equation 11.18

g,probe: g,probe: g,camera

Table 11.3 shows the value of calibration fackorcalculated usingt, s and

ug ,camera’

Calibration factorK was calculated for the different flow conditiorihe
results of the experiments tabulated in Table Eh8w that, as the gas superficial
velocity U s increased, the reference gas velodity,; increased compared to that

of the gas velocity measured by the prag, ... Resulting in a low value df ,

the calculated value ofiy ¢ was found to be less tham, .., but asU g was

g.re

increased, the calculated value diiy ¢ was found to be higher thanl, ;pe.
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However, Table 11.3 shows that the average valug,qf was found to be 97% of

ug,probe'

K
Flow conditions Ugrer | Ug camera
Uys =0.567m/sU , = 0.018m/s
1] =0.847m/s, = 0.820m/s U, s = 0.715m/s | 0.85| 0.94

g, probe g,camera g,ref

Uys =0.567m/sU , = 0.027m/s

Ug. probe = 0-851M/STy camera = 0.830 m/s [ ¢ = 0.825m/s| 0.97| 0.97
Uws = 0.567m/sU 4 = 0.040m/s

Uy, probe = 0.866 M/S [ caera = 0.830M/sTy ¢ = 0.871m/s| 1.01)  0.95

Uys =0.763m/sU , = 0.041m/s

Ug. probe = 1.082 M/S [ camera = 1.035 m/sfi ¢ = 1.116m/s 1.03| 0.95

Average 0.97] 0.95

Table 11.3 Calculation of calibration factor U, ¢ and Uy camera VS Ug, probe

Lucas et al. [1] also stated that the calibrati@ctdr in their experiment was found to
be 1.2 with a variation of +20%, whereas Table 14uggests that the average

calibration factor is closer to 0.97 calculatedhwify . and 0.95 when calculated

using Uy camerer SUGGESting that there is a much smaller retarefifegt.

Although experiments were carried out for variolesvf conditions, the results are

presented only for the flow condition tabulatedable 11.4.
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Test condition / ot Ugs Us
1 0.025 0.018 0.567
2 0.038 0.041 0.763

Table 11.4 Flow conditions used for experiments witand without swirler

r/D Vg Vi Vs /
-0.44 -0.1189| -0.074( 0.5804 0.002
-0.35 -0.1289( -0.0267 0.8370 0.013
-0.26 -0.0982( -0.0654 0.8939 0.025
-0.18 -0.0767( -0.0773 0.922p 0.035
-0.09 -0.0711| -0.0099 0.9362 0.03¢
0.00 -0.0577] 0.0115 0.9628 0.0472
0.09 -0.0711| -0.0099 0.9362 0.039
0.18 -0.0767( -0.0773 0.922p 0.035
0.26 -0.0982( -0.0654 0.8939 0.025
0.35 -0.1289| -0.02671 0.8370 0.013
0.44 -0.1189| -0.074( 0.5804 0.002

0O W O U1 © U1 © U1 O W

ref —

Table 11.5 Test results for/ o = 0.025,U ¢s= 0.018 ms and U5 = 0.567m3 without

swirler
r/D Vg M A /
-0.44 | -0.2018| 0.0051 0.7245 0.001
-0.35 | -0.1252| -0.001% 0.8112 0.004
-0.26 | -0.1296| -0.0524 0.8720 0.02(
-0.18 | -0.0902| -0.0413 0.9008 0.033
-0.09 | -0.0422| -0.0229 0.9128 0.041
0.00 0.0340| -0.0190 0.91983 0.051
0.09 -0.0422| -0.0229 0.9128 0.041
0.18 -0.0902| -0.0413 0.9008 0.033
0.26 -0.1296| -0.0524 0.8720 0.02(
0.35 -0.1252| -0.001% 0.8112 0.008
0.44 -0.2018| 0.0051 0.7245 0.001

A A bdNoOooO ON DB DS

Table 11.6 Test results for/ o = 0.025,U 4s= 0.018 m8 and U g = 0.567m3" with

swirler

Tables 11.5 and 11.6 show the results for locadlaselocity v,, radial velocityv,

and azimuthal gas velocity, and the mean gas volume fraction without swirler
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and with swirler respectively for the referencewflaondition / ;= 0.025, Ugs™

0.018 m§ andU,s = 0.567ms.

Tables 11.7 and 11.8 show the resultsvfor v, ,v, and / without swirler and with

swirler respectively for the reference flow conaiti/ ., = 0.038,U gs= 0.041mg and

U,s = 0.763ms.

r/D Vg \ Vs /
-0.44 -0.0837| 0.0323 0.7864 0.0021
-0.35 -0.0742| -0.0207 1.0991 0.0171
-0.26 -0.0301| -0.0317 1.1834 0.0365
-0.18 -0.0407| 0.0274 1.2116 0.0652
-0.09 0.1022 0.0090 1.2148 0.0829
0.00 0.0157| -0.027§ 1.2646 0.0892
0.09 0.1022 0.0090 1.2148 0.0829
0.18 -0.0407| 0.0274 1.2116 0.0652
0.26 -0.0301| -0.0317 1.1834 0.0365
0.35 -0.0742| -0.0207 1.0991 0.0171
0.44 -0.0837| 0.0323 0.7864 0.0021

ref —

Table 11.7 Test results for/ o = 0.038,U ;= 0.041m§" and U, = 0.763m3 without

swirler

r/D Vg vy Vv, /
-0.44 | -0.2190| 0.0641 0.728p 0.0060
-0.35 -0.1845| 0.0862 0.991s 0.0243
-0.26 -0.2676| 0.0590 1.0656 0.0380
-0.18 -0.1721] 0.1365 1.1115 0.0544
-0.09 | -0.1183| 0.0210 1.1808 0.0630

0 0.0861| 0.0329( 1.1906 0.0714
0.09 -0.1183| 0.0210 1.1808 0.0630
0.18 -0.1721] 0.1365 1.111p 0.0544
0.26 -0.2676| 0.0590 1.0656 0.0380
0.35 -0.1845| 0.0862 0.9916 0.0243
0.44 -0.2190| 0.0641 0.728p 0.0060

Table 11.8 Test results for/ o = 0.038,U ;= 0.041ms and U, = 0.763ms with
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—e— Wwithout swirler —s— with swriler

0.10
0.09
0.08 -
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0.03 -

Volume fraction

0.02
0.01

0.00 ‘ ‘ ‘ ‘ ‘
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

r/D

Figure 11.14 Gas volume fraction versus non-dimeramal radial position for

/ e = 0.025,U ;= 0.018 m§ and U, = 0.567m3" with and without swirler

‘—o—without swirler —8— with swirler ‘

0.10

A
006 AN
I A
003 Vi N
=l 3\
0.0 4 | | | \

-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

volume fraction

r/D

Figure 11.15 Gas volume fraction versus non-dimeramal radial position for

/ o = 0.038,U ;= 0.041m3" and U ,; = 0. 76297m3 with and without swirler
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Figures 11.14 and 11.15 show the variation of nggenvolume fraction’ with r/D,

both with and without swirler, for the test condits /., = 0.025,U = 0.018 mg
and U,, = 0.567m3 and /,,; = 0.038,U, = 0.041ms and U, = 0.763m3

respectively. It is clear that whed, . is equal to 0.5670 m/s, the presence of the

swirler has a very small effect on the distributadrihe local gas volume fraction.

However, wherlJ  is equal to 0.763 m /s, the presence of the swsHews a larger
effect on the gas volume distribution. As Lucasletstate in [1], at the higher value
of U, and with the presence of the swirler, there isrardfugal effect which causes
the low density gas to preferentially accumulatéhatcentre of the pipe. At the same

gas and liquid flow rate without the presence @& $wirler, the gas distribution is

more uniform.

¢ without swirler = with swirler

—— Poly. (with swirler) Poly. (without swirler)

1.00

0.90 -
0.80 //,
0.70 /
0.60

¢

0.50 ‘ ‘ ‘ ‘ ‘
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

axail velocity

0-/%

r/D

Figure 11.16 Axial velocity (m/s) versus non-dimeimsnal radial position for

/ e = 0.025,U ;= 0.018 m& and U, = 0.567m3 with and without swirler.
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& without swirler B with swirler

—— Poly. (w ithout swirler )

Poly. (with swirler)

1.40

1.30

1.20
1.10 =
1.00

0.90

0.70 -

axial velocity

0.60

0.50 ‘ ‘ ‘ ‘ ‘
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

r/D

Figure 11.17 Axial velocity (m/s) versus non-dimeimsnal radial position for

/ e = 0.038,U ;= 0.041m3" and U, = 0.763m3 with and without swirler.

Figures 11.16 and 11.17 show the variation of axébcity with r/D both with and

without swirler for test conditions/ o = 0.025,Ugs = 0.018 ms and U,,, =

0.567ms and/, = 0.038,U 45 = 0.041ms andU,,, = 0.763m3 respectively. It is

readily evident that the presence of the swirlex Viry little effect (but is noticeable)
on the shape of the axial velocity profile for ttested values of air and water
superficial velocities. Figures 11.16 and 11.17date that the axial velocity is much
lower at the wall of the pipe at lower flow condits. Figures 11.16 and 11.17 also
indicate that, without the presence of the swink taxial velocity is much lower
towards the wall of the pipe, suggesting that sfeirtes the bubbles to accumulate at

the centre of the pipe.
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—&— without swirler —8— w ith swirler
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Figure 11.18 Radial velocity (m/s) versus non-dimesional radial position for

/ e = 0.025,U ;= 0.018 m& and U, = 0.567m3 with and without swirler.

‘—O—Without swirler —8—with swirler ‘

- A a)
sl TN\ A
0.00 \ /W\ /
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Figure 11.19 Radial velocity (m/s) versus non-dimesional radial position for

/ e = 0.038,U ;= 0.041ms" and U, = 0.763m&" with and without swirler.
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Figure 11.18 shows the variation of radial velocity with non dimensional radial
position /D, both with and without swirler, faest conditions/ ; = 0.025,U 4 =
0.018 m& and U, = 0.567ms The variation of radial velocity, with non
dimensional radial position r/D for the test cofudit /., = 0.038,U ;= 0.041m3
and U, = 0.763mg with and without the swirler is shown in Figure.l9. Both

figures indicate that the radial velocity is always comparatively small with or

without the swirler.

—&— without swirler —8— with swirler

0.15

0.10

0.05

0.00 /\
/ O\
‘774/ \>‘(‘

-0.15

azimuthal velocity

g
|

-0.20

-0.25

-0.30 ‘ ‘ ‘ ‘ ‘
-0.60 -0.40 -0.20 0.00 0.20 0.40 0.60

r/D

Figure 11.20 Azimuthal velocity (m/s) versus non-diensional radial position for

/ e = 0.025,U ;= 0.018 m& and U, = 0.567m3 with and without swirler.

Figures 11.20 and 11.21 show the variation of athaluvelocity v, with r/D both

with and without swirler for test conditions,; = 0.025,U gs = 0.018 mg andU , =

0.567ms and/ o = 0.038,U = 0.041ms andU . = 0.763m3 respectively.

ref
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—e&— without swirler —8— w ith swirler
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Figure 11.21 Azimuthal velocity (m/s) versus non-diensional radial position for

/ e = 0.038,U ;= 0.041m3" and U, = 0.763m3 with and without swirler.

Following Lucas et al. in [1], a convention was pigal whereby the local azimuthal
velocity is positive for clockwise swirl and negegifor anticlockwise swirl (when the

flow is moving upward along the pipe towards thealier). The swirler used in this
experiment created anticlockwise swirl. It is cl&m the above Figures 11.20 and

11.21 that, without the swirler, the azimuthal \o#p v, is relatively close to zero at

all positions in the flow cross section. However thhe presence of the swirler, it is

also apparent from Figures 11.20 and 11.21 thaetiea marked change in the
distribution of v, across the pipe diameter. For both test conditiggs= 0.025,U
=0.018 m8, U, = 0.567m3 and /,,; = 0.038,U = 0.041mg, U, = 0.763m3
it was found that the presence of the swirler cauke azimuthal velocity, to be

strongly negative close to the pipe walls. Figurk21 also indicates that the

magnitude of the azimuthal velocity, decreases towards the pipe centre.
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Table 11.9 shows the calculated swirl angle of ftbes, given by Equation 11.19,

wherey (;, is the swirl angle of multiphase flow, for bottetflow conditions.

Y swirl = tan™ V% Equation 11.19
z
/1t =0.025,Ue=0.018 ms and | /=0.038,U = 0.041m& and
Uys = 0.567ms U,s = 0.763mg
r/D tan’* V%z tan* V%z
-0.44 15.57° 16.75°
-0.35 8.78° 10.55°
-0.26 8.46° 14.10°
-0.18 5.72° 8.81°
-0.09 2.65° 5.72°
0 2.12° 4.14

0.09 2.65° 5.72°
0.18 5.72° 8.81°
0.26 8.46° 14.10°
0.35 8.78° 10.55°
0.44 15.57° 16.75°

Table 11.9 Calculated swirl angle for the flow

Table 11.9 shows that fdJ,,c = 0.567m3 the swirl angle at the wall was found to
be 15.57° and fotJ,,, = 0.763m3 the swirl angle was 16.75° in the anticlockwise

direction. For both cases, the calculated andlesis than the angle of the swirler itself
which is 20°. This could be due to the distancevben the probe and swirler, which
iIs 320 mm upstream; at this position, the swirthe multiphase flow was already
beginning to decay by the time the swirl reachedpitobe, as described by Lucas et
al. [1]. However an improvement in the measuredrisangle was made with the
improved miniaturized probe design, where previptise swirl angle was found to

be 13° by Lucas et al. [1].
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Figure 11.22 shows in 2D and 3D the variation adrage velocity vector of the gas

bubbles for the flow conditiong ,; = 0.025,U , = 0.018 ms, U, = 0.567ms

(top) and/ = 0.038,U = 0.041ms, U, = 0.763m3 (bottom) with the swirler
obtained from the results presented in Tables ahd 11.8. It is clear that in the
presence of swirl at,,=0.567 m /s, the radial velocity component is rggle
compared to the azimuthal velocity. Bt,s= 0.763m/s, the radial component appears

to be more significant, although these results beygue to errors in the measurement

of v, .

=0.1

Vv, andv,

=05

D
/D

=0.1

Vv, andv,

0.5

D
/D

Figure 11.22 2D and 3D variation of average velogitvector for / . = 0.025,
Ug=0.018 m& and Uys = 0.567m3" with swirler, top left and right respectively,

and for /¢ = 0.038,U = 0.041m$ and U, = 0.763ms" bottom left and right

respectively
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11.3 Conclusion

Experiment 11.1.1 was conducted in a flow loop vatstream of bubbles. A newly
developed miniature four-sensor probe was used @¢asaore velocity vector of a
bubble. Teflon coated needles with a diameter &i@n were used as sensors for the
four-sensor probe. The tests were carried out a&ithubble diameter of 5mm at

various a s (5°, 14°, 21° and 34°) with,; = 0 © and at various reference velocities

Vet and water superficial velocitieg,. a b and v, were

measm, p ’ measm, p measm, p

calculated for all the above experiments with bt “averaged; " method and

“average individual bubble” method, with the prabmensions measured before and
after collecting data. Each calculation was carred with and without signal

processing.

The results show that there was a remarkable ingonewt in the results @ eaqm p »

b and v due to the signal processing. As expected, th@akig

measm, p measm, p
processing reduces the number of bubbles (NOB) tihath all four sensors by

deleting the invalid signals, as described in sesti5.2.1.2 and 5.2.1.3.

With regard to the results from all the above eipents, the relatively low values of

s s and s indicate that the miniature four-sensor probe ban

absa,p < absb,p absv,p

used to give a reasonably accurate estimate of polgle @ q,qn , and azimuthal
angle beasmp Of the bubble velocity vector in the flow loop fdre various flow
rates. Experiments also indicate that the measegktity vector for the largea,
gives less errors WheB neasnps Omeasmp @Nd Vineasmp @re measured, either with

“averaged; " or with an “average individual bubble” method.
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As discussed earlier, the probe dimensions weresuared before and after collecting
the data. The measurements do show there is at effehe probe dimensions while
data is being collected, but in general the prolomedsions measured before
collecting data gave fewer errors for the dataeotéid initially, whereas the same data
processed with the probe measured after colleclatg gave a larger error. Similarly,
the data collected just before re-measuring thédemimensions gave fewer errors
when the probe dimensions were measured afterctioljethe data, but gave larger
errors when the probe dimensions were measuredebefullecting the data. This
situation also depends on the number of data d¢etldoefore re-measuring the probe.
The flow condition presented in these experimehtsavs that the probe needs to be
re-measured after collecting every four sets oaddBiue to the fragile nature of the

probe needles, it cannot handle a high flow rateater.

-

Figure 11.23 Probe displaced due to the presenceftdw
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It is also possible that, due to the flow of thetavathe sensor might expand and
contract in the process of collecting data, as showFigure 11.23; however, the

hypothesis was not examined in this project.

The tables presented in Appendix C (Tables B.52Bshow the difference in the
number of bubbles (NOB) when the data were procesgth and without signal

processing. The results suggest that, due to thsepce of the signal processing
procedure, signals with missing bubbles, small timervals and small voltage levels
were ignored, as discussed in section 5.2.1, thaslting in fewer bubbles being

recorded as only those that hit all four sensoth@frobe were valid.

Experiments 11.2.1 were carried out in vertical apwbubbly air-water flow with
and without the presence of a 20° swirler. The grpents were conducted using a

miniature four-sensor probe to investigate the llas@al velocity v,, radial velocity
v, and azimuthal gas velocity, and the mean gas volume fractign of the

dispersed phase in bubbly gas-water flow at variwater and gas flow rates. Tests
were carried out to investigate the distribution raean local axial, radial and
azimuthal bubble velocity. The distributions of tleeal gas volume fraction in such

flows were also investigated.

Results from calibration factdt (see Table 11.2) show that the average valu€isf

equal to 0.97 when calculated withy ¢ and is 0.95 when calculated With ;mera:

Results also indicate that when the valu&afas calculated withg ¢ , the value of

K increased a¥J,, andU , increased, which indicates thay e is higher than

ug,re

g.probe 1S lower thant,

¢ atlowU,, and U and aret @t highU, o andU ..

WS WS

This difference iny o and Uy ;pe at various flow rates of gas and water led us to
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assume that d) ,; upstream and downstream the swirl varies dueedthsence of

the swirl itself.

Results also indicate that there is very littlet#nce in the calculated, and

g,Camera

Ug. probe at variousU ,sandU .

The above result indicates that the miniaturizedber investigated showed a
significant improvement in calibration factd¢, which is found to be close to 1,
unlike that indicated by previous research [1].sThesult further indicates that the
retarding effect on the bubble due to the miniakdi probe-bubble interaction was

significantly reduced.

Results (Figure 11.16 and 11.17) show that ther rislatively small effect on the
local axial bubble velocity due to the presencehef swirler for the flow condition
used in the above experiments. Figures 11.18 ari® Ehow that the measured radial

velocity v, is always close to zero, both with and withoutvarlgr, for the flow

condition investigated.

The results presented in Figures 11.20 and 11.8v shat, without the presence of

the swirler, v, is relatively close to zero at all positions aldhg pipe diameter and is
slightly positive, suggesting the presence of a level clockwise swirl. However, in
the presence of the swirler, for the flow conditiomestigated,v, was found to be

strongly negative towards the pipe wall and the mtade of v, decreases towards

the pipe centre, suggesting that part of the nhdige mixture is rotating with an

approximately constant angular velocity (becausg, =rw).
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Results of the gas volume fraction presented imiféigg 11.14 and 11.15, with the low

flow rate ofU, andU,,, show that there is a small difference betweeridbal gas

ws
volume fraction profiles with and without the swirl Results show that the gas
volume fraction profile is peakier at the pipe ecenwith the swirler as compared to
the gas volume fraction profile without the swirlelowever, with a higher flow rate

of Uy andU,, the presence of the swirler shows that the megsehyibbles tend to

accumulate at the centre of the pipe with the swithut without the swirler very few

bubbles migrate to the centre of the pipe.

Figure 11.24 Length of vertical arrows representsydal water velocity at

different positions in the pipe. In (a), movement bgas bubble ‘g’, and resultant

movement of water ‘w’, causes a reduction in the syem energy. In (b) energy

input would be required. Lucas et al. [14].

This proves the theory presented by Lucas et 4], {thereby the author explains the
kinetic energy within the flow, in which the authoonsiders a vertical upward water
flow in a pipe with maximum water flow at the centwf the pipe and considerably
less at the pipe walls. Let it be assumed a gablbub located away from the pipe
centre (see Figure 11.24A). If turbulence in tlevflcauses the gas bubbles to move

slightly toward the pipe centre, this will in turaquire the equivalent volume of water

to move slightly towards the pipe wall. Since watas a higher density than gas, the
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overall kinetic energy of the system is now reduead the system is in a lower

energy state.

However, if a gas bubble at the pipe centre (sgearEill.24B) was to move away
from the centre of the pipe, it will then requireiaput of energy to the system. There
is thus a natural tendency for the system to maoweatds a lower energy state,
resulting in gas bubbles moving towards the pip#reeand once they are at the pipe

centre they tend to remain at the pipe centre.
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CHAPTER 12

Conclusions

12.1 Summary of main achievements of the work docuented in this

thesis

1. A new four-sensor probe has been designed androotest for measuring the
bubble velocity vector of air bubble in a bubbly-aiater flow. The probe,
denoted the PN2 probe, is constructed from Tefloated needles and has a
frontal area of 0.61mfn An ideal four-sensor probe has a calibrationdiact
unity. It was found that for the experiments intistaary water carried out in a
tank the calibration factak of the PN2 probe was 0.99. For the test in a flow
loop the probe calibration factérwas 0.95. These values were compared with a
calibration factor of 1.2 for the previous four-sen probe described in the
literature.

2. Results carried out in stationary water showed ifhiie PN2 probe was used in
air bubbles of diameter less than or equal to 5rang if the axial distance
between the front and the rear sensor was in thgeraf 1-1.5 mm the mean

absolute error in the measured bubble polar amglg, was 1.32°, the mean
absolute error in the measured azimuthal argle, was -0.1° and the mean

percentage error in the measured bubble velocignimade was 0.83%.
3. Another novel feature of the work in this thesisswihe use of high speed
cameras to provide reference measurements of thisldowelocity vector in the

tank coordinate system. A mathematical model waiwet® to enable the bubble
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velocity vector (measured by the probe) to be fransed into the tank
coordinate system (irrespective of the probe oaitgorh in the tank). This enabled
the bubble velocity vector measured by the prodeeteeadily compared with the

reference velocity vector measured using the hogled cameras.

12.2 Detailed explanation of conclusions

A miniaturised four-sensor probe was designed anid Wwith Teflon-coated needles.
These sensors were capable of measuring the welomitor of the dispersed phase
(air bubble) in a bubbly two-phase flow. The prokas made up of Teflon-coated
needles with an outer diameter of 0.15 and 0.2 amd, the results were compared
with previous results acquired by Mishra et al. §hjJd Panagiotopoulos et al. [11].
These previous results were achieved using vagoaked acupuncture needles with a
diameter of 0.3mm to construct a four-sensor antitimy dual-sensor probe

respectively.

The primary intention of this research was to niumae the four-sensor probe used
to measure the velocity vector of the multiphasa/flIThe overall cross-section of the
probe was reduced by introducing new Teflon coakseldles of 0.15mm and 0.2mm
in diameter, whereas previously 0.3mm diameter @accipre needles was used as
sensor needles. These acupuncture needles were pieted to make them

electrically insulated, which in turn made thesasses thicker in diameter. A new

design of ceramic guide (see Figure 3.10) was ialsoduced in this research, in an
attempt to reduce the overall cross-section optiebe. The new ceramic guide helps
to place the four sensors of the four-sensor pmolibe form of an isosceles triangle

(see Figure 3.12), whereas the previously usedrierguide (See Figure 3.2) placed
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the holes in a rectangular form. As a result, tiffergénce between using the previous
type of PNO (varnish coated acupuncture needles)tfaam Teflon coated PN2 probes
can be observed in the overall cross-sectional @irélae probe, which is found to be

2.08mnf and 0.61mrhrespectively.

This difference makes a big impact on calibratiactdr K of the probe. The
calibration factor of the conventional acupunctprebe was typically 1.2, although
this value varied by about £20% for the differelwf conditions, as described in
Mishra et al. [1 and 11]. On the other hand, tlefloh-coated probe shows the
average value oK to be between 0.95 (for the flow-loop experimeiis) 0.99 (for
the bench test experiments) which is much closemity for the four-sensor probe.
This reduction in the value df indicates a significant reduction in the probeidab

interaction effect.

As mentioned earlier in the process of designing ftsur-sensor probe, a new type of
guide (see Figure 3.10) was introduced. This ceraguide uses the centre hole for
sensor ‘0’ rather than using the conventional fonies aligned in a square (see Figure
3.2). The advantage of using this type of guidéhat the bubble flowing from any
direction always hits the front sensor before mgftithe rear sensors, unlike the
conventional orientation where the bubble has @avfin a particular direction (see
Figure 3.14). For the mathematical model presemteagction 2.5, it is important that
the bubbles always hit the front sensor firsthé bubble doesn't hit the front sensor

first, then time intervald; (i =1, 2 and 3) given by Equations 2.41 — 2.43 wadl b

negative, resulting in a larger number of bubblesbe ignored. Thus, the new
orientation of the sensors helps to reduce the kagime, as most of the bubbles hit

the front sensor first, unlike the previous desi@aduced sampling time requires less
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volume of data to be processed, thus increasingpeed of the signal processing

procedure.

The signal processing method was made much eastkrsanpler when it was

automated by introducing a few new parameters wtietbct and ignore signals from
a bubble that doesn't hit the front sensor, or bbbkl signal with a smaller voltage
drop or with a smaller time interval caused by agubus bubble-probe interactions,
depending on the manner in which the bubble hégtiobe. This is discussed in more

detail by Juila et al. [131], in which the auth@saintroduces three main effects as:

[1] Blinding effect: since the probe detects the distdrinterface position, the
local interface deformation during probe impacttdbutes to the error. This
leads to the existence of a blind zone or, equiibleto an effective shape
detected by the probe.

[2] Crawling effect: the whole bubble is decelerated/andeformed during the
interaction.

[3] Drifting effect: the trajectory of the bubble isteakd, leading to either the

detection of a smaller chord or to no detectioallat

Signal processing helps to eliminate the invalignals generated by the above
situations. The signal processing scheme was alsonated in order to calculate the

polar anglea and the azimuthal angle bets, as described in section 2.5.1.

A sensitivity analysis on the effect of errors e tmeasured probe dimensions was
carried out, indicating that errors in the measuneimof the probe have a huge
influence on the calculated velocity vector of thable. These errors are found to be

greater for the small polar angle than the larg#ampangle. The error results show
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when a . is close to 0°, a +10% error in the valaecauses the calculatedl to
vary by 7° from the reference value. However, wiaey reaches 30°, a +10% error

on the z causes the calculated value a&f to vary from a maximum of 34° to a

minimum of 28°. The result would lead the obserteedecide to use the tilted probe

only at a certain angle, as it shows a lesser tefigerms of measurement error.

High speed cameras, which capture 250 frames mende were used in order to
measure the reference velocity of the bubble fertdnk experimental results. The
velocity was calculated using the centre of gra¥f©OG) of the bubble for each
frame; the mean value is used as the referencecityel@he trajectory of single
bubbles before and after hitting the probe wasutaied from images captured by the
camera, which shows bubble velocities relativene water tank (as a bubble moves
over a vertical probe). The trajectory of bubbkesieresting in its own right because
visual observation of a rising bubble stream suiggaszigzag motion which would
lead the observer to think that the polar angle sigsificantly greater than the actual

measured value as the bubble moves over the probe.

The captured images also show that the bubble maesss the probe in the
direction of the BUOYANCY force on the COG (lateralotion appears to be

suppressed). This result could not be known withloe use of high speed cameras.

The images were also used for the reconstructiothefbubble using an image
processing scheme, which involves curve-fitting ahd least square method of
finding the error for particular images. From th@sages, the bubbles were found to
have a diameter of 5-6 mm (the major axis of thbblel was taken as the bubble

diameter itself) for the small bubble and 10-12 fomthe larger bubble.
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To achieve a good accuracy measuremerat Qf . and b, it is recommended that

the following criteria should be met:

Bubble size: 5mm

Sensor type: 0.15mm Teflon coated needles
Dimension ofz: 1-1.5m

Sampling frequency: 40K Hz

Sampling time: >1 minute

Number of bubble: > 30

Stream of bubbles

The experiment was also carried out in the flowpledth and without the swirler.
The bubbly flow in the swirler shows that, in thegence of water velocity, a bubble
tends to flow in a linear direction and experieacaminimum amount of deformation

compared to a bubble flowing in steady water.

As with the bench tests, various experiments wareexd out in the flow loop in a

stream of bubbles with different sizes of Tefloratmml needles, at various values of

reference polar anglea,; . The probes were measured before and after rexprdi

each data, which showed that there was very lrlation in the probe dimensions,
but due to the probe’s flexibility it is unknown wetter or not changes in its
dimensions occurred when recording the data. THate are also calculated with or
without the signal processing. The velocity veabthe bubble was calculated using

the “average individual bubble”, as well as theeémagealt; " method (see Chapter

11.1). As expected, the results after the signatgssing were found to contain fewer

errors than without the signal processing. It wig® dund that, in some cases, re-
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measurement of the probe makes very little diffeeeto the results, making the
author believe that the deformation or the chamgthé probe dimensions is a long
drawn out process which does not change after elagyreading. For example, if the
probe is measured before and after recording temnreadings, the probe dimensions
measured prior to collecting the data result indearrors for the data collected at the
beginning. Similarly, the dimensions measuredraftdlecting the data give fewer

errors for the data collected at the end, but astioreed before, it is still unknown

whether contraction and expansion of the probeesaasy effect due to the velocity

of the water.

The flow loop experimental results showed the déifiee in the number of bubbles
(NOB) when the data were processed with and witemrtal processing. The results
suggest that, due to the presence of the signaépsing procedure, the signals which
comprised missing bubbles, small time intervals amdall voltage levels (as
discussed in section 5.2.1) were ignored, whichbsut 10% of the total number of
bubbles. This resulted in a fewer number of bubbkiag processed in the data, as it

only encompassed those that hit all four sensotiseoprobe.

Flow loop experiments also indicate thaf,..s, calculated with the “averagd;

method shows fewer errors than when it is calcdlat@éh the “average individual

bubbles” method. The calculated value &f..s,, With the signal processing (AS)

gave a result much closer &, as compared t@,,.,s,, measured without signal

processing (BS). Results also indicate that, av#hee of a . increases, the errors

reduce. Results froms ., also showa ..., was close toa, when it was
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calculated using the “averag#, " method with the probe dimensions measured after

collecting data (PMA), with the signal processiAg].

A flow loop experiment for the azimuthal angle sisothat 6, calculated using

measm ?

the “average individual bubble” method with sigpabcessing, giveg,,, of around

30°. The values were calculated with the probe dsim measured before collecting

the data (PMB). Unlikea whena,; is increased, the error ih is larger

measm ’ ref measm

as it is calculated with the “averagé, " method, but the result was found to be the
reverse when calculated using the “average indalibubble” method. The standard
deviation of .. SUggests that wheh,; = 34°, the calculated value @f s, IS
=0°.

much more scattered than when,;

Flow loop results of the velocity magnitude showatthvhenv is calculated

measm
using “averaget; " with signal processingy,..sn 9dives a close comparison with a
reference value of,; for v,; = 30°. However, whew,,; =5°, V..sm Was found to

be close tov,; when calculated using the “average individual bebmethod with

ref

signal processing.

However, the values of standard deviatisg,.,and s, indicate the errors in
individual measurements of ,..«,. andb,..,, Were still somewhat greater than
would be suggested by the valuesa&yf., and &,,,. The results also indicate that,

with the presence of water, velocity bubbles flawa straight path with reduced
deformation of the bubble, unlike in steady watdnere the bubbles flow in a

rectilinear/zigzag or rectilinear/spiral [163].
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The flow loop test was also carried out in bublbbyfin the presence of the swirler,

which is then compared with the results achievethaut the swirler. The tests were

conducted at various superficial velocities of wate ,and superficial gas velocities
Uy The results show that, for the lessgy,, the presence of the swirler has much

less effect on local gas volume fraction distribati whereas for larged, . the

presence of the swirler shows a centrifugal eff@bich causes the low density gas to
preferentially accumulate at the centre of the piethe same gas and liquid flow

rate without the presence of the swirler, the gsisidution is much more uniform.

The results also show that there is very littleeefffon the shape of the axial velocity
profile for the tested values of air and water sfipal velocities, whereas the radial

velocity v, is always comparatively small. It also shows thathout the presence of
the swirler, azimuthal velocity,, is very close to or around zero at all positions,
whereas in the presence of the swirler, the distioh of v, was found to be more

negative across the pipe diameter. For both testitons, it was found that the

presence of the swirler causes the azimuthal vglagi to be strongly negative close
to the pipe walls. It also indicates that the magte of azimuthal velocity,

decreases at the probe’s centre.
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CHAPTER 13

Further Work

13.1 Local probe optimization

L

Figure 13.1 New orientation for the miniaturized fair-sensor probe

It can be seen from the results that with the ssnalloss-section of the probe there is
less deformation in the bubbles during probe-bubbteraction, resulting in the

measured velocity vector being close to the refarevelocity vector. This can be

further improved by minimizing the probe’s crossigeal area and ensuring the
formation of the probe is an equilateral trianglghwhe sensor ‘0’ in the centre, as
shown in Figure 13.1. Currently, work is being urdken to design a guide (as
shown in Figure 13.1) where the holes are madenadl 8s possible, so as to just fit

the Teflon needle inside. The further advantagéhf is that there might not be a
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need to measurg and y, of the probe dimensions. As the guides are maahniage
and are very tight to the needle diameter, it isebed thatx, and y;, dimensions

would always be constant.

The experimental results from the tank experimemd #8ow loop show that the
improved accuracy with which the bubble velocitetee can be measured when the
polar anglea between the bubble velocity vector and theaxis of the probe

coordinate system is large and when the azimutigleab is close to zero arises due

to the relative positions of the four sensors (he. tips of the needles) ‘seen’ by the
bubble. In most bubbly pipe flows of practical m&st, including the swirling bubbly
air-water pipe flows described in Chapter 11, theblde velocity vector is
predominantly in the axial direction of the pipe.duch flows it would be possible to
achieve improved relative positioning of the foensors, potentially enabling more
accurate bubble velocity vector measurement, lindila PN2 probe relative to the
pipe axis as shown in Figure 10.3 (see ChapterUrifprtunately, by tilting the probe
in the manner shown in Figure 10.3, the large amgieveen the bubble velocity
vector and the axis of each needle means thatesistance of the needles to the
motion of the bubble is increased. The challengthésefore to design a probe for
which (i) the relative positions of the sensors ‘esen’ by a bubble moving

predominantly parallel to the pipe axis are the esaam those ‘seen’ by a bubble

approaching a PN2 probe with a polar angleof 30°and an azimuthal anglé of

0° relative to the probe coordinate system; but faicl (i) the axes of the needles
are parallel to the pipe axis, thereby presentimgmum resistance to the motion of

the bubble as shown in Figure 13.2.
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Figure 13.2 Probe layout fora *

Consider a PN2 probe for which the coordinateshefit' rear sensor relative to the

lead sensor in the:(p,ilp,zp probe coordinate system akg,; ,i/p’i 2, (1=123).

Let us now define a new coordinate systgny,z which initially coincides precisely

with the Xp,yp,zp probe coordinate system but which remains fixedpace whilst

the Xp,yp,zp coordinate system is rotated in space as showigure 13.3.

zA

e

Figure 13.3 Vector representation for new probe cadinates with respect to@ *

Therefore, the new coordinate idfrear sensor is given by:
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A

Xiip +Yi1p+ZiEp Equation 13.1

wherel_p,lp,gp are unit vector in direction ojp,zp,;p.

With reference to a Chapter 8, suppose the PN2epimintated by an angle™ about

the i(p axis (in the anticlockwise direction when viewéong the positivei(p axis in

the direction of the origin) and by an angle about the Z, axis (in the

anticlockwise direction when viewed along the gesitz,, axis in the direction of the

origin). The new position of thE" rear sensor in the fixed(y, z) coordinate system

IS given by:

Xnewi = Xp; COSH - g, sin b Equation 13.2
Ynewi = Xp; Sinb” cosa” 9 cosb’ cosa - Z,;sina Equation 13.3
Zoewi = Xy, SiNb" sina” 9 cosb’ sina” +2,; cosa’ Equation 13.4

If we now leta” equal 30° and 4" equal 0° the new coordinates of th&' rear

sensor in thex, y,z coordinate system are

Equation 13.5

Yewi = 0.866y . - 052z, Equation 13.6

Znewi = 0-5l7p,i + 0-8662p,i Equation 13.7
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The coordinates¢ andz = 123) represent the positions of the three

newi ’ ynewi newi (I
rear sensors relative to the lead sensor for aprelye, denoted the P30 probe. The

coordinate system for this P30 probe is the/,z coordinate system referred to

above, the origin of which is at the lead senstie 7 axis is parallel to the axes of

the needles and also parallel to the axis of the,ghey axis is parallel to the arm of
the probe holder (refer to Figure 3.18) and thexis is at ninety degrees to the

axis in the clockwise sense when the coordinateesyss viewed along the increasing
z axis in the direction of the origin. The relatipesitions of the sensors in the P30

probe seen by a bubble moving parallel to the pixis are the same as those that
would be seen by a bubble moving with a polar arglef 30°and an azimuthal

angle b of 0° relative to the coordinate system of a PN2 probe.

13.2 Experimental use of the local probe system

Further experimental work can also be carried om ofi-water flow. Since the
viscosity of the oil is higher than that of the emtit is believed that it would be a
straightforward experiment without causing the deifation problems as experienced
in air-water flow. The experiments can be carriatio both vertical and inclined oil-
water flow. The necessary modification of an ergtioil flow rig is already

underway.

Probes could be extended to the array of probesrsi Figure 13.4 to measure the
flow properties across the pipe diameter simultaso This array of probes could be
used in unsteady air-water and oil-water flow te sew the velocity vector varies

over a short period of time.
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I'ncli ned

[ vertical

Figure 13.4 Schematic of a dual-sensor array probie an inclined pipe
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Figure 13.5 Local oil volume fraction distributionsfor different inclination

angles to the vertical (15°, 30°, 45° and 60°9€V: 3.5 m3/h; Q = 1.0 m3/h)
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Figure 13.5 shows results from the initial expenmearried out in the inclined oil-

water flow for different pipe inclinations at thame water and oil flow rateg), =
3.5 m3/h;Q, = 1.0 m3/h). It can be clearly seen from Figures1Bat the oil volume

fraction is more concentrated at the upper sidda@fpipe for inclination angles of 45
degrees and 60 degrees than is the case for inctinangles of 15 degrees and 30

degrees. Results suggest that the array of prarebeused for further investigations.

13.3 Reference measurement devices

The high speed cameras used in this research caseldeextensively to calculate the
residence time of the probe in a bubble. Usingelemmneras, detailed investigation
can be carried out on the effect of the probe enthbble and the trajectory of the
bubble after striking the probe. Cameras can atsaided to observe effects on the
probe due to the velocity of the water, which iis tparticular research is assumed to

be zero
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Appendix A

Non-intrusive Methods

The detailed information on global measuring teghes can be found in the

references [1-66].
1. Local techniques
1.1. Visualisation techniques

Visualisation techniques yield the bubble shape sind and velocity vector. These
can be further divided into photographic techniqaes radiographic techniques;

Particle Image Velocimetry and Nuclear Magneticddesice (NMR).

1.1.1 Photographic techniques

This method involves taking pictures of the flow arder to quantify several
properties of the multiphase flow, as shown by Qaseet al. [52], Lage et al. [67],

Bendjaballah et al. [68], Lin et al. [69] and Pster et al. [70].

Even though bubbles are not necessarily spherialtl@eir shapes can vary widely,
Bendjaballah et al. [68] and Camarasa et al. [9&)jws that quantitative image

processing allows determination of the size, slaqukvelocity vector of the bubble.

Peterson et al. [70] used photographic techniqoaetetermine the shape and size of
the bubbles in a three-phase fluidised bed by usfrgctive index matching of the

solid and the liquid phase.
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The main drawback or limitation of this techniggethat it can only capture regions
in close proximity to the wall; furthermore, a tsparent pipe wall, as well as a
transparent continuous phase, is required. Incds® of high pressure columns, a
special window such the quartz windows used by dtiral. [69] that can withstand

pressures up to 20MPa is required.

1.1.2 Radiographic techniques

Figure A.1 Experimental set up for a radiographic techniquaused by Heindel et
al. [71].

Radiation techniques such as flash x-ray radiogrdpXR) can be used to visualise
flow structures in opaque multiphase systems ustog-motion x-rays [74, 80, 81].

Here, an intense burst of x-ray radiation is pretuéor a fraction of a second to
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record dynamic events on film that cannot be captdoy conventional photography
[72]. FigureA.1 shows a schematic diagram of the equipment hgddeindel et al.

[71, 73, 74] to observe gas flow patterns and dater the evolution of bubble shape,
size and position. Heindel et al. [76] also usad thethod to investigate cellulose

fibre suspensions with fibre concentrations ofwfi.6% by mass.

Radiation techniques can also be used to meas@mages gas volume fraction, as
shown by Hewitt [77], Lindsay et al. [78] and Kunedral. [79] and to visualise gas
flows in multiphase systems, as illustrated by Benat al. [80], Hewitt and Roberts

[81] and Heindel et al. [74].

1.1.3 Particle image velocimetry

Previously the Particle Image Velocimetry (PIV)hemue was only used in single
phase flow in order to determine its velocity field this technology, a laser sheet is
used in order to illuminate a well defined slice tbe liquid containing seeding
particles and two or more images are capturedvara short interval of time. Thus,
the distance between the positions of the seedamticfes yields the instantaneous

velocity field of the liquid [15].

In recent years, this PIV technique has also bemiieal to dispersed multiphase
flows. The major advantage of this technique is¢ thdoesn’'t make contact with the
flow; hence, it doesn’t disturb the structure ot tllow. The spatial interaction
between the dispersed phase and the continuoug phasbtained in a short time
interval. In 1996, Sato et al. [82] adopted thishtgque for studying dispersed solid

liquid flow and in 2000 Murai et al. [83] introdutehis technique for studying gas-

Suman Pradhan 313



Appendix

liquid multiphase flow in order to verify the inver turbulence energy cascakgure

A.2 shows the general schematic for the PIV tectenj§4].

Figure A.2 Schematic for PIV technique. Fujiwara ¢al. [84]

Delonij et al. [85] also used PIV in order to maasthe velocity of both the dispersed
phase and the continuous phase in bubbly gas—lioquilfiphase flow. In order to

implement this process, Delonij et al. [85] usesirgle camera PIV technique in gas-
water multiphase flow. The liquid was seeded witial tracer particles and a laser
was used to illuminate the cross section of thev.flavith the ability to distinguish

between the tracer particles and the bubbles, & p@ssible to calculate the local
velocity of both the gas and the liquid phases ftbm displacement of the bubbles

and the tracer particles between the successivesargs.

There are certain limitations when using the Plvhteque in gas-liquid multiphase
flow such as: (i) it can be difficult to differeate between the bubbles and tracer

particles, (ii) problems can be caused by the egat of light from the bubbles, (iii)
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difficulties in measuring the local liquid velociiy the vicinity of the bubbles due to

the presence of strong shear flow.

1.1.4. Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) is a spectroscapahnique based on a
resonance phenomenon. The application of a laméc shagnetic field Bto the
sample of interest removes the degeneracy of thieauspin states of any nucleus of
non-zero nuclear spin. To induce transitions betwibe non-degenerate spin states, a
sinusoidal radio frequency (r.f) current is apphehaich is of appropriate frequency to
enable transitions between the spin states of #récplar nucleus to be studied
(Gladden [86]). The frequency of the radiatidn which must be applied to satisfy
this resonance condition is related to the staagmetic field and the so-called gyro-

magnetic ratiog of the nucleus of interest by the expression:

W, =9B, Equation A.1

Gladden et al. [86, 87] also stated that, in otdeobserve the magnetic resonance
phenomena of nuclei as a function of their posiilomeal space (i.e. to perform an
imaging experiment), a small magnetic field gratlisnapplied in addition to the

uniform polarizing field B such that the resultant field B varies accordong t

1B_ ,= constant Equation A.2

9z

For the case when the field gradient is appliech@lthe z-direction. Under such
conditions, the angular frequency of spins as a&tfan of position in the z-direction

is given by:
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w, =g(BO +Gzz) Equation A.3

From which it is clear that the resonance frequefuffen called the Larmor
frequency) now varies linearly with position. Ifettmagnetic field is homogeneous,
the NMR spectrum consists of one resonance lina mhagnetic field gradient is
applied along the direction of the magnetic figlitg NMR spectrum will consist of
two lines, the separation of which is dependenttte magnitude of the gradient
(Gladden et al. [87, 88]). In general, the spatistribution of the Larmor frequency is

given as:
wr)=gB, +gGr Equation A.4

wherer is the position vector of the spin if the influeraferelaxation is neglected, the
signal dSacquired from an element of volunm@/ at positionr with spin density

r(r) is given by Gladden et al. [87]:
d9G.t)=r(r)dvexpli(gB, +9Gr)t] Equation A5

The application of linear field gradients forms tieeindation of all NMR diffusion
and imaging experiments. In order to recover tha dpnsity function,r(r)from an
imaging experiment, a data set must be acquired frange of values of the field
gradient G. Once such a dataset has been obtamfeHjs recovered using Equation

A.S.

In order to image a 3D volume, linear gradientsappglied and varied in each of the
X, y and z directions. NMR is also a particularlgetul tool for measuring flow

phenomena; the easiest method used for flow vsatédn also follows directly from
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Equation A.5. The nuclei within a specific imag&elare selectively excited and
magnetically ‘tagged’ using an RF pulse sequence.aAtime t later, the 3D

distribution of these ‘tagged’ spins is recordednt which the velocity distribution of
those spins is obtained. Thus, 3D images of bolbcitg profiles and concentration
distributions can be acquired and it is possibl@nabe flow velocities in the range

102 cms*to 1¢ cms! using NMR techniques.

Figure A.3 (a) A block diagram of a typical pulsedNMR experiment; the
gradient coils are used for diffusion, flow and imging experiments. Gladden et
al. [87].
A recent development in flow imaging is the dynarNi®IR microscopy technique

which is able to achieve a velocity resolution déwa tens of microns per second and

a spatial resolution of a few tens of microns (@ket al. [86 — 88]).
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According to Gladden et al. [88] and Chaouki e{&®], the major limitation of NMR
techniques is their inability to study ferromagoetiaterials and samples containing

significant amounts of paramagnetic species, matkisgequipment very expensive.

1.2 The laser Doppler anemometry technique

| | =5

V() ]

Figure A.4 Schematic diagram of LDA technique

In multiphase flow, the laser Doppler anemometddA). is widely used to measure
the velocity of the dispersed phase, as well ascth@inuous phase with added
seeding particlesigure A.4 shows a schematic of the LDA technique wherdaber

is the wave source and the seeding particles obubbéles are the wave receivers; if
there is a relative motion between the wave soarakthe seeding particles or the
bubbles, there will be a shift in the wave frequertaused by the Doppler effect.
Hence, by measuring this shift in the frequencys possible to measure the velocity

of the dispersed phase in a multiphase flow syggnenn et al. [90]).

Mudde et al. [91] used alumina-coated sphericalygibllene particles of 4um
diameter (density 2.6 x $&g/n®) as seeding particles. This resulted in a maximum
(average) data rate of some 1000Hz. Mudde et &].g&0 used a 2D LDA system,
which makes it possible to measure the axial andchwhal velocity components

simultaneously.
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Figure A.5 LDA velocity signal in a bubbly flow. Mudde et al. [92]

Figure A.5 shows the velocity signal obtained by Muddele{9®] as a function of
time in a bubble column. In this figure, one of thmblems of the technique
becomes apparent: during a period of the measuning, the laser beams do not
reach the place where the liquid velocity is suppos be measured, because
bubbles interrupt the beams’ path.Figure A.6, the RMS of the axial liquid velocity
in a bubble column, as measured by Vial et al. ,[98] presented. The results

correspond to two different gas injectors.

Figure A.6 RMS of the LDA measured axial velocityn a bubble column. Vial et
al. [93]
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Mudde et al [91] state that, with coalescing liquidt is possible to make reliable
measurements of gas volume fractions of up to 10%distance of 0.1 m from the
wall. At higher gas velocities (25cm/s), it is pbés that the smaller bubbles may

not be distinguished from the seeding particles.

1.3 Polarographic technique

Polarography can be used to measure local walr stesss. This method is based on
the fast electrochemical reduction of reagent diesbin the moving medium.
Electrode potential is adjusted so that the reagententration on the electrodes is
zero. In these conditions, the mass transfer o @acbe depends only on local
hydrodynamic parameters. In a simple model, Reisal.e[94] express local wall

shear stress,, versus delivered currehtas:

t,=ClI? Equation A.6

In bubbly flows, the polarography technique id stllid. As shown by Souhar et al.
[95], a liquid film of 20 m thickness exists near the wall, which enablessmas
boundary layer development. It has been used iblbuiolumns by Magaud et al.

[96] and at the wall of trickle beds by a numberothors (Rode et al. [97]).

The advantages of this technique are: it is a ntnugive technique vyielding
information on the flow behaviour in the immediatieinity of the wall; it can be
miniaturised (microelectrodes) and also give infation on velocity fluctuations near
the wall. The disadvantage of this method is thebraducting liquid is required and,
with the presence of the support electrolyte, it change the coalescence behaviour

of the liquid (Christophe et al. [15])
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1.4 Radioactive tracking of particles

This method uses neutrally buoyant spheres thatictonadionucleides that entit
rays. A number of detectors around the column wecdhe transmitted rays;
determination of the position of the particles le tflow is then possible. The final
result is that trajectories of the particles canrmasured. Usually this type of method
is used to validate CFD calculations, to deternaixi@l dispersion coefficients of the
solids, and to yield global circulation patternsheTonly disadvantage of this

technique is the long and complicated calibratimtedure that is needed [98-99].

1.5 Tomographic techniques

1.5.1 Tomography by photon attenuation measurement

This tomography method is based on the attenuatieasurement of photon rays
such adl- or X-ray. This attenuation is directly proportano the material density for
a given photon energy. The resulting image givesdénsity at each pixel and, hence,
the phase fraction map. The reconstruction algmstiare based on the inversion of
the 2D Fast Fourier Transform, since all the meauattenuations are linear
functions of density. The main algorithm is a fild back-projection algorithm
(Shepp et al. [100] and Kak et al. [101]).fIfx, y) is the distribution function of a
phase fraction inside the column, the measurechuteon corresponding to a
projection of attenuation is expressed for a giemgular position and a given

distances from column axisKigure A.7), by the following relationship:

p(s,9)= KlIn II— = Lsq f(xy)dl Equation A.7
0 ,
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wherelp and| are the photon fluxes, measured at cylindricalrdiatess and
when the column is respectively filled with one phdliquid or gas) and when it is
filled with a two-phase flowK is a constant, taking into account the relatigmshi

between phase fraction and physical attenuation.

Figure A .7 Co-ordinates describing a measured projection. I&istopher et al. [15]

X-ray tomographic systems have been applied temifftly packed beds (Christophe
et al. [15]). As the photon fluxes are very highhnK-ray tubes, the detector sensing
area is reduced and the spatial resolution cars fsenall as 1x1 mfmHowever, such
photon rays generally have a rather low energyl Igees than 100 keV) and their use
is limited to low attenuating material or to a shelumn diameter. Witii-rays, the
photons are more penetrating since their energybeaas high as 1 MeV. Sevefal
ray tomographic systems have been devoted to thestigation of packed beds or
bubble columns by Kumar et al. [102] and Froystgif3]. In these types of

tomographic systems, the spatial resolution isradix1 cm.

1.5.2 Ultrasonic tomography
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Figure A.8 Schematic diagrams for ultrasonic tomogaphy technology. Warsito
et al. [104]

Ultrasonic transducers can be used to obtain toapbge images through a cross-
section of a pipe using ultrasonic waves. The waropagation depends on both the
phase fraction and the phase configuration (flogime, size of dispersed patrticles).
Research has been previously carried out to conthimeneasurement of ultrasonic
wave attenuation and propagation velocity to deteetsolid and gas-phase fractions
inside a slurry bubble column (Boyer et al. [34ylAvarsito et al. [104]). An array of
ultrasonic emitters and receivers deployed in alfgrconfiguration at the column
wall is rotated all around the column, as shownrigare A.8. As shown by the above
authors, at high frequencies the wave propagatelacity does not depend on gas
fraction. The solid fraction is therefore deterndnfeom the ultrasonic propagation
velocity and the gas fraction is obtained by intetipg the measurement of ultrasonic
wave attenuation. The above authors obtained c®st®enal images of phase
fractions using a reconstruction procedure perfarnvéh a filtered back projection
algorithm. The results are quite interesting, bshiuld be noted that this application

is limited to volume fractions of dispersed phagasdid and gas) below 20%, since
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multiple wave reflections on gas and solid integfaapidly generate a strong

attenuation.

1.5.3 Electrical Resistance Tomography (ERT)

Dual-plane Electrical Resistance Tomography (ER/Bjesns can be used to measure
the local dispersed phase axial velocity and volénaetion distributions in two phase

flows in which the continuous phase is electricalbynducting and where there is a
conductivity contrast between the dispersed andimaous phases (Lucas et al. [7,8
and 3]). ERT can be applied in flows in which distions are highly non-uniform. A

point-by-point correlation technique is used to swa the velocity of the dispersed
phase, and is based on the assumption that thetfégectories are parallel to each

other and perpendicular to the sensor plane (Waag ]).

The dispersed phase volumetric flow rafg can be obtained by integrating the
product of the local axial velocity, and the local volume fractios, in the flow
cross section, as shown in Equation A.8, whareepresents the cross sectional area
of the pipe [8].
Qy= /juqdA Equation 2.8

A
Investigations have been carried out in the lalboyaat identical flow conditions
using intrusive, miniature dual-sensor conductgmrodes (Lucas et al. [8 and 3]) to
validate the volume fractions and velocity disttibos obtained using ERT. As
described in [3], Lucas et al. used both a duat@enonductance probe and an ERT

system in bubbly-air water flow to compare the mead local gas volume fraction

and axial gas velocity profiles. The experimentgenearried out at various water
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superficial velocitiedJ, within the range of0.Ims* to 1.15ms*. The appropriate
values of the gas superficial velocity,s were used in order to ensure that the flow

was always in the bubbly regime.

2.9a 2.9A

2.9b 2.98

2.9c 2.9C

Figure A.9 Volume fraction distribution profile obt ained from dual-sensor probe
(left) and ERT system (right). Lucas et al. [3]
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2.10a 2.10A

m/s

2.10b 2.10B

m/s

2.10c 2.10C

Figure A.10 Local axial velocity distribution profile obtained from dual-sensor
probe (left) and ERT system (right). Lucas et al.3]

Figure A.9 shows the results of the local gas volume foactlistribution/, from the
dual-sensor probe (left) and ERT system (righfamistant water superficial velocity

U,s of 064ms* with the gas superficial velocity gs taking values 00.017ms * (a,
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A), 0.035ms (b, B) and0.073ns*(c, C). The mean gas volume fractiénfrom the

dual-sensor probe was found to be 0.013, 0.03Dd&62 respectively.

The dual-sensor results shows that/asncreases as a result df, being increased,

the local gas volume fraction distribution chanfesn a ‘peaky’ profile where the
gas is relatively highly concentrated at the pipete to a smoother profile, where the

gas is more uniformly distributed in the flow cragstion.

Results from the ERT systerridure A.9 A, B, C at identical flow conditions that
were used in the dual-sensor probe) show that éisevglume fraction profiles are
gualitatively similar to the local probe profileapart from some ‘noise’ at the

boundary. Also, the mean value of the gas voluraetisn measured using the ERT

system was always very cIose/Tp for all of the flow conditions.

Lucas et al. [3] also undertook a comparison of libeal bubble axial velocity
distribution obtained using a local dual-sensoibprand a dual-plane ERT system at
the same flow conditionsigure A.10 shows the results obtained from local dual-

sensor probe (left) and ERT system (right) withwflaonditions where the water

superficial velocityU,, was held constant aD38ms* and the gas superficial
velocity U ;¢ took values 0f0.017ms *(a, A), 0.032ms* (b, B) and0.072ms*(c, C).

The measured velocity profile distribution is faattthan the local volume fraction

distribution inFigure A.9.

Figure A.10 also shows that the ERT velocity profiles shiange ‘flat’ regions,
suggesting the measured velocity is essentiallystemit; a result which was not

observed for the profiles obtained from the locahlésensor probe. However, the
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mean value of the gas velocity measured using R€ &ystem was generally very
close to a reference measurement of the mean dasityefor the flow conditions

that Lucas et al. [3] investigated.

Recent developments using dual-plane ERT have rstibat it is possible to obtain
the distribution of the vectorelocity of the dispersed phase, enabling morerate
flow rate measurements and also suggesting thebgdgof using ERT instruments
as diagnostic tools and as a means of validatimypatational models of complex
multiphase flows. Electrical tomographic systemgehbeen used in bubble columns
(Schmitz et al. [5]) and in three-phase monolithg @ickle beds (Reinecke et al. [6]).
Advances in technologies allowed several scientstgptimise the method and the
reconstruction algorithms (Wang et al. [107]). dtimportant to mention that ERT
systems are limited to flows where the continudoagse is electrically conductive [3,

7, 105 -110].

ERT systems are now commercially available, onewbich is the ITS p2000
electrical resistance tomography system. These EBR3tems can be used in
solid/liquid and liquid/gas mixing applications, drgcyclones, packed columns,
flotation columns, precipitation processes, liglipid extraction and hydraulic

conveying.
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Appendix B

Software programmes

1) Continuous Data Collection

Dim Voltage range As Integer , Card_number As Integer

Dim result  As Integer ,temp_channel As Integer , Number_of channels As
Integer

Dim Sampling_frequency As Long, Sampling_period As Long

Dim Data_pathway As String , Total_number_samples As Long

Dim Total _number_of bytes As Long, Scan_interval As Long

Dim Bufferl() As Integer , Buffer2() As Integer

Dim Buffer_index As Integer , Buffer_size As Long

Dim Samples_per_buffer As Long, Stop_async As Byte

Dim Access_count As Long, Channels() As Integer , temp_time As Double

Dim T1 As Double , T2 As Double ,DT As Double
Dim tempstring As String ,box As Integer ,tempint As Integer

Dim Voltage array() As Double , Stop_asyncl As Byte
Dim Read scans As Long, Half _ready As Byte , DT temp As Double
Dim dig out As Long,cw As Boolean , number_of turns As Integer

Private Sub Acquire_Data_Command_Click()
Exit Command.Enabled = False
Acquire_Data_Command.Enabled = False
Deactivate DAQ2006_Command.Enabled = False
Activate DAQ2006_Command.Enabled = False
ROTATE_Command.Enabled = False
RTM_Command.Enabled = False

Info_Label.Caption = "Dataare being acquired."

Buffer_size = Number_of_channels * 16 " Sampling_frequency
ReDim Bufferl(Buffer_size)
ReDim Buffer2(Buffer_size)

result = D2K_AIl_AsyncDblBufferMode(Card_number, 1)
If (result < 0) Then
Info_Label.Caption = " Error setting the buffer mode!"
Else
result = D2K_AIl_ContBufferSetup(Card_number , Buffer1(0),
Buffer_size, Buffer_index)
result = D2K_AIl_ContBufferSetup(Card_number , Buffer2(0),

Buffer_size, Buffer_index)
If (result < 0) Then

Info_Label.Caption = " Error setting up the buffers!"
Else
temp_time = Sampling_period - 1
DT _temp=0
Read_scans = Buffer_size / Number_of ch annels
result = D2K_AIl_ContScanChannelsToFile( Card_number,
(Number_of _channels - 1), Buffer_index, Data_pathwa y, Read_scans,

Scan_interval, Scan_interval, ASYNCH_OP)
While (temp_time >=0)
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T1 =Timer
DT=0
Stop_asyncl =0
Half_ready =0
While (Half_ready = 0) 'And (Stop_asyncl = 0)
result =
D2K_Al_AsyncDblBufferHalfReady(Card_number, Half re ady, Stop_asyncl)
If result < 0 Then
box = MsgBox( "ERROR, vbYesNo)
End If
Wend
result = D2K_AIl_AsyncDblBufferToFil e(Card_number)

'While (Stop_asyncl = 0)
result = D2K_AIl_AsyncCheck(Card_number,
Stop_asyncl, Access_count)
'Wend
'result = D2K_AIl_AsyncClear(Card_number, O,
Access_count)
T2 = Timer
DT=T2-T1
temp_time = temp_time - DT
DT_temp = DT_temp + DT

If DT temp >= 1 Then
DT temp=0
Info_Label.Caption = " Remained time: "+
Str $(temp_time) + " sec. "
End If
Wend
result = D2K_AIl_ContBufferReset(Card_nu mber)
result = D2K_AIl_AsyncClear(Card_number, 0, Access_count)
If (result < 0) Then
Info_Label.Caption = " Error clearing 'asyncclear’' the
buffer!"
Else
Info_Label.Caption = "Data have been successfully
acquired.”
Exit Command.Enabled = True
Deactivate DAQ2006 _Command.Enabled = True
Activate DAQ2006 _Command.Enabled = False
Acquire_Data_Command.Enabled = True
ROTATE_Command.Enabled = True
RTM_Command.Enabled = True
End If
End If
End If
End Sub

Private  Sub Activate_ DAQ2006_Command_Click()
If (Card_number < 0) Then

Info_Label.Caption = " Error registering the card!"
Else

tempstring = Voltage_Range_Combo.Text

If (tempstring = "+-10Volts ") Then
Voltage range =AD B 10 V

Elself (tempstring = "+-5Volts ") Then
Voltage_range =AD B 5 V

Elself (tempstring = "+-1.25Volts ") Then
Voltage range=AD B 1 25 V

Elself (tempstring = "+5Volts ") Then
Voltage_range =AD_U 5 V

Elself (tempstring = “+10Volts ") Then
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Voltage _range = AD_U 10 V

Elself (tempstring = "+2.5Volts ") Then
Voltage_range =AD_U 2 5 V
Elself (tempstring = "+1.25Volts ") Then
Voltage range =AD U 1 25 V
Else
Voltage range =AD B 10 V
End If
Number_of channels = Number_of channels_Tex t.Text
For tempint = 0 To (Number_of_channels - 1)
result = D2K_Al_CH_Config(ByVal Card_nu mber, ByVal
tempint, ByVal Voltage_range)
Next tempint
If (result < 0) Then
Info_Label.Caption = " Error configuring the channels!"
Else

'result = D2K_Al_Config(Card_number,
DAQ2K_Al_ADCONVSRC _Int, DAK2K_Al_TRGMOD_POST Or DAQ@K_AIl_TrgPositive
Or DAQ2K_AI_TRGSRC, 0,0, 0, 1)

result = D2K_AIl_Config(Card_number, 0, 00r00ro,o0,o0,
0,1)
If (result < 0) Then
Info_Label.Caption = " Error in Al configuration!"
Else
Sampling_frequency = Sampling_frequ ency_Text.Text *
1000
Sampling_period = Sampling_Period_T ext. Text
Data_pathway = Data_Filename_Text.T ext
Scan_interval = 40000000 / Sampling _frequency
Total_number_samples = Sampling_fre quency *
Sampling_time * Number_of channels
Total_number_bytes = Total number_o f samples * 2

'‘Samples_per_buffer = Sampling_frequency *
Number_of channels

result = D2K_DIO_PortConfig(Card_nu mber, Channel_P1A,
OUTPUT_PORT)

dig_out=32 'set angle to 0 degrees

cw = True

number_of turns =0

result = D2K_DO_WritePort(Card_numb er, Channel_P1A,
dig_out)

Info_Label.Caption = "DAQ2006 has bheen successfully
activated. The digital outputs of port A are all in Zero."

Activate DAQ2006_Command.Enabled = False

Deactivate DAQ2006_Command.Enabled =True

Acquire_Data_Command.Enabled = True

End If
End If
End If

End Sub

Private  Sub Calculation_Command_Click()
Dim RetVal As Double

'RetVal =
Shell("D:\Nick PhD\SW\DAQ2006_SIMPLE_ROT\read_DAQ20 06_datafile.EXE",
1)
RetVal =
Shell( " D:\Nick\PhD\SW\DAQ2006_SIMPLE_ROT\read_DAQ2006_data filel.EXE ",
1)
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End Sub

Private  Sub Deactivate DAQ2006_Command_Click()
dig_out=16
result = D2K_DO_WritePort(Card_number, Channel_ P1A, dig_out)
result = D2K_Release_Card(ByVal Card_number)
If (result < 0) Then

tempstring = Str $(result)

Info_Label.Caption = " Error releasing DAQ2006!"
Else

Info_Label.Caption = "DAQ2006 has been released."

Acquire_Data_Command.Enabled = False
Activate_ DAQ2006_Command.Enabled = True
Exit Command.Enabled = True
End If
End Sub

Private  Sub Exit_Command_Click()
End
End Sub
Private  Sub Form_Load()
Card_number = D2K_Register_Card(DAQ_2006, 0)
dig_out=16
result = D2K_DO_WritePort(Card_number, Channel_ P1A, dig_out)
Acquire_Data_Command.Enabled = False
Deactivate DAQ2006_Command.Enabled = False
End Sub

Private  Sub ROTATE_Command_Click()
Exit Command.Enabled = False
Acquire_Data_Command.Enabled = False
Deactivate. DAQ2006_Command.Enabled = False
Activate DAQ2006_Command.Enabled = False
ROTATE_Command.Enabled = False

If number_of turns = 0 Then
dig_out =128 + 64 ‘0 anglecw (11 0)
number_of turns = number_of turns + 1

Elself  number_of turns = 1 Then
dig_out=64 '90 angle cw (0 1 0)
number_of turns = number_of turns + 1

Elself  number_of turns = 2 Then
dig_out=0 '180 angle cw (0 0 0)
number_of turns = number_of turns + 1

Else
dig_out =128 '270 angle cw (1 0 0)
number_of turns =0

End If
result = D2K_DO_WritePort(Card_number, Channel_ P1A, dig_out)

'result = D2K_DIO_PortConfig(Card_number, Channel_P 1A,
OUTPUT_PORT)

‘Timerl.Enabled = True

'T1 = Timer

'DT =10

'T2 = Timer

'While (T2 <=T1 + DT)

T2 = Timer
'Wend
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'Timerl.Enabled = False
Exit_ Command.Enabled = True
Acquire_Data_Command.Enabled = True
Deactivate DAQ2006_Command.Enabled = True
Activate_ DAQ2006_Command.Enabled = True
ROTATE_Command.Enabled = True
End Sub

Private  Sub RTM_Command_Click()

Exit Command.Enabled = False
Acquire_Data_Command.Enabled = False
Deactivate DAQ2006_Command.Enabled = False
Activate_ DAQ2006_Command.Enabled = False
ROTATE_Command.Enabled = False
RTM_Command.Enabled = False

Info_Label.Caption = "Dataare being acquired."

Buffer_size = Number_of channels * 16 "* Sampling_frequency
ReDim Bufferl(Buffer_size)
ReDim Buffer2(Buffer_size)

result = D2K_AIl_AsyncDblBufferMode(Card_number, 1)
If (result < 0) Then
Info_Label.Caption = " Error setting the buffer mode!"
Else
result = D2K_AIl_ContBufferSetup(Card_number , Buffer1(0),
Buffer_size, Buffer_index)
result = D2K_AIl_ContBufferSetup(Card_number , Buffer2(0),

Buffer_size, Buffer_index)
If (result < 0) Then

Info_Label.Caption = " Error setting up the buffers!"
Else
temp_time = Sampling_period - 1
DT temp=0
Read_scans = Buffer_size / Number_of ch annels
result = D2K_AIl_ContScanChannelsToFile( Card_number,
(Number_of channels - 1), Buffer_index, Data_pathwa y, Read_scans,

Scan_interval, Scan_interval, ASYNCH_OP)
While (temp_time >=0)

T1 = Timer
DT=0
Stop_asyncl =0
Half ready =0
While (Half_ready = 0) 'And (Stop_asyncl = 0)
result =
D2K_Al_AsyncDblBufferHalfReady(Card_number, Half re ady, Stop_asyncl)
If result < O Then
box = MsgBox( "ERROR, vbYesNo)
End If
Wend
result = D2K_AIl_AsyncDblBufferToFil e(Card_number)

'While (Stop_asyncl = 0)
" result = D2K_AIl_AsyncCheck(Card_number,
Stop_asyncl, Access_count)
'Wend
result = D2K_Al_AsyncClear(Card_number, O,
Access_count)
T2 = Timer
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DT=T2-T1
temp_time = temp_time - DT
DT _temp = DT_temp + DT
If DT temp >= 1 Then
DT temp=0
Info_Label.Caption =
Str $(temp_time) + " sec. "
End If
Wend
result = D2K_AIl_ContBufferReset(Card_nu
result = D2K_AIl_AsyncClear(Card_number,
If (result < 0) Then

Info_Label.Caption = " Error clearing

buffer!"
Else

Info_Label.Caption = " Data have

acquired.”
Exit Command.Enabled = True
Deactivate DAQ2006 _Command.Enabled
Activate_ DAQ2006_Command.Enabled =
Acquire_Data_Command.Enabled = True
ROTATE_Command.Enabled = True
RTM_Command.Enabled = True

End If
End If
End If
End Sub

Private Sub Timerl Timer()
'If cw = True Then

If number_of turns = 0 Then
dig_out =96 '0 angle cw (64+32)
number_of turns = number_of turns + 1
Elself  number_of turns = 1 Then
dig_out =160 '90 angle cw (128+32)
number_of turns = number_of turns + 1
Elself  number_of turns = 2 Then
dig_out =144 '180 angle cw (128+16)

number_of turns = number_of turns + 1
Else

dig_out =80 '270 angle cw (64+16)
number_of turns =0
End If
result = D2K_DO_WritePort(Card_number, Channel_
'End If
End Sub
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2) Single Data Collection

#include <windows.h>
#include <stdio.h>
#include <conio.h>
#include " d2kdask.h

#define ADCONVERTSRC DAQ2K_Al_ ADCONVSRC_Int

#define ADTRIGSRC DAQ2K_AI_TRGSRC_ExtD
#define ADTRIGMODE DAQ2K_AlI_TRGMOD_MIDL
#define ADTRIGPOL DAQ2K_Al_TrgPositive
#define MCENABLE DAQ2K_AI_MCounterEn

#define BUFAUTORESET 1
#define SCAN_INTERVAL  4000//4000
#define POSTCOUNT 1000

U16 channel=3 ; //4 channels

Ul16 range=AD_B_10 V;

char *file_name="2005d" ;

U32 read_count=4000 ;//4000;

U32 samp_intrv = 400;//40000; // makes up the sampling frequency
unsigned short ai_buf[4000] ;//4000];

unsigned short ai_buf2[4000] ;/14000];

char cardStr[2][8] = {"DAQ2005", "DAQ2006"} ;

main()

116 card, err, card_num, Id, card_type=DAQ_2005 ;
BOOLEAN halfReady, fStop;
U32 count=0,countl,startPos=0;//

printf( " This program inputs data from CH-0 to CH- %d of DAQ-
2005/2006 in %d Hz by\ndouble-buffer mode, and stor e data to file
'%s.dat'. The size of circular\nbuffer is %d. It wi Il not stop until
you press a key.\n\nPress any key to start the oper ation.\n",

channel, 1000, file_name, read_count);

printf( " Card Type: (0) DAQ_2005 or (1) DAQ2006 2",

scanf( " %d", &card_type);

printf( " Please input a card number: ");

scanf( " %d", &card_num);

if (card_type) card_type = DAQ_2006;
else card_type = DAQ_2005;

if ((card = D2K_Register_Card(card_type, card_num))<0) {
printf( " Register_Card error= %d\n", card);
exit(1);

/ldefault setting : the following two functions are removed

[*D2K_Al_CH_Config (card, -1, range);

err = D2K_Al_Config (card, 0,
DAQ2K_AI_ADCONVSRC_Int|DAQ2K_Al_TRGMOD_MIDL|DAQ2K_IATrgPositive, 18,
0, 0,1);*/

err = D2K_Al_Config (card, ADCONVERTSRC,
ADTRIGSRC|ADTRIGMODE|MCENABLE|ADTRIGPOL, POSTCOUNBDOO, O,
BUFAUTORESET);

llerr = D2K_Al_MiddleTrig_Config (card, ADCONVE RTSRC,
ADTRIGSRC|ADTRIGPOL, POSTCOUNT,1,3000, BUFAUTORESET);
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if (err 1=0){
printf( "D2K_Al_Config error= %d", err);
exit(1);
}
err = D2K_Al_AsyncDblBufferMode (card, 1);
if (err 1=0){
printf( "DAQ2K_AI_DblIBufferMode error= %d", err);
exit(1);
err = D2K_Al_ContBufferSetup (card, ai_buf, rea d_count, &ld);
if (err 1=0){
printf( " D2K_Al_ContBufferSetup error= %d for the 1st buffer",
err);
exit(1);
D2K_Al_ContBufferSetup (card, ai_buf2, read_cou nt, &Id);
if (err 1=0){
printf( " D2K_Al_ContBufferSetup error= %(d for the 2nd buffer",
err);
exit(1);
err = D2K_Al_ContScanChannelsToFile (card, chan nel, Id,
file_name, read_count/(channel+1), samp_intrv, samp _intrv,
ASYNCH_OP);
if (err 1=0){
printf( "D2K_Al_ContScanChannels error= %d", err);
exit(1);
}
printf( “\n\nPress any key to stop input operation. ");
printf( "\n\nData count : \n ");
do {
do {
D2K_Al_AsyncDbIBufferHalfReady(card, & halfReady,
&fStop);
} while ( 'halfReady && !fStop);
D2K_Al_AsyncDblBufferToFile(card);
count += (read_count) ;
printf( " %d\r", count);
}  while ( !fStop);
I while (' 'kbhit());
D2K_Al_AsyncClear(card, &startPos, &countl);
count += (countl) ;
D2K_Release_Card(card);
printf( “\n\n %d input data are stored in file '%s.dat'.\n", coun t,
file_name);
printf( "\nPress ENTER to exit the program. "); getch();
}
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3) Signal Processing

%%'data detected' for four sensor probes
close all ;

clear all ;

clc;

% kkkkkhkhkhhhhkhkhkhkkkkx

*

Fs = 20000;
T = 1/Fs;
%Load data file and devide the data to four data fr om Data_1to
Data_4
cd( 'G:\PhD\matlab_sw\9th_4 08\02_teflon_probe' );
Data =load( 'datal 20k 100s 66hz_A34 BO.txt' );
%f = 10000;
%T = 1/f;
Data_1 o = Data(:,1);
Data_2_ o = Data(:,2);
Data_3 o = Data(:,3);
Data_4 o = Data(:,4);
figure(1);
plot(Data_1 o,
hold on;
plot(Data_2_ o, k),
hold on;
plot(Data_3_o, 9" )
hold on;
plot(Data_4 o, b )
%
%find the thresh voltage
MAX_DATA1= max(Data_1_o0);
MAX_DATA2= max(Data_2_0);
MAX_DATA3 = max(Data_3_0);
MAX_DATA4 = max(Data_4 _0);
%MAX_ARRAY = [MAX_DATA1,MAX_DATA2,MAX_DATA3,MAX_DAZ];
%MIN_DATAL DATA4 = min(MAX_ARRAY);
THRESH1= MAX_DATA1-0.4;
THRESH2= MAX_DATA2-0.4;
THRESH3= MAX_DATA3-0.4;
THRESH4= MAX_DATA4-0.4;
%a = min(Data_2);
Data_1 =Data_1 o-THRESHI,
Data_2 = Data_2_o-THRESHZ2;
Data_3 = Data_3 o-THRESHS;
Data_4 = Data_4 o-THRESH4;
%[Data_2_check,num] = min(Data_2)
%
%Find the points that touch the signals
touch_1=0;
touch_2=0;
touch_3=0;
touch_4=0;
touch_1 right = 0;
touch_2_right = 0;
touch_3 right = 0;
touch_4 right = 0;
=1
for i=1l:(length(Data_1)-1)
if Data 1(i)>0&Data_1(i+1)<=0
touch_1(j)=i;
=L
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end
if Data 1(i)<O&Data_1(i+1)>=0

touch_1(j)=i+1;
=i+
end
end
i=1
for i=1:(length(Data_2)-1)
if Data 2(i)>0&Data_2(i+1)<=0
touch_2(j)=i;
=i+
end
if Data_2(i)<O&Data_2(i+1)>=0

touch_2(j)=i+1;
=i+
end
end
=1
for i=1l:(length(Data_3)-1)
if Data 3(i)>0&Data_3(i+1)<=0
touch_3(j)=i;
=it
end
if Data 3(i)<O&Data_3(i+1)>=0
touch_3(j)=i+1;
=it
end
end
i=1
for i=1:(length(Data_4)-1)
if Data_4(i)>0&Data_4(i+1)<=0
touch_4(j)=i;
=i+
end
if Data 4(i)<O&Data_4(i+1)>=0

touch_4(j)=i+1;
=i+
end
end
%
***88
m =1;
min_touch =
[length(touch_1),length(touch_2),length(touch_3),le
times_touch = min(min_touch);
%fs = 10000;
%T = 1/fs;
maybe_right_touch = 0;
%short_num = 20;
judge_T = 0.04/T;
i=1;
i=1
while j<times_touch
if touch_1(i)< touch_2(i)
if touch_1(i)<touch_3(i)
if touch_1(i)<touch_4(i)
max_judge =
[touch_1(i+1),touch_2(i+1),touch_3(i+1),touch_4(i+1
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min_judge = [(touch_1(i+1)-
touch_1(i)),(touch_2(i+1)-touch_2(i)),(touch_3(i+1) -
touch_3(i)),(touch_4(i+1)-touch_4(i))];
interval_begin_end = max(max_judge )-touch_1(i);
short_time = min(min_judge);
if interval_begin_end<=judge_T&short_time>=40

maybe_right_touch(m) = touc h_1(i);
maybe_right_touch(m+2) =to uch_2(i);
maybe_right_touch(m+4) =to uch_3(i);
maybe_right_touch(m+6) = to uch_4(i);
maybe_right_touch(m+1) =to uch_1(i+1);
maybe_right_touch(m+3) = to uch_2(i+1);
maybe_right_touch(m+5) =to uch_3(i+1);
maybe_right_touch(m+7) =to uch_4(i+1);
m= m+8;
touch_1 =touch_1(i+2:lengt h(touch_1));
touch_2 =touch_2(i+2:lengt h(touch_2));
touch_3 =touch_3(i+2:lengt h(touch_3));
touch_4 = touch_4(i+2:lengt h(touch_4));
i=1;
=i+
min_touch_temp =
[length(touch_1),length(touch_2),length(touch_3),le ngth(touch_4)];

if min(min_touch_temp)==0
j = times_touch+1;
end
else
touch_1 =touch_1(i+2:lengt h(touch_1));
i=1;
if length(touch_1)==0
j = times_touch+1;
end
end
else
touch_4 =touch_4(i+2:length(touch_ 4));
i=1;
if length(touch_4)==0
j = times_touch+1;
end
end
else
touch_3 =touch_3(i+2:length(touch_3)) ;
i=1;
if length(touch_3)==0
j = times_touch+1;

end
end
else
touch_2 = touch_2(i+2:length(touch_2));
i=1;

if length(touch_2)==0
j = times_touch+1;
end
end
end
maybe_right_touch;
num_bubble = length(maybe_right_touch)/8;
right_touch = rand(hum_bubble,8);
for i=1:num_bubble
for j=1:8
right_touch(i,j) = maybe_right_touch(j);

Suman Pradhan 339



Appendix

end
k=09;
maybe_right_touch =
maybe_right_touch(k:length(maybe_right_touch));
end
right_touch;
num_bubble;
% use gary's idea that vdt method ko
t=1;
stop_num_b = num_bubble;
while t<=stop_num_b
el 1 =right_touch(t,1);
el 2 =right_touch(t,2);
e2_1 =right_touch(t,3);
e2_ 2 =right_touch(t,4);
e3_1 =right_touch(t,5);
e3_2 =right_touch(t,6);
e4 1 =right_touch(t,7);
ed_2 =right_touch(t,8);
start_ end edge=[el 1l,el 2,e2 1,e2 2,e3 1,e3 2 .4 1ed 2]
start_edge = min(start_end_edge);
end_edge = max(start_end_edge);
min_pl = min(Data_1_o(el_1:el_2));
min_p2 = min(Data_2_o(e2_1:e2_2));
min_p3 = min(Data_3 o(e3_1:e3 2));
min_p4 = min(Data_4 _o(e4_1:e4_2));
max_pl = min(Data_1_o(el_2:end_edge+1));
max_p2 = min(Data_2_o(e2_2:end_edge+1));
max_p3 = min(Data_3_o(e3_2:end_edge+1));
max_p4 = min(Data_4_o(e4_2:end_edge+1));
judge_vdt 1 = MAX_DATA1-min_pl;
judge_vdt 2 = MAX_DATA2-min_p2;
judge_vdt_3 = MAX_DATA3-min_p3;
judge_vdt_4 = MAX_DATA4-min_p4;
judge_vupdt_1 = max_pl-THRESHI,;
judge_vupdt_2 = max_p2-THRESH2;
judge_vupdt_3 = max_p3-THRESHS3;
judge_vupdt_4 = max_p4-THRESH4;
judge_vupdt_temp =
[judge vupdt 1,judge_vupdt 2,judge vupdt 3,judge vu pdt_4];
min_judge_vupdt = min(judge_vupdt_temp);
judge_vdt temp =
[judge_vdt 1,judge_vdt 2,judge_vdt 3,judge_vdt 4];
min_judge_vdt = min(judge_vdt_temp);
if min_judge_vdt<=0|min_judge_vupdt<=0
right_touch(t,:)=[];
stop_num_b = stop_num_b-1;
else
right_touch(t,:) =right_touch(t,:);
t=t+1,
end

end

right_touch;

num_bubble = stop_num_b;
%
%9th_april_2008_020toflon_short_zx
x1 = 0.0233/1000;

X2 =.4128/1000;

x3 =-.4767/1000;

y1l =.7471/1000;
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y2 =-.6322/1000;
y3 =-.6149/1000;
z1 = 0.7965/1000;
z2 = 0.9535/1000;
23 = 0.8605/1000;
%
%calculate the seven time intervals
dt_numb = zeros(num_bubble+1,3);
%dt_Ob_1a = zeros(num_bubble+1,2)
m=1,
%k=1;
while  m <= num_bubble
dtOb = (right_touch(m,2)-right_touch(m,1))*T;
dtlb = (right_touch(m,4)-right_touch(m,1))*T;
dt2b = (right_touch(m,6)-right_touch(m,1))*T;
dt3b = (right_touch(m,8)-right_touch(m,1))*T;
dtla = (right_touch(m,3)-right_touch(m,1))*T;
dt2a = (right_touch(m,5)-right_touch(m,1))*T;
dt3a = (right_touch(m,7)-right_touch(m,1))*T;
%dt_Ob_la(m,1) = dtOb;
%dt_Ob_1a(m,2) = dtla;
dtll = dtla+dtlb-dtOb;
dt22 = dt2a+dt2b-dtOb;
dt33 = dt3a+dt3b-dtOb;
if dtl1>0&dt22>0&dt33>0
dt_numb(m,1) = dt11;
dt_numb(m,2) = dt22;
dt_numb(m,3) = dt33;
m = m+1;
%k = k+1;
else
right_touch(m,:) =[J;
num_bubble = num_bubble-1;
end
end
dt_numb(num_bubble+1,1) = mean(dt_numb(1:num_bu bble,1));
dt_numb(num_bubble+1,2) = mean(dt_numb(1:num_bu bble,2));
dt_numb(num_bubble+1,3) = mean(dt_numb(1:num_bu bble,3));
%dt_Ob_la(num_bubble+1,1)= mean(dt_Ob_1a(l:num_bubb le,1));
%dt_Ob_la(num_bubble+1,2)= mean(dt_Ob_1a(1l:num_bubb le,2));
result_bubble v = zeros(num_bubble+3,6);
for n=21:num_bubble+1
dtll = dt_numb(n,1);
dt22 = dt_numb(n,2);
dt33 = dt_numb(n,3);

temp_beta_up = (z1/dt11-z2/dt22)*(y1/dt11-y3/dt33)- (z1/dt11-
z3/dt33)*(y1/dt11-y2/dt22);

temp_beta_down = (z1/dt11-z3/dt33)*(x1/dt11-x2/dt22 )-(z1/dt11-
z2/dt22)*(x1/dt11-x3/dt33);

% *kkkkkkkkkkkkkkkkk

*

if (temp_beta_up ==0.0) & (temp_beta_down~=0.0)

if (temp_beta_down<0.0)

beta=270;
else

beta=90;
end
elseif  (temp_beta_up~=0.0) & (temp_beta_down==0.0)
if (temp_beta_up<0.0)

beta=180;
else
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elseif  (temp_beta _up==0.0) & (temp_beta_down==0.0)

beta=0;
else

beta_temp =atand((temp_beta_up)/(temp_
if (beta_temp<0)&(temp_beta _up>0)
betal = 180+beta_temp;
alafal = atand((z2/dt22-z1/dt11)/(
x2/dt22)*sind(betal)+(y1l/dt11-y2/dt22)*cosd(betal))
if alafal>0&((z2/dt22-z1/dt11)>0)

beta = betal;
alafa = alafal;

elseif  alafal>0&((z2/dt22-z1/dt11)<0)

beta = betal;
alafa = 180+alafal;
end

if alafal<0&((z2/dt22-z1/dt11)>0)

beta = betal;
alafa = 180+alafal;

elseif alafal<0&((z2/dt22-z1/dt11)<0)

beta = betal;
alafa = 360+alafal;

elseif

end

(beta_temp<0)&(temp_beta_up<0)

beta2 = 360+beta_temp;

alafa2 = atand((z2/dt22-z1/dt11)/(
x2/dt22)*sind(beta2)+(y1/dt11-y2/dt22)*cosd(beta?2))
if alafa2>0&((z2/dt22-z1/dt11)>0)

beta = beta2;
alafa = alafa2;

elseif alafa2>0&((z2/dt22-z1/dt11)<0)

beta = beta2;
alafa = 180+alafa2;
end

if alafa2<08&((z2/dt22-z1/dt11)>0)

beta = beta2;
alafa = 180+alafa2;

elseif  alafa2<0&((z2/dt22-z1/dt11)<0)

beta = beta2;
alafa = 360+alafa2;
end
end

if (beta_temp>0)&(temp_beta_up>0)

beta3 = beta_temp;

alafa3 = atand((z2/dt22-z1/dt11)/(
x2/dt22)*sind(beta3)+(y1/dt11-y2/dt22)*cosd(beta3))
if alafa3>0&((z2/dt22-z1/dt11)>0)

beta = beta3;
alafa = alafa3;

elseif  alafa3>0&((z2/dt22-z1/dt11)<0)

beta = beta3;
alafa = 180+alafag3;
end

if alafa3<08&((z2/dt22-z1/dt11)>0)

beta = beta3;
alafa = 180+alafa3;

elseif  alafa3<0&((z2/dt22-z1/dt11)<0)

beta = beta3;
alafa = 360+alafa3;
end
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elseif  (beta_temp>0)&(temp_beta_up<0)
beta4 = 180+beta_temp;
alafa4 = atand((z2/dt22-z1/dt11)/( (x1/dt11-
x2/dt22)*sind(betad)+(y1/dt11-y2/dt22)*cosd(betad)) ;
if alafad>0&((z2/dt22-z1/dt11)>0)
beta = beta4;
alafa = alafa4;
elseif  alafa4>0&((z2/dt22-z1/dt11)<0)
beta = beta4;
alafa = 180+alafa4;
end
if alafad<0&((z2/dt22-z1/dt11)>0)
beta = beta4;
alafa = 180+alafa4;
elseif  alafa4<0&((z2/dt22-z1/dt11)<0)
beta = beta4;
alafa = 360+alafa4;
end
end
end
if alafa>90&alafa<180
alafa = alafa-90;
elseif alafa>180&alafa<270
alafa = alafa-180;
elseif alafa>270&alafa<360
alafa = alafa-270;
elseif alafa>0&alafa<90
alafa = alafa;
end
mag_v =
2*(x1*sind(alafa)*sind(beta)+yl*sind(alafa)*cosd(be ta)+zl*cosd(alafa)
)/dt11;
mag_v2 =
2*(x2*sind(alafa)*sind(beta)+y2*sind(alafa)*cosd(be ta)+z2*cosd(alafa)
)/dt22;
mag_v3 =
2*(x3*sind(alafa)*sind(beta)+y3*sind(alafa)*cosd(be ta)+z3*cosd(alafa)
)/dt33;
Vx = mag_v*sind(alafa)*sind(beta);
Vy = mag_v*sind(alafa)*cosd(beta);
Vz = mag_v*cosd(alafa);
result_bubble v(n,1) = alafa;
result_bubble_v(n,2) = beta;
result_bubble_v(n,3) = mag_v;
result_bubble v(n,4) = Vx;
result_bubble v(n,5) = Vy;
result_bubble v(n,6) = Vz;

end

result_bubble_v(hum_bubble+3,1) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,1 );
result_bubble_v(num_bubble+3,2) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,2 );
result_bubble_v(hum_bubble+3,3) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,3 );
result_bubble v(num_bubble+3,4) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,4 );
result_bubble v(num_bubble+3,5) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,5 );
result_bubble_v(hum_bubble+3,6) =
(1/(num_bubble))*sum(result_bubble_v(1:num_bubble,6 );
disp( ' alafa beta mag_ v VX Vy vzt )
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disp(result_bubble_v)
result_bubble v;
hold on
kk=result_bubble_v((1:num_bubble),2);
for i= Ll:length(kk)
if kk(i,:)>180
kk(i,:)=360-kK(i,:);

else
kk(i,:)=kk(,:);
end
kk(i,1)=kk(,:);
end

errorindval_bubble = sum(kk)/num_bubble;

errorindval_bubble
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4) Image Processing

Image Processing for Bubbles for the first frame
%includes the intersection poit for the first frame
%just mean

clear all ;
close all ;
clc;

my_movie_info = aviinfo( 'ma_P3_50k.avi' )
Frames=zeros(my_movie_info.Height,
my_movie_info.Width,my_movie_info.NumFrames);
for j=1:my_movie_info.NumFrames
1(j,1) = aviread( 'ma_P3_50k.avi'" );
Frames(:,:,j) = getfield(l(j,1), 'cdata’ );
end

movie(l);
%process for frame 1
frame01= Frames(;,:,1);

imshow(frame01);
[frame_01,Map] = frame2im(I(1)); %extract frame 1
figure(1)
a2=image(frame_01);
title ( 'Framel' )
saveas(gcf, '‘a2" , 'jpg" ) % save the image
j2 = imread( 'a2.jpg’  );

x2=imresize(j2,.5);
imagesize2 = size(x2);
screensize?2 = get (0,

iptsetpref (

'screensize’ );
'imshowborder’ , 'tight' );

% change to gray style
z2 = rgh2gray(x2);
imshow(z2)

BW_2 = edge(z2,
bw_3=(BW_2(;,:)==0);
figure(5),imshow(bw_3)
hold on;
%oxx=
%yy=
[r2 c2]= find(bw_3(300:320,340:370)==0);
axis second one is range of x-axis
bw_4=[r2 c2];
k2=300:320; for N2=k2, 12 = find(bw_3(N2,340:370)==0);,
RR2_(:,N2) = [12 zeros(1,50-length(12))];, end

‘canny' ,.16);

G2=find(max(RR2_~=0));
B2=G2
COL2=mean(B2)

RR_2 = RR2_(:,B2),;

%%%%%%% %% %% %calculates the distance of all coordina
the

%%%%%% %% % %% %longest distance
00=[339]+(bw_4(:,2)); % 1 less to x-axis
091=[299]+(bw_4(:;,1)); %1 less to y axis
99=[gg 991]
co=zeros(2,2);
d=zeros(28,28);
for cnt=1:28

% length of gg
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for cntt=(cnt+1):29
d(cnt,centt-1)=sqrt(((gg(cnt ,1)-gg(cntt ,1)).A2
gg(cntt ,2))."2));
end
end

f=(max(max(d)));
[a b]=find(d==f);
co(1,:)=gg(a.:);
co(2,:)=gg(b+1,3);
co

u= ((co(1,1)+co(2,1))/2.000001);
v= ((co(1,2)+co(2,2))/2.000001);
[uvl] % centreeee

slope = (co(2,2)-co(1,2))/(co(2,1)-co(1,1))
m2=-(1/slope)

mb5=atan(slope);

t2 =((0+pi)):(pi/60): (2*pi);

t3 =((0):(pi/60):(pi));

ad=atan(-m2)
dg=ad-(pi/2)

dots_top=find((gg(:,2)<305)&(gg(:,1)>351))
dots_top=gg(dots_top,:)

dots_bot=find((gg(:,2)>305)&(gg(:,1)>351))
dots_hot=gg(dots_bot,:)

%% slope of top dots with respect to center [u V]

for cnt=1:length(dots_top)
slope_top(cnt,:)=((dots_top(cnt ,2)-v)/(dots_

end

slope_top;

%% slope of bottom dots with respect to center [u v

for cnt=1:length(dots_bot)
slope_bot(cnt,:)=((dots_bot(cnt ,2)-v)/(dots_

end

slope_bot;

% calculation of min error on slope to make 90 deg
diff_slope_top=slope_top-m2;

diff_slope_top = sqrt(diff_slope_top."2);
min_slope_top=min(min(diff_slope_top));

[x_top y_top]=find(diff_slope_top==min_slope_top);
coord_top(1,:)=dots_top(x_top(1),:)

%%%% calculation of min error on slope to make 90 d
diff_slope_bot=slope_bot-m2;

diff_slope_bot = sqrt(diff_slope_bot."2);
min_slope_bot=min(min(diff_slope_bot));

[x_bot y_bot]=find(diff_slope_bot==min_slope_bot);
coord_bot(1,:)=dots_bot(x_bot(1),:)

ad2=atan(min_slope_bot)
dg2=ad2-(pi/2)
%% calculation minor axis of top and bottom
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minor_top= (v-coord_top(1,2))

minor_bot= (coord_bot(1,2)-v)

major_ax = (co(2,1)-co(1,1))/2

slope_top =((pi/2)-slope):(pi/60):((3*pi/2)-slope);

slope_bot =((0+(3*(pi/2)))-slope):(pi/60):((2*pi)+( pi/2)-slope);
t = 0:pi/40:(2*pi);

x5 = (((coord_top(1,1)-u) * cos(dg)) + ((coord_top( 1,2)-v)* -
sin(dg))+u);

y6 = (((u-coord_top(1,1))* sin(dg)) + ((v-coord_top (1,2) *
cos(dg))+v);

%%%work for bottom minor axis

%%% substract the centre first and add them at the end after moving
axis

X9 = (((coord_bot(1,1)-u) * cos(dg2)) + ((coord_bot (1,2)-v)* -
sin(dg2))+u);

y9 = (((coord_bot(1,1)-u)* sin(dg2)) + ((coord_bot( 1,2)-v) *
cos(dg2))+v);

figure(59),imshow(bw_3)

hold on;

plot([co(1,1) co(2,1)],[co(1,2) co(2,2)] , )
plot([x5 u],[y6 V], )

plot([x9 u],[y9 V], )

new_re_top_m=v-y6

new_re_bot _m=v-y9

X7= (round(major_ax))*cos(t2); %
y7=new_re_top_m*sin(t2);

x8 = ((X7 * cos(mb5)) + (y7* -sin(m5))+u);
y8 = ((x7* sin(mb)) + (y7 * cos(m5))+v);
%plot([coord_bot(1,1) u],[coord_bot(1,2) v] ,-)
x10= (round(major_ax))*cos(t2); %
y10= new_re_bot_m*sin(t2);

x11 = ((x10 * cos(mb)) + (y10* -sin(m5))+u);
y11 = ((x10* sin(m5)) + (y10 * cos(m5))+v);
plot(x8,y8)

plot(x11,y11)

hold off

for cnt=1:length(dots_top)
for cnt=1:length(dots_top)

m_dots_top(cnt,:)=((dots_top(cnt ,2)-v)/( dots_top(cnt ,1)-

u));

for cnt=1:length(m_dots_top)
dist 2 _new_ell_top(cnt,:))=((((((major_ax.2)*(new_r e_top_m."2))*((m_d
ots_top(cnt,1).72)+1)/((new_re_top_m."2)+(m_dots_to p(cnt,1).~2)*(majo
r_ax."2))))));

dist_top_dots(cnt,:)=sqrt(((dots_top(c nt ,1)-u).”2) +

((dots_top(cnt ,2)-v).”2));

end

end

end
m_dots_top

new_top_minor=sqrt((dist_ 2_new_ell_top))
dist_top_dots
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er_minor_top=sqrt((sum(dist_top_dots-new_top_minor) 114).72)
new_minor_top=round(er_minor_top+new_re_top_m)

for cnt=1:length(dots_bot)
for cnt=1:length(dots_bot)

m_dots_bot(cnt,:)=((dots_bot(cnt ,2)-v)/( dots_bot(cnt ,1)-
u));
for cnt=1:length(m_dots_bot)
dist 2 _new_ell_bot(cnt,:)=((((((major_ax.2)*(new_r e_bot m.”2))*((m_d
ots_bot(cnt,1).~2)+1)/((new_re_bot_m.*2)+(m_dots_bo t(cnt,1).22)*(majo
r_ax."2))))));
dist_bot_dots(cnt,:)=sqrt(((dots_bot(c nt ,1)-u).”2) +
((dots_bot(cnt ,2)-v).”2));
end
end
end
m_dots_bot

new_bot_minor=sgrt((dist_2_new_ell_bot))

dist_bot_dots

er_minor_bot=sqrt((sum(dist_bot_dots-new_bot_minor) /15).72)
new_minor_bot=round(new_re_bot_m-er_minor_bot)

figure(60),imshow(bw_3)

hold on;

plot([co(1,1) co(2,1)],[co(1,2) co(2,2)] , )
plot([x5 u],[y6 V], )

plot([x9 u],[y9 V], )

x12=

(round(major_ax))*cos(t2); %
y12= new_minor_top*sin(t2);

x13 = ((x12 * cos(mb)) + (y12* -sin(m5))+u);
y13 = ((x12* sin(m5)) + (y12 * cos(m5))+v);
x14= (round(major_ax))*cos(t2); %
y14= new_minor_bot*sin(t2);

x15 = ((x14 * cos(mb)) + (y14* -sin(m5))+u);
y15 = ((x14* sin(m5)) + (y14 * cos(m5))+v);
plot(x13,y13)

plot(x15,y15)

hold off
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Measured data

Probe measured before collecting data
1 2 3

X -0.0930 0.4419 -0.4884
y 0.6200 -0.5115 -0.3391
1.5116 1.4884 1.5291

Probe measured after collecting data
X -0.1105 0.4128 -0.5116
y 0.6954 -0.4655 -0.2816
z 1.5116 1.4884 1.5291

Appendix

Table B.1 Probe dimensions before and after colleéag data for reference polar anglea .; 5°

Table B.2 Probe dimensions before and after colleag data for referenc

Probe measured before collecting data

1 2 3

X -0.0930 0.4419 -0.4884
y 0.6200 -0.5115 -0.3391

1.5116 1.4884 1.5291

Probe measured after collecting data

X -0.0872 0.4535 -0.4826
y 0.6494 -0.5000 -0.3333
Z 1.5116 1.4884 1.5291

Probe measured before collecting data

1 2 3
X -0.0930 0.4419 -0.4884
y 0.6200 -0.5115 -0.3391
1.5116 1.4884 1.5291

Probe measured after collecting data
X -0.1105 0.4186 -0.4884
y 0.6207 -0.4943 -0.3218
Z 1.5116 1.4884 1.5291

e polar anglea ; 14°

Table B.3 Probe dimensions before and after colléog data for reference polar anglea ; 21°

Probe Measured before collecting data

1 2 3
X -0.0930 0.4419 -0.4884
y 0.6200 -0.5115 -0.3391
2 1.5116 1.4884 1.5291
Probe Measured after collecting data
X -0.0930 0.4320 -0.4651
y 0.6149 -0.4828 -0.3046
2 1.5116 1.4884 1.5291
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Table B.4 Probe dimensions before and after colléog data for reference polar anglea ; 34°

Average dijj Average individual bubble Average
Test | Vies 8 measm, p bmeasm, p | Mmeasmp | @measm,p Brneasm, p | Mmeasm,p dll d22 d33 NOB
Probe measured before collecting data
without signal processing
1 0.34 8.93 218.41 0.43 24.71 322.97 0.3p 0.00668®06930| 0.007437 24
2 0.39 11.64 274.07 0.43 25.58 320.54 0.40 0.00700H06333| 0.007401 71
3 0.49 9.48 195.85 0.48 25.98 319.82 0.44 0.0058aD05778| 0.006422 59
4 0.52 10.57 231.40 0.59 23.37 328.86 0.54 0.0048a@D04944| 0.005464 22
5 0.25 14.76 233.60 0.29 25.08 325.52 0.28 0.00956H09835| 0.011242 42
Average 11.08 230.67 24.94 323.54
with signal processing
1 0.34 9.20 210.85 0.42 23.27 329.25 0.3p 0.00676®07158| 0.007600 21
2 0.39 11.64 262.84 0.44 23.71 324.65 0.40 0.0067@4006283| 0.007290 63
3 0.49 9.63 241.43 0.50 24.89 322.75 0.4p 0.0058aH05776| 0.006426 51
4 0.52 8.81 218.88 0.57 20.92 336.28 0.5¢4 0.0050@4005227| 0.005609 16
5 0.25 7.49 239.21 0.29 28.43 333.23 0.2p 0.0101@D10071| 0.010989 34
Average 9.35 234.64 24.24 329.23
Probe measured after collecting data
without signal processing
1 0.34 8.80 219.64 0.43 24.46 323.57 0.3p 0.00662006908| 0.00741 24
2 0.34 11.74 274.44 0.43 25.52 320.98 0.40 0.006904006296| 0.007357 71
3 0.49 9.23 196.63 0.48 25.74 320.39 0.44 0.00576M06327| 0.006553 59
4 0.52 10.48 232.60 0.59 23.17 329.24 0.54 0.004802D04974| 0.005498 22
5 0.25 14.65 234.74 0.29 24.82 325.93 0.27 0.0095@09812| 0.011215 42
Average 9.55 232.72 25.43 325.57
with signal processing
1 0.34 9.02 211.97 0.42 22.98 329.81 0.3p 0.0067@07132| 0.007572 21
2 0.34 11.73 263.47 0.44 23.66 325.06 0.40 0.00676006294| 0.007305% 63
3 0.49 9.61 242.51 0.50 24.69 323.29 0.4p 0.0058a305769| 0.006420 51
4 0.52 8.67 219.98 0.57 20.71 336.73 0.5¢4 0.00490%05211| 0.005592 16
5 0.25 7.47 240.30 0.29 28.27 333.68 0.2p 0.0100@10063| 0.010980 34
Average 9.30 235.65 24.06 329.72
Table B.5 Calculation of & yeagp bmeasp and /70,5 before and after signal processing
calculatedusing the probe dimension measured before and aft@ollecting data with & ¢ = 5°

and b, =0° and for various values ofV,
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Tests Average d; Average individual bubble
T eabsa ,m,p (deg) eabsb,m, p (deg) en,m, p (%) eabsa ,m,p (deg) eabsb,m, p (deg) en,m, p (%)
Probe measured before collecting data
Error calculation without signal processing
1 3.93 141.59 26.87 19.71 37.03 15.13
2 6.64 85.93 10.90 20.58 39.46 1.88
3 4.48 164.15 1.35 20.98 40.18 9.64
4 5.57 128.60 12.77 18.37 31.14 3.76
5 9.76 126.40 16.10 20.08 34.48 10.02
eabsa,p eabsb,p en,p eabsa,p eabsb,p en,p
6.08 129.33 13.60 19.94 36.46 8.08
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
2.06 25.52 8.25 0.90 3.33 4.75
Error calculation with signal processing
1 4.20 149.15 23.55 18.27 30.75 14.42
2 6.64 97.16 11.58 18.71 35.35 3.28
3 4.63 118.57 1.25 19.89 37.25 7.73
4 3.81 141.12 9.60 15.92 23.72 3.39
5 2.49 120.79 17.28 23.43 26.77 5.46
eabsa,p eabsb,p en,p eabsa,p eabsb,p en,p
4.35 125.36 12.65 19.24 30.77 6.86
S absa, p Sabsb,p Snp S absa,p Sabsh,p Sn,p
1.35 18.31 7.49 2.46 5.07 412
Probe measured after collecting data
Error calculation without signal processing
1 3.80 140.36 26.49 19.46 36.43 15.09
2 6.74 85.56 27.65 20.52 39.02 17.11
3 4.23 163.37 1.83 20.74 39.61 9.54
4 5.48 127.40 12.53 18.17 30.76 3.79
5 2.47 119.70 15.82 23.27 26.32 9.90
€absa,p €absb,p €np €absa,p €abs b,p €h,p
4.55 127.28 16.86 20.43 34.43 11.08
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
1.46 25.58 9.54 1.69 5.12 4.68
Error calculation with signal processing
1 4.02 148.03 23.09 17.98 30.19 14.23
2 6.73 96.53 28.23 18.66 34.94 18.75
3 4.61 117.49 1.17 19.69 36.71 7.61
4 3.67 140.02 9.28 15.71 23.27 3.20
5 2.47 119.70 17.18 23.27 26.32 5.41
€absa,p €abs b, p €np €absa,p €abs b,p €h,p
4.30 124.35 15.79 19.06 30.28 9.84
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
1.40 18.16 9.66 2.48 5.06 5.79

Table B.6 Errors in the values of polar angle, azimthal angle and velocity magnitude measured

by the probe with & = 5° and b, =0° and for various values ofV,
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Average dijj Average individual bubble
Test| Viet | @measmp Bineasm, p measnp | @measmp | Dmeasmp | Mmeasm.p dll d-22 d33 NOB
Probe measured before collecting data

Before signal processing
1 0.34 11.06 316.68 0.44 26.01 326.46 0.4p 0.00710206051| 0.006898 45
2 0.39 17.26 305.40 0.44 27.98 339.62 0.41 0.0071@®05575| 0.006910 98
3 0.49 15.97 337.03 0.45 28.84 319.06 0.43 0.00720D05573| 0.006385 36
4 0.52 15.87 323.95 0.48 28.68 335.93 0.5p 0.00660805198| 0.006144 55
5 0.25 9.52 325.23 0.31 29.21 331.62 0.2 0.01020®08753| 0.009729 33
Average 13.94 308.06 28.14 330.54

After signal processing
1 0.34 13.58 305.43 0.43 24.91 325.96 0.40 0.00730906012| 0.0071383 35
2 0.39 15.13 330.13 0.45 26.62 343.93 0.41 0.00716305616| 0.006502 74
3 0.49 18.83 315.70 0.48 28.40 330.54 0.4¢4 0.0066@904962| 0.006163 30
4 0.52 15.93 322.44 0.59 26.95 346.79 0.5¢4 0.0084@D04224| 0.005011 39
5 0.25 15.36 300.12 0.30 24.40 315.73 0.28 0.01040908440( 0.010275 21
Average 15.76 314.76 26.26 332.5¢

Probe measured after collecting data

Before signal processing
1 0.34 11.82 294.71 0.43 26.25 324.06 0.40 0.007208€06184| 0.007246 42
2 0.34 17.15 304.72 0.44 27.75 339.41 0.4p 0.00716.005583| 0.006919 98
3 0.49 15.78 336.20 0.45 28.64 318.66 0.43 0.00722®05592| 0.00640Y 36
4 0.52 15.72 323.11 0.48 28.46 335.51 0.5p 0.00670®05211| 0.006159 55
5 0.25 6.40 204.98 0.30 26.27 319.36 0.2 0.00960H10055| 0.010506 33
Average 13.38 292.74 27.48 327.36

After signal processing
1 0.34 14.07 303.9 0.41 25.21 325 0.4 0.007668 6266 0.00749Q 33.5
2 0.34 14.97 329.25 0.45 26.40 343.52 0.4p 0.00718»05631| 0.006520 74
3 0.49 18.69 314.93 0.48 28.22 330.13 0.44 0.00666D004975| 0.006172 29
4 0.52 15.78 321.63 0.59 26.74 346.35 0.5¢4 0.00346@04234| 0.0050283 39
5 0.25 14.42 283.08 0.26 22.92 300.95 0.28 0.01170©10026| 0.012148 23
Average 15.59 310.56 25.90 329.14

Table B.7 Calculation of &

measp

bmeasp and /70,5 before and after signal processing

calculatedusing the probe dimension measured before and aftétable 11.5) collecting data with

Suman Pradhan

At = 14° and b, =0° at different Vi

352



Appendix

Tests average d;j average individual bubble
T eabsa ,m,p (deg) eabsb,m, p (deg) en,m, p (%) eabsa ,m,p (deg) eabsb,m, p (deg) en,m, p (%)
Probe measured before collecting data
Error calculation before signal processing
1 2.94 43.32 30.69 12.01 33.54 17.38
2 3.26 54.60 13.45 13.98 20.38 6.32
3 1.97 22.97 7.68 14.84 40.94 11.82
4 1.87 36.05 7.21 14.68 24.07 0.79
5 4.48 34.77 23.70 15.21 28.38 6.95
eabsa, p eabsb, p en, p eabsa P eabsb, p en, p
2.90 38.34 16.55 14.14 29.46 8.65
sabsa,p sabsb,p sn,p sabs,a,p sabsb,p sn,p
0.95 10.43 9.23 1.14 7.23 5.59
Error calculation after signal processing
1 0.42 54.57 26.72 10.91 34.04 17.14
2 1.13 29.87 14.77 12.62 16.07 6.38
3 4.83 44.30 1.89 14.40 29.46 10.78
4 1.93 37.56 13.20 12.95 13.21 4.14
5 1.36 59.88 18.04 10.40 44.27 11.26
€absa,p €absb,p €p €absa,p €absb,p €n.p
1.93 45.24 14.92 12.26 27.41 9.94
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
1.53 10.93 8.02 1.45 11.51 4.48
Probe measured after collecting data
Error calculation before signal processing
1 2.18 65.30 27.05 12.25 35.94 16.67
2 3.15 55.28 30.31 13.75 20.79 22.50
3 1.78 23.80 7.37 14.64 41.34 11.53
4 1.72 36.89 6.98 14.46 24.49 0.43
5 7.60 155.02 19.56 12.27 40.64 6.89
€absa,p €absb,p €p €absa,p €absb,p €n.p
3.28 67.26 18.25 13.48 32.64 11.61
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
2.22 46.17 9.69 1.04 8.46 7.64
Error calculation after signal processing
1 0.07 56.10 20.59 11.21 35.00 17.60
2 0.97 30.75 32.01 12.40 16.48 22.60
3 4.69 45.07 1.66 14.22 29.87 10.40
4 1.78 38.37 13.47 12.74 13.65 4.55
5 0.42 76.92 4.00 8.92 59.05 11.87
eabsa, p eabsb, p en, p eabsa P eabsb, p en, p
1.59 49.44 14.34 11.90 30.81 13.40
sabsa,p sabsb,p sn,p sabs,a,p sabsb,p sn,p
1.66 16.07 11.13 1.77 16.22 6.20

Table B.8 Errors in the values of polar angle, azimthal angle and velocity magnitude measured

by the probe for table 11.6 for&,.; = 14° andb,; =0° at different V4
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Average dij Average individual bubble
Test nref ameasm,p bmeasm, p measm, p ameasm,p bmeasm, p nmeasm,p dtll dt22 dt33 NOB
Probe measured before collecting data
Before signal processing
1 0.34 22.15 333.92 0.43 27.02 340.25 0.4D 0.00756 00527 | 0.00643 45
2 0.39 19.13 310.20 0.39 27.51 332.18 0.3D 0.0081200609 | 0.00767 58
3 0.49 31.58 282.23 0.44 31.74 323.84 0.45 0.00634004a8 | 0.00689 58
4 0.52 30.33 25.41 0.45 29.86 342.49 0.52 0.00697 0510 | 0.00471 53
5 0.25 19.03 351.28 0.33 29.97 345.55 0.3p 0.00990007a0 | 0.00824 30
Average 24.44 321.17 29.22 336.86
After Signal Process
1 0.34 21.72 332.80 0.42 26.41 339.43 0.4p 0.007730€05327| 0.00662¢ 40
2 0.39 21.60 322.24 0.43 26.99 338.86 0.41L 0.007474€05281| 0.00666¢ 45
3 0.49 19.86 320.86 0.49 28.32 327.95 0.45 0.00655D004G377| 0.005933 39
4 0.52 26.30 346.73 0.56 30.11 343.14 0.58 0.00582803817| 0.004551 40
5 0.25 17.73 357.70 0.34 27.51 347.72 0.3p 0.00958®07@92| 0.00799¢ 24
Average 21.44 336.07 27.87 339.47
Probe measured after collecting data
Before signal processing
1 0.34 13.79 296.22 0.41 31.62 337.42 0.3D 0.00759906361| 0.00758¢ 58
2 0.39 19.52 309.69 0.39 28.03 332.00 0.3D 0.00813D06001| 0.007683 58
3 0.49 18.90 339.06 0.38 25.98 344.14 0.4p 0.00858®06869| 0.007399 52
4 0.52 32.39 281.70 0.44 32.33 323.63 0.4b 0.00637204@71| 0.006874 58
5 0.25 19.34 351.34 0.33 30.47 345.45 0.3p 0.00990907a04| 0.00824% 30
Average 20.79 320.85 29.68 336.53
After Signal Process

1 0.34 23.73 332.58 0.42 29.14 337.18 0.4p 0.00774®05278| 0.006549 50
2 0.39 22.00 321.87 0.43 27.51 338.66 0.4p 0.00748®05291| 0.006679 45
3 0.49 20.26 339.48 0.43 26.28 336.10 0.41 0.007594005813| 0.006462 42
4 0.52 20.23 320.48 0.49 28.88 327.75 0.4b 0.006564€04G83| 0.00594% 39
5 0.25 18.03 357.82 0.34 27.99 347.61 0.3p 0.00959»07@97| 0.008001 24
Average 20.85 334.45 27.96 337.46

Table B.9 Calculation of &

measp

bmeasp and /70,5 before and after signal processing

calculatedusing the probe dimension measured before and aftétable 11.8) collecting data with
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st Average d; Average individual bubble
T bsa,m,p (deg) eabsb,m, p (deg) en,m, p (%) bsa,m,p (deg) eabsb,m, p (deg) en,m, p (%)
Probe measured before collecting data
Error calculation before signal processing
1 1.15 26.08 25.65 6.02 19.75 18.76
2 1.88 49.80 0.29 6.51 27.82 1.23
3 10.58 77.77 9.56 10.74 36.16 8.39
4 9.33 25.41 12.61 8.86 17.51 0.26
5 1.97 8.72 31.28 8.97 14.45 21.51
eabsa P eabsb, p en, p eabsa, p eabsb, p en, p
4.98 37.56 15.88 8.22 23.14 10.03
sabsa,p sabsb,p sn,p absa,p sabsb,p sn,p
4.09 23.99 11.19 1.74 7.88 8.76
Error calculation after signal processing
1 0.72 27.20 24.07 541 20.57 17.25
2 0.60 37.76 9.47 5.99 21.14 3.87
3 1.14 39.14 0.07 7.32 32.05 7.74
4 5.30 13.27 7.50 9.11 16.86 1.82
5 3.27 2.30 34.44 6.51 12.28 21.76
eabsa P eabsb, p en, p eabsa, p eabsb, p en, p
2.21 23.93 15.11 6.87 20.58 10.49
S absa, p Sabsh,p Snp absa,p S absb,p Sn,p
1.86 15.77 12.65 2.82 9.72 8.07
Probe measured after collecting data
Error calculation before signal processing
1 7.21 63.78 21.21 10.62 22.58 14.40
2 1.48 50.31 0.11 7.03 28.00 1.09
3 2.10 20.94 21.71 4.98 15.86 17.75
4 11.39 78.30 14.92 11.33 36.37 13.94
5 1.66 8.66 31.42 9.47 14.55 20.97
eabsa P eabsb, p en, p eabsa, p eabsb, p en, p
4.77 44.40 17.87 8.68 23.47 13.63
sabsa,p sabsb,p sn,p absa,p sabsb,p sn,p
3.94 26.03 10.33 2.36 8.07 6.77
Error calculation after signal processing
1 2.73 27.42 23.07 8.14 22.82 16.43
2 1.00 38.13 9.69 6.51 21.34 3.75
3 0.74 20.52 12.07 5.28 23.90 15.89
4 0.77 39.52 5.52 7.88 32.25 13.28
5 2.97 2.18 34.53 6.99 12.39 21.31
eabsa N eabsb, p en, p eabsa, p eabsb, p en, p
1.64 25.55 16.97 6.96 22.54 14.13
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
0.99 13.63 10.52 1.03 6.34 5.80

Table B.10 Errors in the values of polar angle, amuthal angle and velocity magnitude measured
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Average di; Average individual bubble Average (Avg)
Test Vref & measm, p bmeasm, p nmeasm,p ameasm,p bmeasm,p Mmeasm, p dll d22 d33 NOB
Probe measured before collecting data
Before Signal processing
1 0.34 16.89 275.33 0.39 36.92 327.10 0.3f7 0.0073B@06828| 0.008324 35
2 0.39 28.79 337.14 0.41 34.22 328.60 0.3p 0.007188904853| 0.006249 15
3 0.49 32.59 327.65 0.50 37.61 325.00 0.4p 0.00638@03576 0.005099 46
4 0.52 23.45 257.98 0.47 37.31 251.35 0.5p 0.00583D005259 0.006898 48
5 0.25 34.28 323.71 0.30 32.22 342.61 0.2B 0.01040@05669| 0.008482 16
Avg | 0.40 27.20 304.36 0.41 35.65 314.93 0.400.007350| 0.006828 0.008324 32
After Signal processing
1 0.34 31.32 334.36 0.41 35.33 336.65 0.3p 0.007180.904548| 0.006133 30
2 0.39 30.15 340.11 0.39 33.13 333.77 0.3B 0.00428®©04974| 0.006387 13
3 0.49 34.82 323.64 0.48 37.52 324.44 0.4p 0.00640@03488| 0.005270 34
4 0.52 31.94 340.53 0.60 35.31 345.37 0.5p 0.00538003100 0.004049 35
5 0.25 35.87 272.91 0.25 37.21 289.65 0.24 0.01038»07459| 0.012119 5
Avg | 0.40 32.82 322.31 0.42 35.70 325.98 0.400.007819| 0.004548 0.006133 23
Probe measured after collecting data
Before Signal processing
1 0.34 17.51 274.84 0.39 37.88 43.05 0.3 0.00760806552| 0.008154 35
2 0.39 29.64 337.65 0.40 35.26 328.98 0.3p 0.004086.904958| 0.006386 15
3 0.49 33.47 327.96 0.49 38.61 325.93 0.4p 0.0064@D03631| 0.005181 46
4 0.52 24.36 257.59 0.47 38.24 341.75 0.51L 0.0057@D005211| 0.006840 48
5 0.25 35.17 323.93 0.30 32.92 342.67 0.2f7 0.01038.005636| 0.008439 16
Avg | 0.40 28.03 304.39 0.41 36.58 276.48 0.400.007616| 0.006552 0.0081534 32
After Signal processing
1 0.34 32.21 334.81 0.35 36.33 36.08 0.38 0.0091@49€05306| 0.007156 29
2 0.39 31.05 340.65 0.38 34.13 334.15 0.3B 0.00840905086| 0.006533 13
3 0.49 35.71 323.87 0.47 38.50 324.64 0.4p 0.00650903542| 0.005354 34
4 0.52 32.89 341.05 0.60 36.27 345.78 0.5p 0.0053@®03086| 0.004032 35
5 0.25 36.93 272.42 0.25 38.16 289.45 0.24 0.01026®07346| 0.011950 5
Avg | 0.40 33.76 322.56 0.41 36.68 266.01 0.400.009124| 0.00530¢6 0.007156 23

Table B.11 Calculation of & . b and n before and after signal processing
measp measp measp

calculatedusing the probe dimension measured before and afté¢table 11.11) collecting data with

At = 34° and b, =0° at different Vi
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Average di;; Average individual bubble
tests eabsa ,m,p (deg) eabsb,m, p (deg) en,m, p (%) eabsa ,m,p (dEQ) eabsb,m, p (deg) en,m, p (%)
Probe measured before data collection
Error calculation before signal processing
1 17.11 84.67 14.19 2.92 32.90 8.27
2 5.22 22.86 3.98 0.22 31.40 0.90
3 1.41 32.35 1.28 3.61 35.00 6.54
4 10.55 102.02 9.49 3.31 108.65 0.38
5 0.28 36.29 20.46 1.78 17.39 10.71
eabsa, p eabsb, p en, p eabsa, p eabsb, p en, p
4.08 56.89 10.41 2.90 53.68 5.88
sabs,a,p sabsb,p sn,p sabs,a,p sabsb,p sn,p
4.60 31.95 7.86 0.80 39.53 4.24
Error calculation after signal processing
1 2.68 25.64 20.13 1.33 23.35 13.24
2 3.85 19.89 0.97 0.87 26.23 2.03
3 0.81 36.36 2.85 3.52 35.56 7.66
4 2.06 19.47 14.95 1.31 14.63 6.93
5 1.87 87.09 0.65 3.21 70.35 3.72
€absa,p €abs b, p €p €absa,p C€abs b,p €h,p
1.58 47.64 6.15 2.68 40.18 6.10
S absa, p Sabsb,p Snp S absa,p S absb,p Sn,p
0.55 28.73 6.29 0.98 22.98 1.71
Probe measured after data collection
Error calculation before signal processing
1 16.50 85.16 13.81 3.88 43.05 7.36
2 4.36 22.35 3.67 1.26 31.02 0.02
3 0.53 32.04 0.83 4.61 34.07 7.45
4 9.64 102.41 10.26 4.24 18.25 1.27
5 1.17 36.07 19.84 1.08 17.33 9.90
eabsa, p eabsb, p en, p eabsa, p eabsb, p en, p
6.44 55.61 9.68 3.01 28.74 5.20
sabsa,p sabsb,p sn,p sabsa,p sabsb,p sn,p
5.97 31.96 6.86 1.53 9.78 3.85
Error calculation after signal processing
1 1.79 25.19 2.94 2.33 36.03 12.31
2 2.95 19.35 1.31 0.13 25.85 2.74
3 1.71 36.13 3.37 4.50 35.36 8.48
4 1.11 18.95 14.47 2.27 14.22 6.00
5 2.93 87.58 0.74 4.16 70.55 5.28
eabsa, p eabsb, p en, p eabsa, p eabsb, p en, p
2.10 37.44 4.57 2.68 36.40 6.96
sabsa,p sabsb,p Sn,p sabsa,p sabsb,p sn,p
0.73 25.83 5.05 1.57 18.82 3.24

Table B.12 Errors in the values of polar angle, amuthal angle and velocity magnitude measured

by the probe for table 11.1 for&,.; = 34° andb,; =0° at different V4
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