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Abstract

Multiphase flow can be defined #se simultaneous flowof a streamof two or more phases.
Solidsin-water flow is a multiphase flows where solids and liquidkaoth present. Due to the
density difference®f the two phases, the results for such flow is ofteiave normuniform
profiles of the local volume fraction andocal axial velocity fa both phase# the flow cross
section. These neaniform profiles are clearly noticeable solidsin-water stratified flow with
moving bedfor inclined and horizontapipelines However inmany industrial applications, such
as oil and gas industry, foaddustry and miningndustry, multiphase flows also exist and it is
essentially mportant to determine the phasencentration and velocitgistributions inthrough
the pipe crossection in order tde able to estimate the accurately Wioéumetric flowratefor

each phase.

This thesis describe the development afiogel nonintrusiveflow meterthat can be used for
measuring thdocal volume fraction distributiorand local axial velocity distributions of the
continuous and discontinuoyghasesin highly nonuniform multiphase flows for which the
continuous phase is electrically conducting and the discontinuous phase is an in$ukator.
developed flow meter is based on combining two measurement techrifypiespedance cross

correlation ICQechniqueandthe electromagnetic velocity profiler EVie@chnique

Impedance cross correlation ICC is a #iovasivetechniqueused to measure the local volume
fraction distributions for both phases att local velocity distribution for the dispersed phase

over he pipe crossection whilst the electromagnetic velocity profiler EMBchniques used to



measure the local alivelocity profile of the continuous phagérough the pipe crossection.

By using these@rofiles the volumetric flow rates of both phasas be calculated

A number of experiments were carried out in satidvater flow in the University of
Huddersfieldsolidsin-waterflow loop which hasan 80 mm ID andén approximately 3m long
working section. ICGNdEVP systems were mounted at 1.6 m fribra working section inlet
which was inclined at 0 and 30 degree to the vertidat. obtained result for the flow parameters
including phase volume fraction and velocity profiles and volumetric flow raime&e been
compared with referencmeasurementand error ®urcesof difference with their reference

measurementsave been identified andvestigated.
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1. CHAPTER 1: Introduction

1.1 Introduction

The aim of this research is to develop aeldechnique that can be used to measure the local
axial velocity distributions and the local volume fraction distribwgioh the continuous and
discontinuous phases in highly raniform multiphase flowgspecifically flows which contain
simutaneous strtams of two phases). Here tlentinuous phase will be considered as
electrically conducting and the discontinuous phase is an insufaton thesedistributionsthe

volumetric flow rates of both phases can be calculated.

Measurement of the different gdeaflow rates in multiphase flois highly important in oil and
gas recovery, chemical, mining, food processing and nuclear industregndAthe world,
scientists with diverse backgrounds, as well as engineers from different specialities, have

engaged wh the problem of how to measure the different parameters of multiphase flow.

1.2 Multiphase Flow Properties
In order to understand the measurement challenges in multiphase flows, it is necessary to define

the basic properties.

The properties of singlpha® flows are relatively well understood and the volumetric flow rate

can be defined as:

Q ¥dA Equationl-1

A

wherev is the axial flow velocity and is the area crossection.



In multiphase flow, where many phases may be present, it is vital to precisely monitor the

distributions of theime averaged local volume fractiod) and the time averaged local velocity,

v,, of the j™ phase to enable quantification of its flow rade.

For example, in twghase flow where the water is the continuous phaseitimer solids or oil

is thedispersed phase, the volumeflow rate for both phases can be define as:

Q 3RV dA Equationl-2

A
Q, 3Rv,dA Equationl-3
A

where [Qand L) respectively represetie local volume fractionof the dispersed phase (solid
or oil) andthe continuous phase (wateywhile v, andv,, respectively represettelocal axial

velocity of thedispersed phase (solid or oil) atind continuous phase (water)
For two-phase flow the relation betwedp and L) is:
o L1 Equationl-4

Thus, in two phase flow, it is necessary to findlt@l volume fractiondistributionof only one
phase in order to determine the other. Based on Equb#grihe volumetric flow rate for the

coninuous phase (water) can be written as:

Q, ¥ A)v,dA Equation 1-5
A

Knowing these basic terms will help to understand the development of this thesis.



1.3 Multiphase Flow Regimes
1.3.1 Gasin-Liquid Flow
The gemnetrical configurabns takerby vertical upward gasn-liquid flows in a pipe have been

divided by, for example, Martyfil] into four main regimesseeFigure 1.1. In the description

below, the liquid flow rate is assumed to be constant:

- Bubble flow: Inwhichliquid is the continuouphase ana@ dispersion of bubbles flows with

thisliquid continuum. Usually, the bubbles hav@wuniform size and haveomplkex motiors.

- Slug flow: As thegasflow rate increaseshe bubblesbecome largereferred to asTaylor
bubbles[2], and start tohavebulletshapes and diameter which is similar to treze of the

pipediameterThese large bubbles apéten interspersed witadispersion of smédr bubbles.

- Churn flow: As thegasflow rate becomehigherstill, theTaylor bubbles breaklownand the

flow starts to become chaotic

- Annularflow: At even higher gas flow rates, thiquid flows as a annularfilm on the tube
wall and the gas flows the centre. Usually, some tife liquid phaseis entrained as small

droplets in the pipe core.

Because of theomplexities of multiphase flow, a wide varietyflww regimeclassifications can

be found in thditerature[1, 3-10], in addition to tlse described above.



\ 4

Increasing Gas flow

Bubble flow Slug flow Churn flow Annular flow

Figure 1.1 Flow regimes in vertical gasliquid flows [1]

In the previouditerature [1, 3-10] the flow patterns for vertical and horizontal multiphase fow

are determinedsing different measurement techniques, some of which will be presented in more
detail n Chapter Two. With vertical flow, the flow pattermghen averaged over timare
generally axisymmetric since the gravitatbmorce acts parallel to the direction of the flow.
However, in horizontal flowin which thegravitatioral forceis orthogonal tdahe flow direction

the flow patterns showsymmetricdistributiors including stratified or stratified wave flowin

which the more dense liquid phase tends to occupy the lower part bbtlz®ntalpipe and the

gas phase tends to occupy the uppergdalte horizontal pipe

1.3.2 Solidsin-Fluid Flows
The presence of a solids phase increases the complexity of theH#gmthorn et. al.[11] used

mica flakes, nosrspherical sand and spherical glass beads having the same density and equivalent
volumesas the solidén vertical solidan-air flow. In this investigatiorthe continuous phase was

air andthe dispersed phases wesandand glassHenthorn et. alfound that theparticle shape



and size could have a great effect on the flow regime. It waductatt that the greater drag

forces on the less spherical particles significantly slowedéloeity of the soligoarticles

In vertical solids-in-air flow, Lee and Dursf12] used sphericaglass beads with four different
diameters( 0.1 mm, 0.2 mm, 0.4 mm and 0.8 mta examinethe particlegimotion in turbulent
flow. Theexperimeral resultsshowed that the mean velocity profilesthe particledecomes
close to being more constant across the pipe cross section as tble pizameter increases.
Furthermore, the results showed a clearly recognizable p&reeleregion near the pipe wall

whichis increasd as the particle diameter increased

Alajbegovic et. al.[13] investigated soliden-water vertical flow using solid spheres of ceramic
and polystyreneisinga LaserDoppler Anemomedtr (LDA). In this investigation the continuous
phase was water and the dispersed phases ceesenicand polystyrene Both sets of spheres
had diameters of 2.23 mm diameter, the ceramic sphadta densitpf 2450 kgn® while the
polystyrene spheres haddensityof 32 kgm®. The velocity profiles for both sets of spheres

showeda shallow peak at the centre of the pipe ceEsgion.

Alajbegovic et. al.[13] also presented thHecal volume fraction profiles for the ceramic beads

for a number of flow conditions. The results sleolthat thelocal volume fractionprofiles of the

ceramic beadst low liquid flows werealmost uniform across the pipe. However, tbeal

volume fraction increased at the centre of the pipe as the fllodityeincreasedAlajbegovic et.

al., presented results obtained by Sakaguchi ef.14].,to support their findings that atgher

liquid speed, the particles tend to move to the pipe centre. However this result depended on the
size, shape, density and concentration of the solids and also the pipe diameter. Furthermore, both
sets of authors agreed that there is a region frgandtles close to the pipe wall. Bartosik and

Shook[15] investigated solidén-water vertical flow using sand particles as a dispersed phase



and water as continuous pha3éey found that the concentration profiles for sand particles
which were finer than those used by Alajbegovic et, al., were more uniform across the pipe
crosssection. Theglobal mearparticle volume fractiomused by Alajbegovic et. alwereless

than 8%,which is near to the mean solids volume fraction usdtdrexperiments described in

the current studysee ®ction7.2.7).

In Horizontal/Inclined solidsin-liquid flow, the local velocity distribution and the local
volume fractiondistribution of each phasavill depend on the density of thgarticlesand the
flow rate ofthemixture. Due tagravitatioral forces, the more dense the particles the more likely
they are to sink to theower sideof the pipe. Doron and Barnga6] reviewed a number of
studies to obtain a solidguid flow pattern mapseeFigure 1.2. They grouped together flow
patterns which have similar distributions and characterighavious and derived three main

flow patterns, seBigurel.2:

a. Fully suspended flowat high mixture flow rates, the solghrticlestendto be suspended

across the pipe sectiohheflow pattern may be subdivided into two spatterns

(1) pseuddhomogeneoususpensioywhen the solids are distributedaly uniformly across the
pipe crosssection.This patternis happen whehe mixture velocitiesare usually very high
(2) heterogeneousispension flowthis patterroccurswhen the solidsoncentration gradiers
in the direction perpendicular to tipge axis, witha higher particleoncentration travehg at
the lowerpart of the pipe crossection seeFigurel.2a.

b. Stratified flow with moving bedt lower mixture ow rates, the solids particleEcumulate

at the bottom of the pipe, forming a packed layer. The packed layer moves altmgethside
of the pipe pushed by the liquid flow. The upper side the pipe is occupied bp

heterogeneous mixture which travels faster than the moving bed.



c. Stratified flow with stationary bedn this case there will be three layers of particles inside

the pipe cross section. A stationary bed at the bottonpef(this happens because the mixture
flow rate is to too slow to move all the immersed particles), a separate moving layer on top of

the stationary layer and above that a heterogeneous mixture which travels fastest.

Figure 1.2 Schematic views of flow patterns and concentration distributions in a horizontal pipe

The study ofstratified solidsin-water flow in inclined pipes is more complicated than for
either horizontal or veical flow. In inclined pipes, various flow patterns can be obtained
depending on the particknd liquiddensites globalmean insitu volume fractionand theangle

of inclinationfrom the vertical[17]. Figure 1.3 shows a photograph of upward solidswater
flow in a pipe inclined aBQ’ to the vertical. This photograph was taken usingigh speed

camerain the University of Huddersfiellow loop. Videos whichwere alsoobtained from the



high speed camera shdtat there is a continuous variation of the solids velocity from the upper
to the lower sides of the inclined pipe. This variation produced thyees of solids travelling

with different velocities and directions: (i) the bottom bed layer (maximum solids concentration)
can experience reverse flow and tragtelvnwardg with a velocity y (ii) the separated moving
layer on top of the bottom bed travels up the pipe with a spgeaidl(iii) the heterogeneous
mixture above this travels with thgreatesupwordvelocity, u. Additionally, thevideosshow a

circulation phenomenon which helps the particles to travel upnwahe overall flow direction.

Figure 1.3 Photograph of upward solidsin-water flow in pipe inclined at 30 to the vertical

For highly nonuniform stratified flow, such as the inclined solids-water flow described

above it is very importanto measure thkcal solids volume fraction distribution and the local



solids and watewelocity distributiors in order to determine the volumetric flow ragccurately

for both phases, the total volumetric flow @, and Q,, (for solids and water respectively)

associated with the profiles presentedrigure2.4 andFigure2.7 can be expressed as:

Qs :6 [s)) x,y(Vs)x,dedy Equationl—6

Qw %l Q) x,y(Vw)x,dedy Equati0n1-7

Solids-in-liquid stratified flowis highly important in different industrial processes. Sectloh
shows application examples of the soliddiquid flow in: the oil and gas industryand the food

processing, miningnd water treatmenndustries

1.4 Multiphase Flow Applications in Industrial Processes
1.4.1 Oil and Gas Industry

Probably the largest area of interest in current multiphase flow measurement research is for oil

and gagproduction.

Presently, separation technology has a very important role in process irsdwsieie large and
expensive separators are used to split the mixture into its various phases which are then metered
individually. The installed cost of a separator will vary depending on the flow parameters (e.g
flow rate, temperature, pressure and thenubiy of the flow) and the location of the
installation; onshore, offshore or subsea. The typical coatsefparator varies betweentd. 5

US$ million [3]. Additionally, for offshore installatics) the operational costs associated veith

test separator can reach as much as 350k US$ pgBlyear

Due to the high cost of the separation processes, there remains in the energy sectors a need for
norrinvasive and effectivenultiphaseflow meters to replace conventional teeparators for the

management of unprocessgitferent phasefor long distance transportation.
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The typical cost of multiphase flow meters (MFM) is generally less than that of conventional test
separators, between 10500k US$, althoughtte cost ofhe MFM will dependbn whether it

is located topside or subsea, the size of the MFM and the measurement technique used.

It has been estimated that for a subsea development located 10 km from the host platform the use
of MFMs reduces the cost tiie test Ine by 62% and hefgmprove production management

with a 69 % gain in the value of the oil recoveldd]. It was also estimated that the operational
expenses for a MFM can be as high &8%020f its original cost fothe first year and then reduce

to 10k +40k US$ per year for both offshore and topside applicafit®s

Generally oil, gas, and water can be produced from the same well, althowgep and
ultradeep water, the oil and gas production effectively involvesynsafid deposits such as
hydrates, asphaltenes, emulsions and wd2€25]. These heavysolid deposits in many
instances, move from the well tubing to fldwes and to production separators, pumps, strainers
and other fluishandling equipment, creating further operational problexssa resultfor many
casesolil wells are copletely shut down after being plugged by these heavy mateviaish in

turn cau®s great reductioin production volume andxpensive operational problems, segure

1.4 and Figure 1.5. Different methods are currently in use for reducihg blocking problems
e.g. by addingchemical solution®r controlling the pressure, temperature @odcentratiorof

the flow, yetthese nethods arelepenénton knowing theconcentratiorand velocityprofilesfor

the differentflowing phase$26].
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Figure 1.4 A large gas hydrate plug formed in a subsea hydrocarbon pipeling6]

Figure 1.5 Pipe blocked due to theparaffin and asphaltenebuildup inside the walls of the pipe$27]

Additionally, during theoil drilling process, drilling mud is pumped into the oil well through the
drill pipe. This fluid lubricates the cutting bit and helps to clean the well bore by catoythg

surfacethe drilling cuttings produced at the base of the Yad].
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In some cases, there is a need for directional well drilling in order to reach to the geological
target zme, sedrigure1.6. With directional well drilling, the higher cuttisgoncentration will

lie at thelower sideof the borehole which mapartially block the fluid flowand hence leatb
inadequate hole cleanirid7]. Thus a highpressurehydraulic pump is required for effectively
cleaning the annular hol@@]. In order to select a suitable hydraulic system to control the
volumetric cutting flow rate, the mudand solidsvelocity and concentration distributions are

required.

Figure 1.6 Schematic diagram of directional well drilling

1.4.2 FoodProcesig
Food transportatiowithin a plant using pipes often includes sshid-liquid multiphase mixture

flows. NonNewtonian fluids carrying soligharticles of size betweenZ) mm diameter and

volume fraction as high as 60% may occur within food transportation and procé2sjng
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Sterilising a soliddiquid mixture is one application of multiphase flow. The typical continuous
sterilisation plants consist of three main sections: heating, holding and cooling. The flow mixture
is pumped intdhe heating section at an appropriate rate to bring it to a suitaterature, and

maintain it at this temperature long enough to ensure the required sfafjity

Temperature control in sterilisation plafsee Figure I) is veryimportantto prevent excessive
nutrient degradation and quality loss of the product. Particle motion in a fluid is complex as the
particles mayrotate and move radially within tHelding tube which will affect the convective
heat transfer between the particles, tijaitls and the containing tubes. The convective heat
transfer coefficient will be a function of the relative velocity between the flowing solids and
liquid phases, commonly known as the slip velo§&9-32]. The size of anwteriliser process
required for a given thermal duty will lsketerminedoy two factors: (i) the rate of heating of the
particles, which will be controlled by a combination of the interfdoest transfer and therina
conductivity of the particleand (ii) the velocities of the solids and liquids which will affect both

solidsliquid heat transfer coefficient and the residence time of both phases.
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Figure 1.7 Schematic diagram of gerilisation plant

Based on th@revious it is very important to measure the velocity and volume fraction of both

phases to control the heating process.

1.4.3 Mining Industry

In the mining industrywater is often used to carry important materials such as cement, coal, iron
ore, cobalt, copper, manganese over long distances. Additionally, hydraulic transport is often

used to carry thproductto other sites either for further treatment or for shippiegFsgure1.8.
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Figure 1.8 Deep sea mining systerf33]

Headloss” is consideedone of the most important parameters especially in-deepn mining
systems where it is plays an important role in thaiireqnents of deepea mining hydraulic
pumps and optimization of mining systems. Many factors such as fluid characteristics, space

configuration of flexible hose and¥ XLGiVROLG FR X3¥ado@J[H|IIHFW WKH

Wang et. al[34], studied thdneadloss of transport systems poweredadydraulic pumpBased

on the research results thegncluded that to reduce theadlosses and improve the efficiency

of deepocean minindiydraulic pumpssandvolumetricconcentration€andmixture velocity v

mustbe restricted to a suitable rangél J i DQG i PV UHVSHFWLYHO\
of the mineral content and the velocity of the internal fluid orhéedloseswere also reported

by Wang et. al.,[35]. Thus, measuring the volume fraction and velocity profiles for siarry

deepsea minings important in terms of increang the efficiency of the hydraulic system.
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1.4.4 WaterTreatment
Water treatment (removing the solids from the solidiquid flow) is one of the many

applications involved irthe waterprocessing industry. Different treatments exist such as belt
press sepat@n and centrifugal filtering. Desigof any separation system must consider all
stages of préreatment, solids concentration, solids separation, aneigasinent. Préreatment

is used when there is difficulty in filtering slurries and it involvesngimag the nature of the
suspended solids by either chemical or physical means, or by adding a polymer to the suspension
[36] where the polymer aggregates the suspdpdrticles in the water. The quantity of polymer

mass flow rateneeded is related to the solidess flow rate Therefore, measuring the sdid

mass flow rates very important to avoid unnecessary cost, which can reach millions of dollars,

and to reduce the possibility of adding a polluting level of polymer to the water $82238].

1.5 Overall ResearchAim

Theoverallaim of this research is to design and implemamb\ael nonrintrusivetwo-phase flow
meter which can be usedamnonruniform multiphase flow, e.golidsin-water flow,to measure
the insitu volume fraction distributions of bophases, the velocity profiles of both phases and
the volumetric flow rates for both phas&ich a flow meter could potentially be used for the
applicationsgivenin section 1.4ldeally, this flow metercould be i) low cost,ii) easy to use

and iii) haveno sophisticated algorithmseededo analyse the acquired data

1.6 Objectives
The objectives for the current research are:
x Develop alowmeterto measure the local solids and water volume fraction distributions,
local solidsand watewelocity distribdions andsolidsand watevolumetric flow rats.
X Investigatesuitable algorithra to analyse the data collected from thi'ow meterto

obtain the distributions mentioned above.

16



X Integrate theflowmeter with a microcontroller unit to convert it to standalone unit

without a PC

Chapter twagives detailof previousmeasurement techniques for obtaining the global and local
volume fraction and the global and local velocity of the dispersed continuous phases.
Additionally, it is gives an overview oéthniquegurrentlyused in commercial multiphase flow

meters.

1.7Contributions to Knowledge

The work contained in this thesis makes the following novel contributions to knowledge:

X Build and design the ICC device to measureldical solids fraction profiledocal solids
velocity profilesandsolids volumetric flov rate.

X Integrating the ICC device and EV#echnique to give a two phase flowmeter for
determining(i) local solids and water volume fraction profiles, (ii) local solids and water
velocity profilesand (iii) solids and liquid volumetric flow ratedt is believed that this
last contribution represents a major step forward in two phase flow measurement for
vertical and inclined (stratified) solids-water flows.

x The ICC/EVPsystem isconsiderablylow cost, and have neophisticated algorithms
neededtio analyse the acquired dafhis latter feature enables tpeoposed systerto
avoid the error which could happen due to the reconstructed imaging panckksnce
increased the accuracy of the system.

x Developnment and demonstrationof a new measurement methodolpgyArea
Methodology, for analysindata collected from the ICC flow metervertical two phase

flow at low dispersed phase volume fraction
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X Integration ofthe ICC device with a microcontrolleconvering it to a standalone unit
capable of measuring the solids volume fraction distributions through the pipe cross

section
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2. CHAPTER 2: Literature Review

2.1 Introduction

The need for a reliable method to accurately measure mudépftav parameters has motivated
researchfor aboutthe last25 years Multiphase flows are defined as the simultaneous flow of
two or more phases in direct contact in a given system. A dajugd flow is a multiphase flow
where a solids phase, such gmrticulate sand, and a liquid phase, such as oil or water, are
present. Multiphase flows can be any combination of flowing phases, elijugdsgassolids,
liquid-solids and ga$iquid-solids.Additionally, multiphase flowsmay also havenore than oe

component of the same phase, e.g. lidigidid, such as oil and wat§39].

Based onthe declarel needs of industry and thexpertise, equipment and laboratory space
available athe University of Huddersfield, the curranvestigationwill be on the measurement

of volume fraction and velocity distributie in twephase solidén-liquid flow.

The present literature review willoncentrate on the techniques usednomnuclearbased

systensi.e. electricaldifferential pressureand electromagnetic.

2.2 Multiphase Flow Measurement Methods

2.2.1 Differential Pressure Devices

Differential pressure (DP) devices have been widely used itiphase flow metering and have
been described by many authpt6-48]. DP devices include orifice plates, nozzé¢sgonesand
Venturi meters.Provided the instruent can be properly calibrated, with reproducible upstream
flow conditions and steady flow, a good degree of accuracy can be obthimedimple in

operation, easy to handle and of low cost.
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A simple differential pressure measurement straight pipes noninvasive and can provide a
measurement of the mean fluid densit/in vertical and inclined pipes in multiphase flow

Assuming that the lines connecting the tapping to the DP cell are water fillegrabsure

drop 'P across pressure tappingggiven ag44, 45, 49-54]:

‘P {gLcos7 F (/gLcos7 Equation2-1
‘P F .

Equation2-2
gLcos 7 “ o4 g

where F is the frictional pressure loss between the pressure tappingshe separation of the
presure tappings, {/ is the mixture fluid flow density (] is the water densityg is the
acceleration due to gravity andis the angle binclination from the vertical And so from
Equation 21 the mixture fluid flowdensity (/ can be obtained froiie pressure dropP . The

frictional pressure los§ is determined using thearcy-Weisbach equation §54):

2 {JLcosTT U}
D

F

Equation2-3

where the pipe friction factof, depends solely on th@pe Reynolds NumbeU,, is the mean

flow velocity andD is the workingsection.

In the current inveagyation, the mixture fluid flow density {/ is usedto obtain the reference

solids volume fractionZ for flows in vertical and inclined pipess shown in Equatio?+-4:

¢ RY QL RQY Equation2-4
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where A is the mean solids volunfeaction and ¢/ is the solid densityThe detailed theory of

DP techniques givenin Section6.3.2

2.2.2 ElectricalConductance Technigse

The Electrical Conductance (ECinethodhasbeen developed to measure the dispersed phase
volume fraction and dispersed phase velocity in-tarcthreephase systems. THeC technique
measures thelectrical conductiy of a mixture, such as solids-water flow and o#in-water

flow, usually assuming that the solids (or oil) represent acomaductive phase and the water
present represents a continuous conductive pt2ased on themeasurements of thiuid
conductvity, the volume fractions for both phases and the velocity of the dispersed phase can be
determinedsee2.2.2.2 These types of flow meters offer a high frequency response with a low

initial cost.

The relationship betweehe dispersed phase volume fractidp and the fluid conductivity can

EH H{SUHVVHG DFFRUGLQJ WRa®aD[ZHOOfV UHODWLRQVKLS

N

|74 .
_m W Equation2-5
.7y 8 q

v Y
Y
where V/ is the measured conductivity of the mixtur&;is the conductivity of water only and

I/ is the conductivity of thelispersed phase. Equatior22assmes that the particles are

uniformly sized spheres and are in an ordered arrangement at a low volume fraction so that the
electrical field around each particle is unaffected by other particles present in the flow. In the

current studynon-conducting sphetcal plastic beads of 4 mm diameter were used as the

dispersed phase. Thugf LQ OD[ZHOOfV UHODWLRQ VE(qugioh2/5 tdueeE WLY HO \

to:
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AN 2 B) Equation2-6
(2 R)

Equation2-6 can be rearranged in the term of tliespersed phasslume fraction as:

2y 2
20y

N

Equation2-7

Cory [56] reported a wide range of formulas used by different researchers to measure the
dispersed phase volume fraction, these formulas varied accaoding diameters and shapes of
the particles forming the dispersed phase and volume fraction. However, Cory used the relation

shown inEquation 27.

2.2.2.1GlobalVolume Fraction Measurement
Various esearcherfs7-60] have shown that many different electrode arrareggemcan be used

for successfusolids/oil volume fractiomglobalmeasuremenseeFigure2.1.

Figure 2.1 (a) represerd a two phase flow meter with single sensor comprising twang
electrodesseparated by a fixed axial distanceThis type of flow meters used to measure the
global volume fractiononly for the dispersed phase ioontinuous conductive phasé/hile
Figure 2.1 (b) represerd a two phase flow with two sensors aedch sensocontaining two
electrodes. This type of flowmeter is used to measure the global volume fraddithreaglobal

velocity for the dispersed phasedontinuous conductive phase
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(@) (b)
Figure 2.1 Different electrode arrangements inElectrical conductance probe

As shown inFigure 2.1 the flush mounted electrodes are fully in contact with the conductive
continuous phasd he global measurementare correct only when the flow is fully developed
and has uniform velocity profilanduniform volumefraction profile for both phasefs7-60]. In
order to measure the phasslumetric flow rates with higher accuracy lmghly nonuniform

flow in inclined two phase flow (ref to Figure 2.4 and Figure 2.7), the noruniform wlume
fraction distributionsfor both phases antthe nonuniform distributionsvelocity for both phase

are required, see secti@rB.2

2.2.2.2Local Volume FractiorMeasurement Using Conductanitechniques

Lucas and Cory54] used a 6 electrode local probe to measure the solids velocity distribution
and solids volume fraction distribution wertical andinclined solidsin-water flows seeFigure
2.2. These distributions were obtained togversingthe local probe throughout the flow cross

section.A homogenous mixture of solidead, (mean solids diameter 4 mm andndity 1340
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kgm®), and water was pumped into 80 mm ID pipe line working secfitie. mean solids

volume fraction 3 in theseexperiments reachei3.

A

Buffer

Excitation electrode

Ground electrode

Figure 2.2 The 6-electrodeslocal probe
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Sensor C in the 6 electrodes probe was used to measure the changing electheal

conductivity of a mixtureWhere the mixture conductivity/, is obtained using Equation&

Ve

§/ref '
5

. Ve - Equation2-8
©/C 1 et 1,

SN ‘3<

Based onOD[ZHOO fV U, Hhe bdAl setid3 Welung: fraction distributiors obtainedby

substitutingEquation 28 into Equation Z.

According to Corysolids volume fraction profiles in vertical flow shownly small variabns

acrossthe flow crosssection. While in pipes inclined at 30 degr¢e the vertical 2 varied

strongly fromthe lower side of pipe being much higher than on the upper sid€jgeae 2.3

andFigure2.4 .

Figure 2.3 The solids volume fraction distribution in a vertical pipe measured by electrical conductance probe, solidi-
water flow [56], the coloured bar represens the magnitude of the solidsvolume fraction
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Lower side of Upper side of
the inclined pipe the inclined pipe

Figure 2.4 Solids volume fraction distribution in pipe inclined at 30 degree to the vertical meased by electrical
conductance probe for solidsin- water flow [56], the coloured bar represens the magnitude of the solidsvolume fraction

These flow profiles show qualitative agreement with previous resulsteefp13, 61, 62].

Using the cross correlation technique, see se@idr2.3 sensor A and sensor B were used to
measue the timetravel b of the solidspassing two point§ a and bspaced along the direction
of flow. The profiles of the solids velocity distribution obtained by Cory can be seigune

2.6 andFigure2.7.

2.2.2.3Velocity Measurement Using Electric@onductancdechniques

Cross correlation has been used for fleelocity measurement by a wide variety of researchers
[54, 63-67]. The basic principle of cross correlation flow metering is to measure the time of
travel of a disturbance passing two poirgaced along the direction of flowhe output voltages

from the upstream and downstream sensors represent the electrical conductivity of the fluid
mixture flow inside the pipe. Thelectrical conductivity fluctuations are causasithe dispersed

phase passthrough the upstream sensor and then the downstream sensor asghoe®b.
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Figure 2.5 Electrical conductivity fluctuations in upstream and downstream sensors

The output voltages frorthe sensors changascording to theseonductivityfluctuations The

time delay between these changes in output signal is approximately equal to the time taken for
the particle to travel between the sensdrs order to calculate the time delay, the cross
correlation function is calculetl from a long record afatafrom the sensousing the following

formula:
.. 1T
R = Oy et Equation2-9
0

Where T is the time period over which the signatét)and y(t)are sampled, and/ is the

relevant time delay. Notthat the cros correlation function has a maximum value at the time
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delay F such thatx(t)andy(t I} are well matched. Using, the velocity of thedispersed

phase is calculated as:
L ,
v 7 Equation2-10

Figure 2.6 and Figure 2.7 shows the solids velocity distributions obtained by Cory using the 6

electroddocal probe [25], the results show that for vertical fldve solids velocity, has small

variation across the central portion of the pipe cross section.

Figure 2.6 The solids velocity distribution in vertical pipes measured by crossorrelation for solids 4in- water flow[56],
the coloured bar represents the magnitudef solids velocity
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Lower side of Upper side of
the inclined pipe the inclined pipe

Figure 2.7 Solids velocitydistribution in pipes inclined at 30 degree to thevertical measured by crosscorrelation for
solidsin-water flow [25], the coloured bar represents the magnitude of solids velocity

In inclined flow,the velocityat the lower side of thiaclined pipe can be negative and a reverse
flow can occur, se€igure2.7. However moving towards the upper side of the pipe the velocity
becomes positive7 KH U HV X O WaxpdRime&tf shofw\a similar behaviour ttee results
obtained byisual observation andby a high speed camera. Additionalliheseresultsshown

gualitative agreement with results reported #9-51].

2.3Tomographic Imaging Techniques

Process Tomography is a nomvasive neasurement technique used to pdevithe
concentration, or density distributicendor velocity distributionof at least one phase of a
multiphasesystem Tomography imaging techniques generally can be divided into two main

systemg3]:

1. Nuclearbased imaging systems ugieither ionising radiation, such as gamrags and X
rays, or nonionising imaging techniques such as nuclear magnetic resonance imaging.
2. Norrnuclear + based systems which use electrical (resistance or capacitance), optical,

ultrasonic or microwave teaiques.
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This literature review of tomography techniquesncentrates on theonnuclear + based

electrical techniquesésistance and capacitance) and the impedance cross correlation technique.

2.3.1 Electrical Resistanc€éomography

Electrical Resistancd@omogrghy (ERT) isa nonintrusive techniqueused to map the flow
conductivity across the interior of a flow pipe. In ERT systems the electrodes are mounted
around the pipe circumference aakin direct contact wittthe flow, refer toFigure 2.8. An
electrical current is injected into the fldvetween pairs of electrodasd the resulting potential
distribution is measuretietween other electrode paifBhe largerthe number of sources and

receivers the higher spati@solution of the image produced.

27N

Voltage measuremen

Current injection

Figure 2.8 ERT 16-electrode system

The governing equation for the m@$tERT systeracanbeexpressed d$8]:
[UXY)T A(xy)] O Equation2-11
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where WXx,y) is the conductivity distribution in the sensing field ardx,y) is the electrical

potential distribution.

The number ofoltagemeasurements depends on the number ofretes mounted in theRd
array, for example, there afd n(n 1)/2 independent pairs ofoltagemeasurements far
electrode sensors. That means thereMaegjuations in the form dEquation 28. which shown

the relationship between th¢" voltage measurement' /; on the boundary for a small

conductivity change' VKin thei™ pixel as follows[68]:

/A T Equaton 2-12

Here S ; is a normalised sensitivity coefficient relating changes in the conductivity iif"the

pixel to changes in thE" boundary voltage measureméijt= 1,2,..M)andP is the tothnumber

of pixel in the flowcrosssection.
Equaton 2-12 can be rewritten in the form of a matrix as:
("1 [SI[' W Equation2-13

where / is a boundary potential difference matri®, is the sensitivity matrix andis the

conductivity matrix. The negative sign indicates that the boundary voltage measurements
decrease as the conductivity increadequaton 2-10 can be rearranged to reconstruct the

conductivity matrix V [68]:
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"W [SI]' 1 Equation2-14

ERT hasdifficulties of softfield phenomena andn ill-conditioned sensitivity matrix, it
therefore requires a huge amount of computing power to accurately reconstcadhbetivity

image using iterative algorithnfig3 65].

From the conductivity disbution obtained by ERTthe local dispersed phase volume fraction

Qcn EH REWDLQHG X MltRdsOpE[dai@z7] V

DualplaneERT canbe used also to determine ttiispersed phase velocity by adding a second
plane (plane) with a known axial distance from the first plae (planeb), seeFigure2.9. By
using point-by-point cross correlation techniques, the dispersed phase velocity distribution can

be obtained in multiphase fl@anwhich the continuous phase is electrically condudi@jg

ix Flow

Downstream array

Upstream array

Figure 2.9 Dual- Plane Electrical Resistance Tomography
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The continuous time domain correlation functionBguation2-9 can be expressed in discrete

form as:

.. T1
RO.(p) 1 b,(a,(p K Equation2-15
k0
where FQAp) is the cross correlation function for a frame dgdayndpixel indexn, T is the

number of crossectional images for whiclﬁgn(p) is calculated,b,(k)and a,(p k) arethe

condudivity values obtained from gream sensdp (associated witm™ pixel from imagek)

anddowrstream sensa (associated with™ pixel from imagep-+k) respectively.

The cross correlation pe[sf@ﬁp)]max occurs at frame numbey, ... . Hence, the axial velocity

for the dispersed phaserifi region is given as:

(Vp)n Lt Equation2-16

[Pn,max] @émp
where I/ is the time interval between succesgpagrsof frames.

The pointby-point cross correlation technigue based on the assumption that flow trajectories
in planes aandb are parallela@ each other and perpendicular to the sensor platwvever, this
assumption ignores the fact that the flow trajectoriedisgersed phasexhibit a comfex three
dimensionalbehavior[9]. To overcome this problem the signal from one pixeh planeb is
somehow better correlated with the a signal from aaaally corresponding pixel on the plane
a[9]. The pixel from plana is chosen from the axially corresponding pixel and its neighbours,

This method of known as Best Pixebi@elation,Figure2.10.
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Figure 2.10 ERT Best Pixel Correlationto obtain axial flow velocity

The maximum valueof the normalised cross correlation functit()lﬁgm,j Jmax Of R(%n’j is
determined for allj (where values of] are in the range+1, n+2, n+3 «, and represent pixels

in the immediate vicinity of the™ pixel in planeb). The pixel in plane for which (Fg’n]j )max
hasthe greatest valu@ixel g) is assumed to be the location where dispersed particles from pixel

nin planeb predominantly arrive at when reaching plai8].

The x and y coordinates of pixetsand g enable a unit vector in the direction thfe local

dispersed phase velocity mto be determinedlhus,the magnitde of the local dispersed phase

velocity (vp), atnis given by9]:
L .
Vpdn — Equation2-17

where W/ is the transit time of the flow signature passing the two sensing planes b &jds.

calculated from the sampling time and the appropriate number of frames.
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2.3.2 ElectricalCapacitancd omogray

Electrical Capacitancdomography (ECT)is also a nonintrusive technique used by many
researcher$68-80] to measure the spatial distribution of a dielecpphase inside multiphase

flow. This technique is based on measuring the capacitance between the sensing electrodes
mounted around the pipe circumference and converting these measurements into an image of the
permittivity distributionusinga suitable algathm. A typical ECT systentontainsthree main

units: a multielectrode sensosensing electronic circuits tmeasure the capacitances for all

possibleelectrodeconfigurations, electrodewitchingcircuit and a PC unit for hardware control

and datgrocessingrefer toFigure 211.

‘— Pipe wall

Electrode —) ==

Electronics
boards:

xSensing
electronic
circuits

xelectrode
switching
circuit

g

PCunit

Figure 2.118-ECT electrode system

Thegoverning equation for aBCT systentanbeexpressed d€9]:

AR Y)T Axy)] O
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where K, y) is the permittivity distribution in the sensing field and x,y) is the electrical

potential distribution.

Similar to ERT, he number ofcapacitance measurement dependson the number of
eledrodes mounted in the ECT arrakhe limitation of the numbeaf capacitance measurements
M often leads the sensitivity matrix to bedlbnditionedwhich generates measurement error and

noise.

To reduce the above difficulse a number of reconstruction algorithms have been developed.
Yang and Pen§78] reviewed the most common reconstruction algorithms and categorized them
into two groups: noiterative (or single step) and iterative algorithms. They concluded that
currently, most algorithmasedin ECT systens are based on a simplified linearathematical
model. However, because ECT systems are essentialhinear [78], future invesigation is

needed for nonlinedechniques for bbtforward problem modelling arichage reconstruction.

ECT is used industrially to measure the concentratiistribution of the dielectric materials
(oils, plastics, minerals etc.) in multiphase flow sysi¢81]. The concentration distribution is
measured and captured at high frame rates. The cost of ¥&&Ms vary from £2,500 for a
basic single plane version to as much as £65,000 for aspiegd two phase flow measurement

system[81].

Since both ERT and ECT systems are governed by similar partial differential equations, the
reconstruction algorithms for both tomographic techniques have many similar features. More
details about reconstruction algoritarim ERT and ECT systems can be found in Dyakowski et

al., [82] which presents a review of electrical tomography (ERT and ECT) systems for the

investigation and monitoring of gég-liquid and solidsn-liquid flows.
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This review includes explanations of the methods of measurements and reconstruction

algorithms for both ERT and ECT systems.

2.3.3 Impedance Cros€orrelationDevice

The Impedance Cros€orrelation (ICC)deviceis nontintrusive device developed by Lucas and
Al-Hinai [49-51] to measure the local mixture conductivity in different regions of the flow-cross
section. This ICC device consists of two arrays of electrogesated by an axial distance of 50

mm. Each array contareight electrodes. The ICC device is similar to ERT systems, however it
haslower implementation cost and needs no sophisticated algorithms to analyse the acquired

data.

%DVHG RQ O&dtiomsipOfpvation 24), the ICC device uses variations in the local
conductivity to estimate the local dispersed phase volume fraction distribution. Additionally,
from the variations in the local conductivity of the mixture at two axially separated loctteons

ICC is able to measure the local velocity distribution of the dispersed phase using the cross

correlation method. Using the distributions of the local dispersed phase volume fiagtjon
and local axial velocity(vy) , the dispersed phase volumetric flow rate can be estimated as

shown by thdollowing equation:
n -

Qi | (B)nlVadnA, Equation2-19
i1

whereA is the area ofi" pixel.

ICC devices can be applied to meastine dispersed phase in flows such asigasater, oitin-

water and soliden-water.
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Al-Hinai used an ICC device in soliiswater flow using three inclinations; 0°, 15° and 30° to
the vertical[49].The results for the solids volume fraction distributions and solids velocity

distributions showed similar shape profiles as the results obtained by32p56].

2.3.4 Summaryof the Tomographic Techniques

The theory otomographic techniques is based on measuring the distribution of glysatal

property of flow and relating it to the dispersed mghaslume fraction. Thenumber of
measuremest dependson the number of the sensors mounted around the pipe, these
measurements are taken around and across the pipe depending on the chosen electrode
configurations After measurements have been obtained,|dbal properties of the flow cross

section can be determined using a reconstruction algorithm, réfeguie2.12.

Figure 2.12 Principle of reconstruction in tomography technique

As shownin Figure 2.12, the reconstructed image does not necessarily représenteal

distribution of the dispersed phase inside the pipe. The differences are due to the fundamental
physics of the tomographicHFKQLTXH ZKLFK GHSHQ-GVHRQ ZRUHMM™EUNV3KI
tomography is usedn soft-field tomographic techniquethe sensing field distribution depends

on the distribution of physical properties inside the medium and requires intensive computationa
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power for imaging reconstruction However, the hrdfield techniques i.e gammaray
measurementmethod is consideably OHVYVY FRP SOLFDWHIGH /&'D Q@ XWdfW R \[R IO\L

sight between the emitter of the energy waves andehgorf37].

In general HOHFWULFDO SURFHVV WRPRJUDSK\ VXFK-IDVMQ@&7 DQC
measurement technique, and thus requires intereinvke expensivecomputational power to

reconstruct the image.

2.4ElectromagneticFlow Meter in Multiphase Flow

The Electromagnet Flow Meter (EMFM) has been used successfully for over 40 years to
measure the velocity ofan electrically conductingfluid in single phase flow. The
electromagnetic flow meter is based upon Faraday's Law, which states that the voltage induced
across anyonductor as it moves at right angles through a magnetic field is proportional to the
velocity of that conductorf-or axisymmetric flow,the electrical potential differend¢ between

electrode A and electrode B (referFigure2.13) can be written as the following equatik39):

U VvBD Equation2-20

wherev is the mean velocity of the conductor flulljs the density of magnetic flux arialis

the internal pipe diameter.
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Figure 2.13 Schematic diagram for electromagnetic flowmetey dashed lines represent the magnetic field direction

The liquid volumetric flow rat&), in a single phase flow can be calculated as:

_ 2
Q v “i Equaton 2-21

By combiningEquation2-20 andEquaton 2-21, the relation between the liquid volumetric flow

rate Q, and the measured electrical potential défeceU can be written as:

» )
U— Equation2-22
Q B q

40



The accuracy of the measured volumetric flow rate depends on the axial symmetry of the fluid
velocity profile. Thus, the accuracy tife volumetric flow rategiven byEquation 221 can be
reduced in the case of nosxisymmetric velocity profiles. Due to this limitation, thajority of
PDQXIDFW X U HarschHmhEridiGdd tbd QHVF be installedvith a straight run inof
upstream e of adequate length(e.g. at least five pipe diameters away from any flow

disturbance such ashand, to achieve fully developed velocity profilg&3)].

Some thirty years ago, Bernier and Brenfi@fi investigated the use of electromagnetic flow
meters in twephase flows. Theyancluded theia homogeneous twohase flowe.g.bubbly flow
would give rise to a potential differenc&J ,as :

‘U

U P Equation2-23
TP (1 Q q

where ‘U is the potential differencéhat would bef the liquid flowed on its ownand Lis the

new void fraction of the seconadion-conducting phaseBased onEquation2-23, the potential

difference ‘U, can be defined according to the fluid volumetric flow r@teas:

4BQ
1 o1 D

Equation2-24
Measurement of ‘U, allows theliquid flow rateto befound (assuming £ is known) buit does

not provide thdocal axial velocity distributionEMFMs using the above measurement principle
are correct only when the flow is fully developed and has uniform velocity profile and uniform
volume fraction[85-87]. Therefore, this measurement technique will not be sufficient for highly

nonrtuniform volume fraction for both phases and highly Humiform vdocity for continuous

phase as occur in inclined two phase flow (refdfiture2.4 andFigure2.7).
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To avoid these limitations, many researchers have tried to developed aeleuilbde
electromagstic flow meterto obtained more accurate mean velocity measurerfi@gt87-96).

These devicesbtain the continuous phase velocity profiles through the pipe-sext®n using

suitable signal processing of the electrical potential difference distribution on tle®nducting
boundary. Hornef89, 90] designed a 16 electrodeectromagnetic flow metedevice to

measure the fluid velocity over the pipe cresstion. He concluded that conventional two
electrode EMFM devices perform accurately with axially symmetric flow but produced
unacceptable error if there are severe flow distortions, e.g. downstream of bends and valves as
reported by Wang et al.[65]. Horner also states that the error in velocity measurements is
reduced and the accuracy of measurements increased by increasing the number of electrodes and

using two perpendicular magnetic fields.

Leeungculsatien et al.87, 95, 97] investigated water velocity profiles water flow and solids
in-water twephase flows using aBlectromagnetic Velocity Profilel&VP). The EVP consisted
of a nonconducting pipe wall with an array of eight electrodes fitted flush with the inner pipe

wall and which are spaced equally around&benm ID pipe efer Figure6.9).

EVP is based on existing electromagnetic flow meter theory and is used to obtain the local axial

water velocity distribution in the flow crosection.

2.5Reviewof Commercial Multiphase Metering Systems
5HVHDUFK SURMHFWY LQ WKH HDUO\ fV UHVXOWHG LQ Wl

focused on applications fdhe oil and gas industry3]. The metering of multiphase fi®
dependsn successfully combining two orare measurement technologies and techniques such
as electromagnetic, DP and Crassrelation to obtain flow velocitieIhe typical accuracy of

the currentin-line flow meters for multiphase flow measurements am@und +10%for each
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individual phase Different measurements techniques were used in MFMs to measure the

parameters of the multiphase flow and the phase charactei@sjcs

This section presents aview of some commercial multiphase flow meters used or tested in gas
and/or oil production.,Q WKH IROORZLQJ UHYLHZ LWuJUsedta BOIVK GHILC

confusion and ambiguity:

xAbsolute error: result of a measurement minus a true value of thesunaad.

XxRelative error absolute error of measurement divided by a true value of the measurand.

xWater cut is the ratio ofthe water produced compared to ttegtal volume of the liquids

produced

xwater in liquid ratio (WLR)is thewater volumes flow rateelative to the total liquid volume

flow rate.
2.5.1 Roxar MultiphaseMeter, MPFM 2600:
In February 2009, Roxar launched its third generation multiphase flow meter based on its new
ZectorTM technology{99]. The MPFM2600s based on a combination of systems such as the
venturi meter to measure the total volumetric flow rate, density measurements (gamma system
required when the gas volume fraction is above 90%) capdcitancesensor technology to
measire the mean volume rlction in the flow crossection and local volume fractiomn
addition, the mean axial velocity of the dispersed phag#btained usin@ crosscorrelation
technique The operating range of the MPFM2600 is betweelD0 % water in liquid ratio
(WLR) and0-100% gas volume fraction (GVF). Typical system uncertainties (the dispersion of

the readings) for the multiphase mode are givei99s

xLiquid rate: +£3.5 % relativeerror.
xWater cut the ratio of water produdecompared to theotal volumetric flow of liquids

produced): +2.5 % absoluterror.
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xGas rate: +/6 % relativeerror.

2.5.2 Framo Multiphasé-low Meter
Framo Engineering AS in Norway developed a multiphase flow meter based on a multiple

energy level gamma fedion meter and a venturi momentum meter to determine the oil, water
and gas fractions and their different flow raf@6(. The device has a flow mixer to provide a
homogerous flow to the metering section, thus making it independent of the type of flow
regime. According to mulmeter tests which took place at Norsk Hydro's Porsgrunn research
facility, the meter performed well over a wide operating envelope, including gase

fractions up to 98%, the top of the testing range, and up to 100% water cut.

2.5.3 Schlumberger VXTechnology

Schlumberger VX multiphase flow meteasedesigned to measure oil, gas, and water flow rates
without prior separation. The instrument is basedcuoclear detector technology where gamma
ray energyis used to obtain the mean volume fractions of the dispersed phase across the cross
section ofa venturi throat, while the total volumetric flow through the venturi is found using a

differential pressur&ansmitter{101].

2.5.4 Summary of commercial multiphase flow meters

Theamount & published information on the performance of the various multiphase flow meters

is very limited and comparison is far from being an easy task. Usually this is due to the devices
being protected by commercial secrecy and patents. However, it has beeth&dwammercial
multiphase metering systems tend to use a gamma ray densitometry technique to determine the
volume fractions of the dispersed phase across the-section of the flow meter. However, due

to concerns about the health of personnel anchitjie cost of such systems, multiphase flow
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meter research continues to try to develop-ramhoactive flow mesurement techniques such as

the electrical tomographic techniques

2.6 Research Methodology to be adapted in the present Investigation

- A review of existing techniques for measuring multiphase flows has been presented, including
the DP cell technique, intrusive measuring techniques and tomographic techniques.

- The DP cell technique is used to measure the mean volume fraction for the dispersed phase. It
has been widely used in multiphase flow metering and it shows good accuracy. Thus, in the
current investigation it was decided to use the DP cell as a global measurement technique to
obtain the reference mean solids volume fraction.

- A review of solids/dilocal volume fraction profiles and local solids velocity profiles has been
presented. These profiles were obtained using intrusive measuring techniques. In the current
investigation, the presented profiles will be used to evaluate measuredisolidts flow
parameters.

- Most current techniques such as electrical tomography only provide information on the local
volume fraction and local axial velocity of the dispersed phase. Tomographic techniques such
as ERT and ECT systems use complicated imaging s&cmtion algorithms and require
intensiveand expensiveomputational power to process the measured signatemoehstruct

the images

- The EMFM review shows thatonventional EMFM only provides the mean velocity of the
conducting fluid in the flow crassection. This measurement can produce a significant error in
the continuous phase volumetric flow rate in multiphase flow especially vidllnenetric flow

rate of a particular phase has to be obtained by integrating the product local phase volume

fraction and the local phase velocity in the flow cresstion.
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- The ICC device is used to obtathe local volume fraction profiles of bothe dispersed and
continuous phases and local axial velocity profiles of the dispersed phase. By imjefese

profiles, the volumetric flow rate for the dispersed phase is estimated.

- The ICC device is similar to ERT systems, howevas Iess expensive than ERT and ECT
systemsandneeds no sophisticated algorithms to analyse the acquired data. This latter feature
enadles the ICC device to avoid the error which could happen due to the reconstructed imaging

processand hence increased the accuracy of the syd&51].

Basedon the abovefor the current investigation, the ICC device will be used to obtain the
local axial velocity distribution of the solids and the local volume fraction distribution of both
phases in the flow crosection and this is where the research warkthis thesis is

concentrated. Detailed theory will be explained in Chapters three and four.

- The EVP is a new technique used to obtain the local axial velocity distribution of the

electrically conducting continuous phase.

2. 7Summary

In the current investigamn, the local volume fraction distribution and local velocity
distribution of the dispersed phase obtained using the ICC denlicke combined with the
measured continuous phase velocity distribution obtained by the EVP device to obtain the
volumetric fow rate for both phases. The detailed operation procedure of the EVP for
obtaining the local water velocity is described lateGettion6.4.1, additionally the detailed

theory for combing ICC and EVP will be explainedSaction6.4.2

2.8Thesis Overview

This section provides brief a description of the contents for each chapter in this thesis.
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Chapter 3

Chapter 4

Chapter 5

This chapter describes the measurements methodologies used in the
investigation. The methods ar&entre of Action (CoA) and 3Area
Methodology (AM). Additionally, this chapter also describes the use «
commercial finite element analgs(FEA) software package, COMSC
Multiphysics, whichwas used tgerform simulations of thémpedance
Cross Correlationdevice to determine the influence of its physi

geometry on its real world behaviour.

This chapter describes the desigmd implementation of the Impedan
Cross Correlation (ICC) device which can be used in solater pipe
flows to measure the 4situ volume fraction distributions of both phas
and the local solids velocity distribution. The local solids velocity &
interrogated region is obtained by crassrelation between the tw
electrode arrays. Additionally, the local-situ solids volume fraction i
obtained from the mean mixture conductivity in the region ur

interrogation.

This chapter decribes the microcontroller design and programmn
routines which enable the ICC device to be used as a standalon
without a PC. This chapter also describes the setup of PC based sc
for operating the ICC device in order to measure the solidscigl

profiles.
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Chapter 6

Chapter 7

Chapter 8

This chapter presents the experimental apparatus used in the investic
including the multiphase flow loop facility, the reference measurel
instruments used in this study: the pressure gradient method a
calibraton and the gravimetric flow measurement system and

calibration. The Electromagnetic Velocity Profiler EVP flow meter
described together with an explanation of the integration of the ICC d
and EVP flow meter. Finally, this chapter presents flow conditions

which were used in the experiments.

This chapter presents the experimental results and discusses thensc

water flow parameters for vertical and inclined solidsvater flows.

This chapter presents therclusions of the #sis and suggests furth
work with recommendations and suggestions for a more advanced v

of this technique.
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3. CHAPTER 3: ICC Measurement Methodology

3.1 Introduction
This chapter describes the Measurement Methodoldggh is sed by the Impedance Cross

correlation (ICC) device to investigatke solids parameters irvertical and inclined solidm-
water flows.The ICCis usedto measure the isitu volume fraction distributions of both phases
and the local solids velocity digtution in solidswater pipe flows The ICCdevicecomprises
two arrays ofelectrodesseparated by an axial distance of 50 .nfitach array contains eight
electrodes equally spaced over the internal circumference of the inner flow Thbe
Measurement Metidology is divided into two main techniqudsiown as:Centre of Action
(CoA) and Area Methodology (AM)Both techniques are based oalculatingthe electrical
current flow in theaegion bounded by electrodes in I instrumentwhich in turn enables &
spatial distributionsof sensitivity to changes of conductivity in the flow cross section to be

determinedor different electrode configuratien

- The Centre of Action (CoA) technique is used to measure the solids paramgtestratified
solidsin-water flows encountered in horizontal and inclinghpes Using the sensitivity
distribution profile for eaclelectrodeconfiguration,the boundaes of the effectivesensing
regionfor a given electrode configuration cae determined Note that the boundaryf the
effective sensing region for a given electrode configuration is arbitrarily defined as the line
along which the sensitivity to change in conductivity is 10% of the maximum sensitivity for
that configurationEach effective sensing regiodDV D R RQWERWLRQ ™ ZKLFK FDQ I
as an indicator of how fathe sensing field extends into the fluith this tecmique the
measured solidparametersvere assigned to the corresponding CoA posgiofhe detailed
explanatiorfor CoA techniques shown insection 3.4.1.
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- The Area Methodology (AM) technique is used to measure the solids parameteestical
solidsin-waterflows. The AM technique divides the pipe cressction intopre-defined sub
areas. The boundary outline of each-audafor a given eletrode configuratiordepends on
the sensitivity distributiorfor the electrode configuratiohis technique also depends an

sensitivity parameterl obtained from the sensitivity distributiptihe detailed explanation for

the AM technique igjivenin section 3.4.3

This chapter also describes the use @ommercialFinite ElementAnalysis (FEA) software
package, COMSOL Multiphysics, to simulate the electricatent flowin the ICC instrument
This study provides an overview tife modelling process by discussing the model geometry,
material propertieyoundary conditions and the simulation outcomdihioughthe ICC has two
arrays of electrodest is necessary to use only one array of electtalesimulate the electrical

current flow for aparticularelectrodeconfiguration.

This chapters divided into four sections:

Section 3.2 describesthe COMSOL simulations of the ICC instrumemtefining the model

geometry and the physical bamlary conditions for the model and model meshing.

Section 3.3 describesthe sensitivity distributions of theesults for different electrode

configurations.

Section3.4 describes the Centre of Action (CoA) aAdea Methodology (AM) techniques for

measurements made using the ICC device.

Section3.5 presents the summary fdnapterthree.

50



3.2 COMSOL Software Package
COMSOL Multiphysics software is a powerful Finite Elenmt (FEM) and Partial Differential

Equation (PDE) solution engine which is widely used in fluid dynamics, electromagnetics, heat
transfer It also includes AC/DC and RF modul&62. The ICC simulation can be divided into
three steps: defining th@odel geometry, defining thphysial boundary conditions for the

model and defining model meshing tbe simulation

3.2.1 Definingthe Model Geometry
COMSOL Version 3.5a was used time present investigation. The AC/DC module was chosen

from the main COMSOL platform. The model was built using the 3D space dimension capability

as shown irFigure3.1

PRRI=E

Tew I Model Libraryl User Modelsl Openl Settingsl

Space dimension:

. Application Modes .ﬁ[:"DC Hodule

[ || COMSOL Multiphysics

=8 ACIDC Module

=R Skatics, Electric

----- # shell, Conductive Media DC
! Conductive Media DC

e # Electrostatics

. Statics, Magnetic

| Quasi-Statics, Electric

J Quasi-Statics, Magnetic Description:

) Quasi-Statics, Electromagnetic Electrostatics of conducting materials,

| Electro-Thermal Interaction
. Rotating Machinery

- Wirkual Work
- [ RF Module

e - -]
BB G- - - T

Dependent variables: |V

Application mode name: Iemdc

Element: ILagrange - Quadratic LI Multiphysics |

oK I Cancel | Help |

Figure 3.1 COMSOL platform showing 3D capability of the AC/DC Module

This modelling was based athhe geometry of gre-existing ICC geometryThe ICC device

consists of two arrays of eight electredseparated by an axial distance of 50 mm. In each array
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the electrodes are mounted equidistantly around the internal circumferenc@&@ftime internal
diameter pipe carrying the flow Each electrode had dimensions of 10 mm longthe
circumstantial diectionx 5 mmhigh in the axial flow directiox 1.5 mm thick(referto Section
4.2). Since Array A and Array B havdentical electrodarrangemenist was decided to use just

one array to simulate the electrical curriéoiv inside the pipe.

The following stepsvere used to modahneightelectrodes array:

>> A work plane was generated by opening\Weark -Plane Settingsdialog box from thédraw
menu and then clicking th@Quick tab to create a work plane (Gemo2) in the XY plane. A 2D

model was sketched Gemo2.

To model the eight electrodes, eight isosceles triangles were drawn with the same point for their
apexes as shown igure3.2. Two circles (80 mm and 82 mm diameter) with the apex of the
triangles as their centn@ere dawn to represent the electrottecknesgs The triangles were
equally spaced around the circles with the angle at the @jpeach isosceles triangleeing

30.65.
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Figure 3.2 the 2Dgeometry used to model the eight electrodes

>> The Difference” icon “3"‘ was used to delete all common arbatween the triangles and

the twocircles. Thus eights electres where created with a thickness equal to the difference in

radii of the two circles (5 mm) and length 10 mm: note that the real surface area of the ICC

electrode is 10 mm circumferentially and 5 mm longitudinally (z directse® Section 4.2

The 80mm circle represents the boundary of water media (e.g. the pipe wall). The 2D model was

extended by 5 mm in the z direction using:

>> Openingthe Extrude dialog box from tle Draw menu and inserting the distance of 5 mm

into the " Extrusion” parameter.

Thefinal geometrical model in Gemadin 3 dimensions ashown inFigure3.3.
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Figure 3.3 Array geometry of eight electrodes of dimensionst0Ox 5x1.5mm arranged equidistantly around an 80 mm
diameter pipe

3.2.2 DefiningthePhysicalBoundaryConditions For The Model

Before beginninghe simulation, the boundary conditions and local-domain conditions need

to be defined for the eight electrode array shownFigure 3.3. For example, thelectrical
conductivityused for thestainlesssteelwas4.032S/m. The conductivity othe waterinside the

flow pipe was set at 0.016 S/m (160 S/cm) which is the conductivity of the tap water used in the

experimentslescribed latein this thesis.

Since therareno current sourcan the flow cross sectionthedistributionof electrical potential

I in the flow cross sectiois found by solving théollowing equatiorf49]:
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(V) a Equation3-1

where Vis the local electrical conductivity.

The local electrical current densjtis given by:
] Vo Equation3-2

The electrical potentiall andelectrical current densityneed to beleterminedn order to find

the sensitivity distribution profile for each electrodenfigurationsee section 3.3.

Section 3.3 details the boundary conditises for the eight electrodes. The boundary conditions

were inserted using ti&oundary setting dialog box from thé>hysicsmenu.

3.2.3 TheModel Mesh and Simulation

In finite element modelling, the meshing process divides the active area/volume of the model
into a number of stitiently small elements that a convergagproximation solution can be
achieved. The size and the numbers of elements will vary according to the complexity of the
model geometry, the computing power available, the time allowable fopthputation process,

the required accuracy of the outcome and the investigation methodology.

A mesh onvergence technique is usedensure thaf) the solution obtained in the study is as

closeas possibl¢o realityandii) there isa balance between agacy and computing resources

The model was tested by increasing the number of mesh elememd measuring the current
density at the face of ertestelectrode.The shape of the mesh element is chosen tprisen
with triangular base. This type of kyhas an advantagehen resolving the boundary layer

efficiently.
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Figure 3.4 shows thevariationin current densityat the face of the test electrotte different

meshelementdensities.
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Figure 3.4 A plot of current density A versusmesh elemennumber n

As shown inFigure 3.4, therewas no great change ourrent densityresultsas thenumber ¢
mesh elemestincreasedbeyond approximatelyl0964 elements. Due to thienitations of the
computingpower, the solution process sometimes failed whefi039 elements were usedub

always failed for 30821 mesh elements.

Based onthe mesh convergence tesgsultin Figure 3.4, the mesh geometrior the present

modelwasdecided to be MILQHY PHYV#s sh@wd PROQ&E.Y.
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Figure 3.5 The finite element mesh forthe eight electrode model

The geometrical model shown Figure 3.5was solved usinghe Solve problem” icon from
the Solvemenu and took approximately 5 minutes execution foneah model investigatioto
reach to a solutiariThe solution was run using desktop PALWK WKH ,QWHOS &RUHE

and installed RAM memory 4 GB.

3.3 Sensitivity Distribution - Investigation and Analysis

In the present study of solidis-water flow, wateris considered as the continuous conducting
phase while the solids are considered as the dispersed phase with zero electrical conductivity.
Different electrode configurations were simulated howevbemthe ICC device is used to sense
regions inside the pe, three electrode configurationere chose basedon how farthe sensing

field extends into thpipe cross section.
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In each configuration one electrode or two adjacent electrodes are excited, all the other
electrodes are earthedlthough all of theother electrodes were at earth potential, some were
VLPXODWLQJ DVHOHBEWXBGHWMVBMWMKOVW RWKHU ZHUH VLPXODYV

the section below).

Each of the three configuratiomsrotated in eight steps of 250 make measuremenbver the

entire crosssection area of the pipe.

Thethreeelectrode configurations were

x Configuration | (see Table 4): in this configuration, only one electrode is excited with the
next electrode selected as a virtual edi® measuremenelectrale The remaining six
electrodes are eartheH)( For example, in rotational positidn electrode 1 is the excitation
electrode and electrode 2 is the measurement electreavith electrodes 3, 4, 5, 6, 7 and 8
connected to grouncej. Seven similar mangements are possible by simple rotation of the
arrangement, seeable3-1.

x Configuration Il (see Table ): in this configuration, only one electrode is excited and the
nearest electroden either side are used for virtugirth measurementsd). The remaining
five electrodes are earthe@)( For example, in rotational positidy electrode 1 is the
excitation electrode, electrodes 2 and 8 are the measurement electrodes and electrodes 3, 4, 5,
6 and 7 are connected to grouyain seven similar arrangements are possible by simple
rotation of the first arrangement, Seable3-2.

x Configuration Il (see Table 3): in this configuration, two adjacent electrodes are excited
and the two adjacent electrodes are used for virtual earth measurevaenifi¢ remaining
four electrodes are earthds) (For example, in rotational pition-1 electrodes 1 and 2 are the

excited, electrodes 3 and 8 are the measurement electrodes and electrodes 4, 5, 6 and 7

58



earthed E). Again sevensimilar arrangements are possible by simple rotation of the first

arrangement, seeable 3-3.

Table 3-1 Electrodes states for Configuration |

Configuration |
Rotational position (n) | Excitation (V") Virtual earth (ve) Ground (E)

n=1 Electrode 1 Electrode 2 Electrode 3,4,5,6,7 and 8
n=2 Electrode 2 Electrode 3 Electrodes 1,4,5,6,7 and 8
n=3 Electrode 3 Electrode 4 Electrodes 1,2,5,6,7 and 8
n=4 Electrode 4 Electrode 5 Electrodes 1,2,3,6,7 and 8
n=5 Electrode 5 Electrode 6 Electrodes 1,2,3,4,7 and 8
n=6 Electrode 6 Electrode 7 Electrodes 1,33,4,5 and 8

n=7 Electrode 7 Electrode 8 Electrodes 1,2,3,4,5 and 6
n=8 Electrode 8 Electrode 1 Electrodes 2,3,4,5,6 and 7

Table 3-2 Electrodes states for Configuration Il

Configuration Il
Rotational position (n) Excitation (V") Virtual earth (ve) Ground (E)
n=1 Electrode 1 Electrodes 2 and 8 Electrodes 3,4,5,6 and 7
n=2 Electrode 2 Electrodes 3 and Electrodes 4,5,6,7 and 8
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n=3 Electrode 3 Electrodes 4 and 2 Electrodes 1,5,6,7 and 8
n=4 Electrode 4 Electrodes 5 and 3| Electrodes 1,2,6,7 and 8
n=5 Electrode 5 Electrodes 6 and 4 Electrodes 1,2,3,7 and 8
n=6 Electrode 6 Electrodes 7 and 5 Electrodes 1,2,3,4 and 8

n=7 Electrode 7 Electrodes 8 and 6 Electrodes 1,2,3,4 and 5
n=8 Electrode 8 Electrodes 1 and 7| Electrodes 2,3,4,5 and 6

Table 3-3 Electrodes states foiConfiguration IlI

Configuration 11l

Rotational position (n)

Excitation (V")

Virtual earth (ve)

Ground (E)

n=1

Electrodes 1 and 2

Electrodes 3 and 8

Electrode 4,5,6 and 7

n=2

Electrodes 2 and 3

Electrodes 4 and 1

Electrodes 5,6,7 and 8

n=3

Electrodes 3 and 4

Electrodes 5 and 2

Electrodes 1,6,7 and 8

n=4

Electrodes 4 and 5

Electrodes 6 and 3

Electrodes 1,2 ,7 and 8

n=5

Electrodes 5 and 6

Electrodes 7 and 4

Electrodes 1,2,3 and 8

n=6

Electrodes @énd 7

Electrodes 8 and 5

Electrodes 1,2,3 and 4

n=7

Electrodes 7 and 8

Electrodes 1 and 6

Electrodes 2,3,4 and 5

n=8

Electrodes 8 and 1

Electrodes 2 and 7

Electrodes 3,4,5 and 6
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The geometrical model shown figure 3.6 was used tealculate the sensitivity distribution for
each configuration and rotational position. For a given plane the sensitivity of the sensing field of
a given electrode configuration was calculated2adiscretepositions (or elements denoteid

to 12) in the flow cross section (sEgure3.6).

Elec1 }<|| || Elecs
I F Al

Figure 3.6 the 12numerous positions(or elements) in theflow crosssection

In these simulations, the flow cressctionwas assumed to be filled with wafgine conducting
medium) of conductivity equal td.016 S/mand material of zero conductivityith a 15 mm
diameterwas insertedjn turn, at positions H1 to H12 to simulate the presence of a non

conducting particlef the dispersed phase.

The sensitivity paramete$ ateachpositionwas calalated as follows

(S) Mowdw Mowdi Equation3-3
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where (V,,,),,is the value of the output voltage (from a simulation of the conductance

measurement circuit s€égure3.7) whenonly wateris present, an@v, ), is the value of the

output voltage when monrconducting particleis present at thi location given above

Re

——AA—

V(t) ve Vout

[ %4@

+

inverter amplifier

Figure 3.7 Simulation of the conductance measurement circuit

The output voltag®/, , from thesimulatedconductance measurement cirgsifound using

Vou R, Equation3-4

VO R,

where R; is the fluid resistare between the excitation electrodes and the virtual earth electrodes

and R, is the feedback resistance for the inverting amplifier @@ represents the amplitude of

the simulateckxcitationsignal

Introducingthe nonconducting particléento the simulated sensing field results in a change in the

current density, se€&igure 3.8. Introducing the noftonducting particle increases the fluid
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resistance and hence the output voltegefrom thesimulatedconductance measuremeircuit

will decrease. From this, the fluid resistand®,; can be calculated using the equation:

R, \@ Equation3-5

where | is the total, or integrated, currendensity over the virtual earth measuring

electrode&@enoted asein Figure 3.8).

| is calculated as:

| 3dxdy Equation3-6

wherei is the current density at the virtual earth electrode surface.

a) Simulated current density when the nylon rod is b) Simulated current density for the water only
inserted into position H2

Figure 3.8 Simulated current flow between the electrodestlte electrode 1 is excitation electrod¥(t) and electrode 2 is the
measurement eleabde (ve), and electrodes 3,4,5,6,7 and 8 are connected to grourt).(

Because of the circular symmetry of thecélede arrangement it was necessary to test only one
rotational position to determine the sensitivity distribution for any of the gB@mfiguratiors
(/=1,1orl.
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Sections3.3.1 to 3.3.3 show thesensitivity distribution results for the three configurations

described inable3-1, Table3-2 andTable3-3.

3.3.1 SensitivityDistribution Result folConfigurationl

The resolution of the sensitivity distribution dependstioe number of measurement pagirat
which the sensitivity parameteege calculated. The followingsensitivity distributions were
obtaired using 12 measurement points. These 12 measurements points were enough to obtain the

needed sensitivity distributions for the centre of action measurement method.

The sensitivity parameter§(to S;2) which wereobtained by Equation-3 wereeach asgined

to the central coordinatéor the relevanthole position shown in Figure 3.6. For each
Configuration( / =1, Il or Il ) and n rotational positionthe 12 sensitivity parametevgere

interpolated into 80x80 elementside of 1 mm) in order to obtathe sensitivity distributios

through the pipe cross sem, see th MATLAB programin AppendixB.

The interpolation method whictwas used in this study was MATLAB dgriddatamethodV4
[103. The V4 interpolation algorithms based orthe Green function of the biharmonic operator
[104]. The advantage of this method is that it is easily apptiedterpolation problems in three

or more dimesions andalso it helped to extend the interpolation of the 12 sensitivity parameter

data to the pipe wajlL04].

Figure 3.9 represents the sensitivity distribution for Configuration | at rotational position 1. In
this figure,the x axis andy axis represent the coordinates of the sensitivity parameters while the

colour bar represesthe sensitivity value
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Sensitivity Parameters, in wlts
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Figure 3.9 Configuration | sensitivity distribution for rotational position 1

(Electrode 1 is excited electrode V(t), electrode 2 is measurement electrode (ve), and electrodes 3,4,5,6,7 and 8
earthed (E)) (The right hand part of figure is simply for reference showing the positionsi1 to H12)

As shown inFigure 3.9, the hidnest sensitivity for Configuration Ind rotational position 1
occurs at positions H1 and H2. However, the sensitpaiyameter rapidlyeduce with distance
from H1 and H2 to aninimumvalue and will give little or no indication of the presenca o
conducting materiaht positions H3 to B2. This happened because H1 and H2 were the closest

positionsto theelectrode 1Y (t)) andelectrode Zve).

3.3.2 SensitivityDistribution Result foConfigurationl|

Figure3.10 represents the sensitivity distribution for Configuration Il at rotational positiés 1.
shown inFigure 3.10, the highest sensitivity fa€onfigurationll (rotational position 1) occurred
at position H1. At this positigrthenonconductingmaterialwas close to the excitation electrode
(electrodel). However, theesssitivity parameter reduced towartlee measurement electrodes

(electrodes 2 and 8) and reachediaimum valueadjacent to thearthelectrodes.
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Sensitivity Parameters, in volts
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Figure 3.10 Configuration Il sensitivity distribution for rotational position -1

(Electrode 1 is excitationelectrodeV(t), and electrodes 2 and 8 are measurement electrode®)(and electrodes 3,4,5,6
and 7 are earthed E)) (The right hand part of figure is simply for reference showing the positions H1 to H12)

3.3.3 Sensitivity Distribution Result focConfigurationll |
Figure3.11 represents theensitivity distribution for Configuration IIl at rotational positionIt.

was again found that the sensitivity is highest close to the excitation and virtual earth electrodes
and lowest close to the earthed electroBiegure3.11 suggests Configuration Il has affective
sensing region which is larger than @onfiguratiors | and Il. However, even Configuration IlI

gives little information about the regionthtcentre of the pipe.
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Sensitivity Parameters, in wlts
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Figure 3.11 Configuration Il sensitivity distribution for rotational position -1

(Electrodes 1 and 2 are excitation electrodeg(t), and electrodes 3 and 8 are measurement electrodes (ve) and electrodes 4,
and 7 are earthed E)) (The right hand part of figure is simply for reference showing the positions H1 to H12)

Section3.4 discusses the two measuremergthodologes used to anale the measured data.

Both depend on the sativity distributionsshownin Figure3.9, Figure3.10 andFigure3.11.

3.4 MeasurementMethodology
3.4.1 Centreof Action (CoA): Calculationand Analysis

A boundary ofthe effective sensing region in eaConfiguration( / 1,11 orlll ) and then™

rotational position | 1to8) can bearbitrarily defined as 10% of the maximum sensitivity
distribution (see AHinai 2010)[49]. Each effective sensing regiamy also be assumed to have

D 3& HQWUH RI $FWLRQ ~ ZKLFK FDQ faHhasddding feldexteDdd intd@) GLF DV
the fluid. For example, if the COA is close to the pipe wall, this méaatthe effective sensing

region will not be sensitive to the presencanof-conductingparticles in the centre of the pipe.
Conversely, for an &ctive sensing region that extends well into the pipe, the @dlAbe

nearer tothe centre of the pipe. Ia two-dimensional system, the CoA coordinates can be

defined usindg=quation3-7 andEquation3-8.
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The coeordinate accuracy for the Centre of Action (CoA) depends on the resolution of the
sensitivity distributios in Figures 39, 3-10 and 311. Therefore For the /" electode

Configuration ( / 1,11 orlll) and the n” rotational position © 1to8) , the sensitivity

distributionin Figures 39, 3-10 and 311 were gridledinto 80x80 elements with (sidd 1 mm)

Thex co-ordinak for the Centre of Action (CoAbr the effective sensing region can be defined

as:

Cx,, S— Equation3-7
I
I

where: (CX),, is thex *co-ordinate of the CoA for Configuratiord and rotational positiom,
X; is the distance in thedirection to thei™ element in thesensitivity distributiorprofile, a, is

the area of thé"element,sS is the sensitivity parameter for thi&elementfor Configuration /

and rotational positiom and N is the total number of elements (of side 1mm) in the flow-cross
section. Similarly they co-ordinate of the Centre of Action f@onfiguration/ and otational

position n may be calculated from:

N
L vias

€Y,y = Equation3-8
| as

i1l

where (Cy) ,, is they *co-ordinate of the CoA for Coiguration / and rotational positiom

andy; is the distance to thé element irsensitivity distribution profile
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The equations defining the CoA are identical in fornth®equations defining the centre of mass
in a twodimensional system, with the product f@rand S element replacing the mass for

that element.

By repeating the same steps fof" electrode Configuration (/ 1,1l orlll ) and the n"

rotational position § 1to8), the coordinates of 24 different CoAs were calculated Fgpae

3.12. Thex andy coordinats of the CoAis also shown iRppendix ATable 9.1.

40 . —— —— . :
/// ~_ O Configl -/ |
q + Config- -/ |l
30 7 . v Config-l -/ I
VA % O \\
/
20 7 \\
"/ \V4 \
/ \V/ ¥ \
4 10+ \
X | * \
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= \ |
° 101 * f
o L - ‘
o \ % \% V4 /
o Y v /"
! \ J
20 o/
//
o © & ,
-30 - —
\,\\\K . s
-40 r r L —

40 -30 20 -10 0 10 20 30 40
x- Coordinatg(Cx)gn

Figure 3.12 Location of CoA for Config-1, Il and Ill for each of the eight possible electrode rotational pogions

The measured local solids lume fraction () ,, and the local solids velocityv,),,, see

Sections 4.3.1 and 4.3.2, were assigteetheir corresponding centre of action. In order to find

the solids volume fractiodistributions ... and the solid velocity distributionv, . , the 24
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measurementvalues were interpolated through the pipe cross section usiMATLAB

4griddatamethod V4

3.4.2 Limitation of CoAMethod for Low Volume Fraction in Vertical Solidis-Water Fbw

The CoA methodwas previouslyapplied successfullyby Al-Hinai [50] to measure volume
fraction in vertical and inclined flow with a mean solids volume fracti@rbetweer0.15t0 0.3,
In the present investigation, the authtsoused the CoA technique to measure the soldisme

fraction in vertical flow with mean solids volumgaction R less than0.08. It is shown in
chapter hat there is a significant error in theeasured mean solids volume fracti?ig] using

the CoA methodor vertical fow for Q< 0.08 Based orthe fact thatin vertical flowsat low

mean solidyvolume fractionghe dispersed phasecal volume fraction distributiotends to have

a power law shape witthe greatest solidgsolume fractionat the catre of the pipe flow13], an

obvious reason fothis significantmeasurement erras the lack of precision in measuring the

local solidsvolume fractionat the centre of the pip&6 XH WR WKH SRRU SUHVHQWDW|
ILHOG  LQWR WKH, é@RhdnCenfiguratidhHl\&nd R@nhfiguration 11l were used.

is important to find a newechniquethat can measure the solids volume fraction nedrdpipe

centre. Sectio.4.3describesanew methodology developed by the author to measure the solids

volume fraction in a greater proportion of the pipe cross section.

In inclined flow, where thestratification of the phases take place, the CoA technique tends to
give moe accurate results than vertical flow even when solids volume fractimwisThe
reason behindhis is that since theolids more dense than water, the majority of the solids sink
to the bottom of the pip@nd this basically means that theajority of hesolids volume fraction

will lay inside the sensing field d@onfigurationl. Therefore, us of Configurationl will be

adequateo measure the solids volume fraction inside the pipe cross section.
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3.4.3 AreaMethodology (AM)Technique

A new investigation wasarriedout usingnew anddifferent electrodeconfigurations in order to
obtain a effective sensing region netrthe pipe centre. Aigher resolution for the sensitivity
parameteiis neeckd for the AM technique; therefora new COMSOL simulation wassed to
assess the sensitivity parameters for a smallaomaucting particle of the dispersed phase.
Using the same simulation steps as describexctions 3.2 and 3.&he flow crosssection was
assumed to be filled with water (the conducting mediund)raaterial of zero conductivity with

a 10 mmdiameter insertedln turn, into 41 positions (denoted E1 to E41), Begure3.13.

(X

(X

a2

04

Figure 3.13 The 41positions (or elements) in tle flow crosssection

The AM techniques used todivide the pipe crossection into defined sureasEach subkarea
has a local solids volume fractiorwhich is obtainedeither by direct measurement by
mathematical calculation as wile shown later insection 3.4.3.2. Additionally each sabea has

alocal solidsvelocity which ismeasuredby the crosscorrelationtechnique.
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The boundary outline of these saleasis definedbasedon the sensitivity distributions of
Configurationl and ConfigurationlV (where ConfigurationlV is a new configuratiomwhich is
usedto obtainaneffective sensing region near to ttentre of theipe, seesection3.4.3.). This

technique is also depends asensitivity parametr | obtained from the sensitivity distribution

for ConfigurationlV.

3.4.3.1SensitivityDistribution Resulfor ConfigumationlV
In ConfigurationlV there isoneexcitation electrodand onevirtual earth(ve) electrodenowever

the virtual earth ¥e) is not the adjacerglectrode tothe excitation electrodbut the next one
along seeFigure3.14. Thus if the excitation electrode is electrode 1 the virtual earth is electrode
3. As previously theemaining electrode?, 4, 5, 6, 7 and 8re earthd (E). Obviously thee are
seven similampossiblearrangementsbtainedby simply rotaing the configuration in stepof 45
degres around the pig, seeTable 3-4. The sensitivity distribution for Configuration IV is

shown inFigure3.14

Table 3-4 Electrode states for Configuration 1V

Configuration IV
Rotational position (n) Excitation (V") Virtual earth (ve) Ground (E)
n=1 Electrode 1 Electrode 3 Electrode 2,4,5,6,7 and 8
n=2 Electrode 2 Electrode 4 Electrodes BB,5,6,7 and 8
n=3 Electrode 3 Electrode 5 Electrodes 1,2,4,6,7 and §
n=4 Electrode 4 Electrode 6 Electrodes 1,2,3,5,7 and §
n=5 Electrode 5 Electrode 7 Electrodes 1,2,3,4,6 and §
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n=6 Electrode 6 Electrode 8 Electrodes 1,2,3,4,5 and 7

n=7 Electrode 7 Electrode 1 Electrodes 8,2,3,4,5 and 6

n=8 Electrode 8 Electrode 2 Electrodes 1,3,4,5,6 and 7

Sensitivity Parameters, in wolts
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10.035

10.03

10.025

10.02

40.015 V(t) Flecl
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1-0.01
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Figure 3.14 Configuration IV sensitivity distribution for rotational positions -1 (41position present)

(Electrode 1 is excitation electrode V(t), electrode 3 is the measurement electrode (ve), and electrodes 2,4,5,6,7 and 8 a
earthed (E))

Figure 3.14 shows that the maximum sensitivity for Configuration IV is primarily around the
excitation ad measuring electred (1 and 3espectively). The sensitivitgarameteis reduced
to onehalf of the maximunvaluein thearcbetween electrodes 1 an@$8 shown irFigure3.14,

andreaches minimum valueat the ground electrodes, including ¢tede 2.

A boundary ofthe effective sensing regidor ConfigurationlV and then™ rotational position
(n 1to8) canagain be arbitrarily defined as 10% of the maximum sensitivity distribution
shown inFigure 3.14, therefore,it was assumed that timeeasured solids volume fraction using
Configuration IVand rotational position (n=1 to 8)represerdthe mean solidgolumefraction

[} . in thehatchedegion in Figure3.15b.
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Sensitivity Parameters, in wlts
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Figure 3.15the effective sensingegion for Configuration IV, rotation position n

The mean solids volume fractiof ; in thehatchedegioncan beexpresseds[56]:

Rg 1 3R dB, Equation3-9
Bn g

n

whereB,, is the area ofhe hatchregion and 2 is the solids volume fraction for the sakeai.

WhereareaB, is divided intosubaread, as will be explained later in section 3.4.3.2.

Sincetherewas a variationn the sensitivityparametes between electrodes 1 and i8 was

assumed that the sensitivity parameterneedsto beaddedinto Equation 39. Where |; and

area magnitude of stdreai can be consided as a weighting factoto the measured solids

volume fraction

Based on this assumption, i&gion3-9 canyield to:

Py 5 3, R dB, Equation3-10
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where l_n is the mean sensitivity ofonfigurationV rotational positionn, |, is themean

sensitivity parameter for each of the saeasi. Note that the subscriptwill re-define later

based on the type @onfigurationl or IV and rotational position.

Thediscrete formulaf Equation 310 is:

Re InB, lia B Equation3-11

——

i1

whereg; is the area of eactuls-area/ pixel.The subareaa; will re-define and resamples later

based on the type @onfigurationl or IV and rotational position.

Next Section 3.4.3.2will illustrate the steps of dividingegion B, into 7 subareas and the

measurementsrocedureof the solids volume fractions and solids velocity.

3.4.3.2AM Measuremernrocedure

The pipe crossectionis divided into subareas (or pixelsjiepen@éntuponthe boundaesof the
SHIITHFWLYH VH @vVCogfigutatibdd IRROMVThe AM measurement progere can be

explained by three stages:

- Stagel:defines theboundaries of the sulreas near the pipe wall atitkir correlatedlocal
VROLGY YROXPH IUDFWLRQ 7KLV ZDV GRQH E\ oKVLQJ

Configurationl rotational positiom.

- Stage2: defingthe boundaries of the st#lireasdeeper in the pipe centre and estiraéte local
solids volume fraction correlated to these -amdas. This was done kbyverlappingthe
SHITHFWLYH VH @vQohfijutatibdd IRME\VThe local solidvolume fraction in the

deeper suareas wasalculated using mathematical calculation shown in Equatich&

- Stage3carries outan investigatiorto measure the solids volume fraction near the pipe centre.
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The following stages demonstrate the prhoe:

1. Stage 1:

This stage shows the steps of defining the boundaries of tharsab near the pipe wall and

their correlated solids volume fraction.

Figure3.16 represents the sensitivity distribution for Configiwn | at rotational position 1. The

sensitivitydistributionwasobtained usingthé SRVLWLR QFigMéBRZ Q L Q

Figure 3.16 the sensitivity distribution for Configuration | using forty-one elements of 10 mm diameter

The boundary of the%®ffective sensing regionof Configuration | was defined using the
sensitivity distributionshownin Figure 3.16. Configuration | was used to measure the solids
volume fraction near the pipe walh order to define the sudreas beside the pipe wall, the
boundariesof Configuration I, for rotational positiail, 2 and 8were overlapped as shown in
Figure 3.17. Combining these threeegionsproduced three aread overlap denotedsAg 1, Ay
andA; owhere:
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XA, , represents the overlap am@ssociated witthe boundaries of the two rotational positions 8

and 1.

XA represents the arealy associated witthe boundariesf rotational position 1
XA , represents the overlap a@ssociated witlhoundaries of the two rotational positions 1 and

2.

Figure 3.17 the area boundaries for Configuration_| (Rational positions 1,2 and 8)

The coordinates of th€oA for Configuration | rotationgbosition 1 lies within aredq, thus the

solids volume fraction in arealA; canbe assumed to be the same as the measured volume
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fraction of Configuration totationalposition 1. The solids volume fraction in arégs andA; »

may bedefined as

Equation3-12

Equation3-13

where and represent the measured solids volume fraction of Configurhtdrotational

position 8 and rotational position 2 respectively. Rotaimgteps of 45° covers the remaining

seven positions, sgagure3.18] The sulscripts inEquation3-12/andEquation3-13|will change

according to each rotational position.
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Figure 3.18 Total boundaries of theConfiguration I, rotational positions n=1 to 8

Figure 3.18|shows the & subareas near to the pipe wall. Where each of thesa®ds has a

local solids volume fraction and a local solids velocity (the AM measurements for the local

solids velocitywill be explained latem section 3.4.3.3).

2. Stage 2

This stage shosthe steps to define the deeper saleasmto the pipe centre anle calculations

of thar relatedsolids volume fraction.

The boundary outlinéor ConfigurationlV in

Figure3.19

boundary outlinefor Configuration | inFigure3.19

anddenotedD \®o|$e¢Figure3.20
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a. Accordingly new subareas are produced



@)

Figure 3.19 a)The boundary of the effective sensing region using Configuration fotational position n=1 to 8 ,b)The
boundary of the effective sensing region using Configation IV, rotational position n=1

v

\

Figure 3.20 Areas under Configuration | , n=1 to 8 and Configuration IV , n=1
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FromFigure3.20[the hatched line represent teffective sensing region of Configuration IV at

rotational position 1.The sensitivity parameter in each sularea wascalculated using

MATLAB softwareand ExceMicrosoft as will beshown later in this sectionThe new termi

Figure3.20jaredefinal as:

xB; g is the areaf overlaping of Configuration 1V, rotational position 1 and Configuration |,

rotational position 8. This area has a solids volume fraction equalftom Configuration |

rotational positior8, se¢Figure3.18]. Additionally, this area has a mean sensitivity parameter

denoted as

xB; 3 is the overlapped areaf Configuration IV , rotational position 1 and Configuration I,

rotational position 3. This area has a solids volume fraction equal foom Configuration |

rotational position 3, s¢leigure 3.18]. Additionally, this area has a mean sensitivity paramete

denoted as

xB1 is theassociated witlConfiguration IV , rotational position 1 ongnd dose not overlap

any of the areas associated with Configuratiorhis area has a solids volume fraction denoted

as and a mean sensitivity paramedienoted as

xB; is the whole area covered by effective sensing region of Configuration IV, rotational

position 1 the entire hatched areghigure3.20landFigure3.19).

X is the mean sensitivity parameters for effective sensing region of Configuration 1V,

rotational position 1

X is the measured value ftre mearsolids vdume fraction in are®; using Configuration

IV at rotational position 1.
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X is the mean sensitivity parameter in afga. The subcript 1,8,1refers to the regioof
Configuration IV (rotational position 1), region of Configucetil (rotational position 8) and
region of Configuration | (rotational position 1) respectively.

X is the mean sensitivity parameter in afga . The sulscript 1,2,3refers to the region of
Configuration IV (rotational positiod), region of Configuration | (rotational position 2) and
region of Configuration | (rotational position 3) respectively.

X is the mean sensitivity parameter in af@aThe sulscript 1,1 refes to the region of
Configuration 1V (rotational position 1) and region of Configuration | (rotational position 1)
respectively.

X is the mean sensitivity parameter in akga The sulscript 1,2refers to the region of
Configuration IV (rotational position 1) an@gion of Configuration | (rotational position 1)
respectively.

X is the mean sensitivity parameter in akeaThe sulscript 1,3 refes to the region of
Configuration IV (rotational position 1) and region of Configuration | ¢fotel position 3)

respectively.

In order to calculate the mean sensitivity parametein each sukarea a MATLAB program

was used to define the boundarytloé effective sensing regidor configuration IV rotational
position 1 se Figure 3.21 The results of thesensitivity parametes were saved inan 80x80

matrix named as sensitivity_matrix and transferred into an Excel sheet. Hence, eauleasub
was excluded anthe mean sensitivity parameter was calcuhtedby taking the average of the

sensitivity parameter for the Nifle of 1 mn pixels, see Table-S.
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|

X- axis, mm

Figure 3.21the sensitivity distribution for Configuration IV rotational position 1

Here, it is important to emphasithatit is the solids volume fraction in pixel By, refer

Figure3.20| thatneeddo bedetermine.

Using EquatiorB-11, the resultsof the solids volume fraction fdroth Configurations | and IV

were combined together into a singkneralisedelationship as shown by Equatioria.

Equation3-14
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Equation 314 can bewritten in terns of rotational position n=1 for Configuration 1V as

follows:-

Equation3-15

Equaion 3-15 can rearranged in the term of as:

Equation3-16

The remaining local solids volume fractions ( to ) cansimply be calculated by rotating

Configuration IV in step of 45° and usikgjuation 316 for each rotationsee Figure 3.22.
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Figure 3.22 the boundary layer for Configuration 1V, rotational position n ( n=1 to 8)
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The measured solids volume fraction to ) and calculated solids volume fraction ( to
) are assmed to be loca&d at therelated Centres of Action CoA for Configuration | and

Configuration IV respectivelyThe x and y coordinates feachCoA was obtained bgpplying

Equatiors 3-7 and 38 (see section 3.4.1) to tlsensitivity distributions ofConfiguration I(see

Figure 3.16|) and Configuration IV (segFigure 3.21). While to were locatedof the

centroics of subareasA , to , segFigure 3.23| The x and y coordinates of theubareas

centroid (A , to ) was determined using solidork software.

As7

As 6

Ass
Ag1

Asa

Figure 3.23the centrad positions for thesub-areasA; 5 to Ag 4
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The x and y coordinateassociated with to ( areasA; to Ag), to (areasA;p to

Agp) and to (areasA;, to Agj) are shown ifFigure3.26

The values of the parameters wharkeshown in Equation-32 can be seen ifable 35

Table 3-5 the parameters values which are shown in Equation-31

Arand A 141.2m!

Ag1and A3 165.5 mmM

Bigand B 3 39 mnf
Bio 474.2 mmM
B, 1165.4mnY

0.0159V

0.026V
0.024V
0.0168V
0.0145Vv
0.013V
0.015v
0.012Vv

3. Stage 3

Stage 3 was intended to investigate new configuratioriind thelocal solids volume fraction
distribution near the pipe ceatwith high sensitivity. These configurations failed to achieve the

desira resultbecause theneasuremenglectrods cannotdetect the nomonductive elementat

the middle of the pipe7 KXV LQ RUGHU WR GHWHUPLQH WKH,4ROLGVY
linear relationship was assumed between the measured solids parameters in stagesridand
selected points near the pipe cerfttd?,, n=1 to 8) A linear relationship was assumed between

the local solids volume fraction #,.1 ,andB, o andLP,.;(n=1 to 8) seeFigure 3.24
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Figure 3.24 the linear relationship line betweenA,.; nand B, and LPp;

For vertical flowprevious literatur¢15,1q9 shows that the solids volume fraction profii@ries
from being aowerlaZ ‘shapegor > 0.08to aflat shapefor > 0.15.For < 0.15the local

solids volume fractionncreases approximately linearly fronearthe pipe wallto mid-way to

the pipe center segFigure 3.25 For > 0.15the local solids volume fraction will havea

relativelyconstant value throughitthe pipe cross section
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Figure 3.25the solids volume fraction profiles obtainedoy Alajbegovic[15] and Al-Hinai [49]

As shown inFigure 3.25 assuming a linear relationshiiplack line)betweenthe solids volume

fractions atA, s and B4 owill still giv e reasonablevaluesfor the solids volume fraction gioint

LPs. Therefore, it was assumed thia¢ iocal solids volume fraction  atLPsis given by

Equation3-17

wherethe magnitudeof the slop m andthe interceptb are depends on the values of the solids

volume fractions af\y sandBy .

At 0° inclination, the solids flow profile is an axisymmetric profile. Therefore, the linear

assumption betweedhe solids volume fraction &, .1, Bnoand LR, can be still applied in order
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to measurghe £, . The magnitude of the slegm and the mterceptb of the linearityare

depends on the values of the solids volume fractioAgat andB, o, se¢Figure3.24

AM technique gives 32olids volume fractior( 2 ,,,); (i=1 to 32) measuremenitsside the pipe

crosssection, thex andy coordinates of these 32 points can be seéppendixA Table 9.2.

As7
Ay As
Arg A
Bs.o
B7 0 B5,0
Ag
LP, As
A8,1 BS,O Lpg LP6 B4 o A4 5
LP; LP
P p,
A Bio LPs Bso Aa
Auz Bzo Asa
A A3 As

Figure 3.26 x and y coordinates 0f32 measurements points

The area methodology technique wased effectively to measure the solids parameters in
vertical solidsin-water flow, seeChapter7 (Sections 7.2 and 7.3Howeverin solidsin-water
flow inclined at 30 to vertical, theAM technique shows nerealistic values of solids volume

fraction, the reasobeng thatthe AM can beonly applied to theaxisymmetricflows. The full

explanatiorfor the AM limitationis gven in Sectid.4.4
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3.4.3.3SolidsVelocity Measurementlsing AreaMethodology
The Area Methodologytechnique wasusedwith the cross correlation technique order to

determine thesolids velocity distributionin solidsin-water vertical flow. The measured solids
velocity was assigned to the CeMf Configurations | and IV rotational positiorf n=1 to 8)

This represestthesolidsvelocity in areagy, A2 « AgandB,o, Boo « 580

Thesolids velocity in arealg ; may be defined as

Equation3-18

where and represent the solids velocities measured by cross correlation techniques, see

section 4.3.2, for area% andA; respectivelyFollowing thesamesteps the \elocities in areas

A12 A1« Argwere defined.

The previous literature reviejll549,5 shows thain vertical solidsin-water flowsthe solids
velocity profiles have flat shapeShat mean the solids velocityalwayshasapproximatelythe
same vhues across the pipe cross section. Therefore the assumption of the linear relationship
between the solids volume fraction at poiAis.+1 , Bno andLP, is still valid for thesolids

velocity measuremenRotaing in steps of 45°the total solids velaties (n=1 to 8)were

calculated.

In order to obtain the solids velocity distribution and the solids volume fraction
distribution R, the 32measurement pointsf the solids velocity and the solids
volume fraction (i=1 to 32)were interpolated through the pipe cross section using

MATLAB 4 griddatamethod V4
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3.4.4 Limitation of AM Technique

In solidsin-water flow inclined at 30° to the verdl the solids volume fraction varies as a
function of y-coordinate where is much greater at the lower side of the pipe than the upper
side For the 309nclined flowthe AM managed to obtain a solidsstribution inside the pipe,
WKRXJK IptduGe.réalsfiaMistributiond his failure could be due to the large variation in
solids volume fraction between the lower and upper sides of the pipealidiey of relationship

in Equation 39 is highly dependent upon an axisymmetric solids concentration distribution in
the flow cross sectionAdditionally, Equation 311 is also highly dependenton the mean

sensitivity parameter. Any small error in  will effect  especially if is relatively high,

e.g. if it reaches 630 % at lower side of the pipe.

For the current study, the solidswater flow parameters were investigafed inclinations of
0°, and 30°degrees from the verticaBased on the previous CoA and AM investigation, it was
decided to use CoA methodology in inclined flow, while AM methodologguwsed in vertical

flow.

3.5 Summary

x The COMSOL software was usedttosimulate the sensitivitghanges with dispersed phase

for differentConfiguratiors , See Sectiqi.2

x An element with zero conductivity was used to simulate a dispersed. gheseaensitivity
parameter was calculated usiaguation 32 .

X The sensitivity distributions donfiguratiors were rotated in steps of 45°

in orde to cover the total pipe crosgction.
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x The boundary ofhe effective sensing region in eaCbnfiguration( ) and

the n" rotational position i 1to8) can be defing as 10% of the maximum wssitivity

distribution,Section 3.3

X The x andy co-ordinates for the CoAs are calculated ugitgguation3-7|andEquation3-8

see SectioﬁA.l The measuredolidsparameters are assumed to be assigned to the x and y

co-ordinates of the CoA.

x CoA technique provide24 measurement pointer each solidsrolume fraction and solids
velocity inside the pipeThe 24 measured parameters wiaterpolated later through the pipe
cross section to obtain the solids volume fraction distribution and the solids velocity
distribution.

X CoA has a limited capability toneasure low solids volume fraction in vertical flesge
Section3.4.3 though it worked effectively in inclingtbw, section3.4.1

x Due to the CoA limitation in vertical flow, a new technique (Area methodology) was
proposed byhe author in order to meare the low solids volume fraction in solitlswater
vertical flow.

X The AM techniquewvasbased on divithg the pipe cross section into sakeas. Where each of
these sulareas has a particular solids volume fraction and solids velocity obtained ky direc
measurement or mathematical calculations, see section 3.4.3.

x The AM has in total 32 measurement points inside the pipe cross sét¢t®B2 measured
parameters were interpolated later through the pipe cross section to obtain the solids volume
fractiondistribution and the solids velocity distribution.

x AM technique has a limited capability to measure solids volume fraction in inclined flow see

Section3.4.3 though it worked effectively in vertical flow, s&ection3.4.3

93



x For the current study, it was decided to use CoA methodology in inclined flow and AM

methodology in vertical flow.
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4. CHAPTER 4. Implementation of the Impedance Cross

Correlation Flow Meter

4.1 Introduction

This chapter describes the design and implementation hpedanceCrossCorrelation (ICC)

flow meter which can be used in sohdster pipe flows to measure thesitu volume fraction
distributions of both phases and trleecdl solids velocity distribution. The ICC flow meter
comprises two arrays of electrodes, each array can be arranged in different configurations as
described inSection3.3. Changing the electrode configuration changes the electric field, and
hence the ragn in the flow crosssection that is interrogated. The local solids velocity in the
interrogated regioms obtained by crossorrelatingbetween the two electrode arrays. The local
in-situ solids volume fraction is obtained from the mean mixture condhydtnthe region under
LOWHUURJDWLRQ $ QXPEHU RI 3 LQWHUURJDWHG UHJLRQV’

and the insitu solids volume fraction profile in the flow cressction. This process is carried out

for each flow condition to be imstigated. The hsitu water volume fraction, is readily
obtained from the measured-situ solids volume fraction, , by simple subtraction
( )-

4.2 ICC Designand Construction

The ICC deviceis used to determine the distributicof the local solids velocity the
distributions of the local solgdvolume fraction and hence thdistribution of the local water
volume fraction . The ICCdeviceconsists of two arrays of eight electrodes separated by an

axial distance of 50 mm. In each array the electrodes are mounted equidistantly around the
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internal circumference of the pipe carrying the flow, see Figure 4.1. Every electrode in each

buub\ FbQ EH VHOHFWHG WR EH HLWKHU SH[FLWDWLRQ " S3PHI

Conductance Circuit

Channel A:
The amplifier J<_ ' Electrode selection circuit &S
Array A
Switching Mechanism =5 vV > Array A
Between a
V() Array A and Array B - —
@ Electrode selection circuit|
Array B
Channel B: <> Array B
o il Y
The amplifier

Figure 4.1 Schematic diagram for the ICC flow meter

The ICC device has similar features to dplkane electrical resistance tomography (ERT)
systems because both techniques consist of two electrode arrays mounted around the pipe.
Howeverin contrast to ERT systemihe ICC device has low implementation catd needs no
sophisticated algorithms to analyse the acquired data. In the ppstadg of solidan-water

flow, water is the continuous conductive phase while the solidscamsidered to be the
dispersed phase with zero electrical conductivity. For the ICC device to produce sensing regions
inside the pipe, the states of each array hemged according to four predefineahfigurations,

see Section 3.2 These configurationsan ech berotated (in steps of 4bto one of eight

positions (n=1 to 8) to allow measurement over the esestional area of the pipe.|Figure

4.1| the excitation (") electrodesn array A and Bare connected to S1 and B&pectivelyand

theve electrodesn array A and Bareconnected t@ointsS2 and S4espectively The earth )
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electrodes are grounded. The chosen configuration of electrodes was obtained using the electrode

selection circuit described in Sectidr2.3 and shown schematically in Figure 4.1.

4.2.1 The ICCBodyDesign

The body of the ICC consisted of two parts: a stainless steel casing and an inner flow tube, see

Figure4.2| The stainless steel casing was to protect the inner structure and electrode connections

and to electrically shield the electrodes from external sources of electricalTimsiow tube is
a tube machined frorRolyetherEther Ketone (PEEK) materiawhich is norconducting. The
flow tube has an 80 mm internal diameter matching the pipe carrying the-iselidser flow

and is 310 mm long.

Two arrays of electrodes measured the fluid velocity using a cross correlation technique. The
value of the axiharray separatiorl of the two arrays in the present investigation was 50 mm.

The selectiorof the optimum axial separatiob between the two electrode arrays was based on

a survey of previous work carried out by Deng et|dD5. According to this study, for an 80

mm dianeter pipe the optimum distande between the two electrodes arrays for the purpose of
determining the flow velcity by crosscorrelation sould be 50 mm centre to centeeresult
which was obtained by experimentally varying the distance between two electrode arrays

incrementally and observing which separation gave the best resuldss8eAl-Hinai .
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Figure 4.2 ICC stainless steel casingnd inner flow tube

Each array containegight electrodes equally spaced over the internal miference of the inner

flow tube. Each electrode had dimensions of 10 mm long x 5 mm wide x i5thick, see

Figure4.3| While the electrodewereclose enough to give amlequatelydetailed picture of the

flow in the pipe the electrode arrangemeprevened interference between the electrode

connectionsn the space amorge ICC flow tube and stainless steel casing
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1.5 mm

5mm

10 mm

Figure 4.3 Electrode assembly inside the inner flow tube

As shown inFigure4.3| a hole was drilled through the tube wall andeatangular groove 1.5

mm deep and 5 mm wide was cut in the inner face of the flow tube tdh@lstainless steel
electrods. Eachelectrode has a long tlaged pinon its back that passéldrough the wall ofthe
tube.Each electrodevasmechanically fixed firmly intats positionusing a washer and ntthe

copper wires carrying the excitation and measurement signals were attached to the pin and

gripped using a second nut.
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Figure 4.4 Photo of Impedance CrosstCorrelation device

Figure 4.4| shows a photo of the body of the ICC device, note that the flow tube has four

electrode arrays in preparation fwssiblefuture investigations. In the present investigation only

arrays A and B were used.
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4.2.2 Conductanc€ircuit Design

A circuit wasdesigned and built to measure the conductance of the multiphase mixture between
the V' and ve electrodes, sequentially farach of the eight rotational positioasd for each

configuration. The schematic diagrafigure 4.5| shows the main stages of the circuit for

measuring the conductance of the multiphase mixture ataddtie two electrode arrays. It is
made up of two main stages. As the chanrfelsboth arrays A and Bare the same it is only

necessary to desbg onechannel

Switching Mechanism 2 .
Between Array A and AraB
Stagel
Vv 2
Amplifier Amplifier <«
2 \
Low pass filter Low pass filter <—
v v
Full wave rectifier Full wave rectifier Stage2
v 4
Low pass filter Low pass filter <—
[ ]
\
Controller

Figure 4.5 Schematic diagram of the conductance measurement circuit
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1. Stagel:

Sincethe ICC has two arrays (A and B), it was necessary to ertbatéhere wasno crosstalk
between Channel A and Channel B. A switching mechanism wastbugihsure that th&"
electrods in array A connected to poinB1, see Figure 4) and theV' electrode in array B

(connected to poinB3 see Figure 4) were connectedlternately to the excitation sourvgt).

This meant that both arrays were never active at the same tinteégees4.6| (i.e. when array A

is active, array B is njytand so crostalk between the two arrays was prevented.

Figure 4.6 The excitation signaldn array A (red signal denoteé/a ) and array B (blue signal denotek/b )

The switching mechanisnsegFigure4.7| conssted of an XR-2206 function generatgworking

in a similar manner to a 555 timer) and two MAX 303 high speed analogue swiithes{R
2206 fed the two MAX 303 analogue switches with a 100 kHz switching frequency which

represents the two states: low (0) and highdayl whichswitchedthe 10kHz excitation source

V(t) alternately between array A and array B as shoywgare4.6

102



Figure4.7|shows the MAX 303 analogue switches in the normally aqueriigurationi.e. where

the output from XR2206 was at the lostate (0)

XR-2206 MAX303 R2
100 kHz Channel B
B (Vout,B)
Rf
V() S1 s2
10 kHz
MAX303 R2
Channel A
A (Vout,A)
Rf
S3 S4

Figure 4.7 Switching mechanismwith low state (0)

As shown inFigure4.7| at low state, S1 is connected to the excitation signal while S2 is

connected to the negative input of thleannel Binverting amplifier. Depending upon the
electrodeconfiguration selectedne or more electrodés Channel B will also be connected to
point S1 as described in Section 4.ABthe low statethe output voltageéV,,s) of the inverting
amplifier in channel Bwill be representative of the fluid mixture conductivity betweka
excitationandvirtual earth electrodes in channelAso during thdow state, poinS3 is earthed

while point S4 is connected to the negative input of the inverting diexpfor channel Aand
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alsois short circuitedo the output ofthis inverting amplifier This design methodologwlso

helps to reducénterference between array A and array B.

When switched to the high (1) state, tmmfiguration of the MAX 303 analogssvitches actas

shown inFigure4.8

XR-2206 MAX303 R2
100 kHz
Channel B
B (Moutg)
Rf
V(t) S1 S2
10 kHz
MAX303 R2
Channel A
A (Vouta)
Rf
S3 sS4

Figure 4.8 Switching mechanism with high state (1)

In the high state (1ip array A S3 is connected to the excitation signal and S4 is connected

to the negtive input of thechannel Ainverting amplifier. Additionally, the outpu¥/,u,a) Of the
inverting amplifier in channel A will be activatesihce the output from the channel A amplifier

is no longer shi circuited to the inverting inpuMeanwhile, S15 earthed and S2 is connected
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to the negative input of the inverting amplifitar channel B and also to the output of this

inverting amfifier. The conductance circuit jRigure 4.7|and|Figure 4.8/ can be simulated as

shown inFigure 49. Figure 49 represents the conductance circuit simulation for channel B

only. Note that Channel A has a similar simulation as Channel B.

Vp'
(Vout, B)

Figure 4.9 smulated conductance circuitfor channel B

Figure 49 shows the conductance circuit used to measure the change in conductivity of the flow
inside the tube, whereR: is the electrical resistance of the fluid between the excitation
electrode(s) and the virtual earth electrode(s) Rni$ the feedback resistance of the inverting

amplifier.

Ry is the electrical resistance of the fluid between the excitation electrode(f#)eagdounded
electrode(s), whil&, is the electrical resistance of the fluid between the virtual earth electrode(s)

and the grounded electrodes.

SinceRy has no effect on the operation of the amplifier, the current equation of the conductance

circuit can be written as:
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Equationd-1

where: s the feedback current, is the current between thgt) and Ve, is the current

between theve and ground and is the internal amplifier current. Thé, voltage can be

written as:

Equation4-2
where:Ais the open loop amplifier gain.
Equationd-1|can rewrite in term of the voltages and resistances as follows:

Equation4-3
Substitutingequation 42 into Equation 43:

Equation4-4
Equation 44 can be simplified as:

Equationd-5

The relation between andV' can be obtained by {@ranging Equation-8:
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Equaton 4-6

When the open loop gaifs is very high, (which is the case for the LF356 amplifier used in the

present studfquaton 4-6|can be simplified to:

And so the fluid resistandg, in Figure 49 can be ignored\ote thajEquation4-7|is the same

Equationd-7

equation used in the COMSOL simulation to calculate the sensitivity parametsecsiea 3.2.

2. Stage2:

Figure 410 shows stage 2 of the conductameeasuremertircuits. Since Stage 2 in channel A

and Channel Bire the same it is only necessary to desavite
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Low pass filter AD360 precision rectifier Low pass filter and DC offset adjuster

(Vout,B)

(@)

Low pass filter AD360 precision rectifier Low pass filter and DC offset adjuster

(Voutn)

(b)

(©) (d) (e)

Figure 4.10 Stage 2 othe conductancecircuit (a) and (b) for both channelsB and A respectively, (c) is the output signal
from low pass filter, (d) is the output signal from the AD63Mrecision rectifier and (e)is the output sighal from the low
pass filter and DC offset adjuster
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In Channel B, the output signal from the inverting amplifier passed through a low pass

Butterworth filter with a cubff frequency of 150 kHz to remove arnygh frequencynoise
which producel by the high speed switching between the two arrays A ardgBre 410c. An

ADG630 integrated circuit was used as a precision rectgesfigure 4.10.

The main purpose ahe AD630 was to perform full wave rectification on the  voltage

signal refer Figure 4.10dThis signal was then fed into a low pass Butterworth filter witkout
frequency of 200 Hz to give a DC output voltage refer Figure 4.10eA DC offset adjuster
was usedluring the settingip procedureo adjust the output sign&kto zero wherair only was

present in the pipe and hence the mixture conductivity) was effectively zero.

The output signal from Channel B canvogtten as:

Equation4-8

Wherek represent the circuit gain.

The same circuit design was applied to channel A, whkigrepresents the output signal from

Channel A.

In this study, the solids vaine fraction was obtained using the output siMglérom Channel B,

while the solids velocity was determined using the cross correlation technique between the

output signal§/aandVg, see Sectigd.3.

4.2.3 ElectrodeSwitching Circuit
Since the CC flow meter has two electrod&rays, two electrode selection circuits were

designed to control the state of each electrode ireadbarray, seg-igure4.1| The electrode

selection circuits were designedlie able to select any electrodes from a given array (A or B)
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and connect them tehe excitation V' (potential points S1 and S3 in Channel A and B
respectively) virtual earthmeasuremente (points S2 and S4 in Channel A anddpectively

or to earthE potential.

Each electrode selection circuit has three 74AC573 latch chips denoted as Latchl to Latch3 in
array B and Latch4 to Latch6 in array A. Each one of these chips is fed with eight defined signals
and one latch signal. The latch output respongbdaeceived signal depends upon the state of
the Latch Enabled (LE) input. Additionally, eaglectrodeselection circuihas 24 DG403 high

speed analogue switches to control the eight electrodes in each array.

Note that, if the ! electrode in arrayB is set to a given potentiaV{, ve or E) then the

corresponding electrode in array A is also set to the same potential.

Fourteendigital outputs(D/I1 to D/114) froma VM1 Microcontroller were used to control the
two electrode selection circuits, sescton 53.1 Digital outpus D/I1 to D/I8 were used to set
the defined signals tall the six latches inputDm_j)™ (m=1 to 8, j =1 to 6 where j repressnt

the Latch label and m is the electrode numbsa®Figure4.11| As an example, in the electrode

selection circuit of array B, the digital signal from D/I1 is connected to D1_1 in Latchl, D1_2in
Latch2 and D1_3 in Latch3. Meanwhile, the same digital signal from D/I1 is also connected to
D1 4 in Latch4, D1_5 in Latch5 andlD6 in Latch6 in the electrode selection circuit of array A
seeFigure4.11.The latch output@QmJ)th (m=1to 8, j = 1 to 6n response to the received signal
depended upon the state of the Latch Enabled input (LE1 to LE6) where LE1 to LE6 are

controlled by D/19 to D/114 respectively.
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Figure 4.11 schematic diagram forthe 6 D typeLatch connected to fourteerDigital outputs (D/I1 to D/114) from VM1
microcontroller
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The latch setup mechanism can be summarisethasn inFigure4.12\below:

Figure 4.12 The latch setupmechanism for arrays A and B
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Each electrode array (8r B) in the ICC meter has an input from each of the three latches. The
selection of the electrode configurations is operated byDi3e403 analogue switches (see

Figure4.13). The output of this circuit is connected to the $1) @nd S2 ¥e) in the conductance

circuit (segFigure4.1). As mentioned earlier, there are three states to be chosen in order to define

the electrode staty$able4-1andTable4-2|showthe truth tables of the selection of the three states

for arrays B and A respectively.

Table 4-1: Truth table for m " electrode in array B

Electrode status Qm_1 Qm_2 Qm 3
Excitation electrode (/") H L L
Virtual earth measurement electrode y€) L L L
Earth (E) L H L

Table 4-2 Truth table for m ™ electrode in array A

Electrode status Qm 4 Qm s
Excitation electrode ") H L L
Virtual e arth measurement electrode \(e) L L L
Earth (E) L H L

where: H is state High (1), L is state Low (0) and m is the electrode number (m=1 to 8).
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Based on the truth table, the electrode m in each array can be connected to one of three potentials

(V', veandE). The schematic diagram|Figure4.13|is used to explain the opeirag principles

of the electrode selection circuit when conimegtelectrodel to the excitation signal/” of

channel B (i.eto point S1 of the channel B ).

Figure 4.13 Electrode 1 connected to Excitation signa¥/*, Array B

Taking electrode 1 in array B as an example:
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- Connected toexcitation voltage ¥*):

According tgTable4-1| to connect electrodeti excitationV', Q; ;in Latchl is set to High and

Q. 2in Latch2 and @ sin Latch3 are set to Low, sgegure4.13 This arrangement closes the

high speedanalogue switch (D&03), leading to the S\L terminaland opens SW2. Since Q »
in Latch2 and @3 in Latch3 are set Low, the analogue switches 403) and (DG403)
remain at normally open configuration (SW-1 open and SW2 close). This configuration of

switches sets electrode 1 to excitation.

- Connected b virtual earth measurement /€

To connect electrode 1 to the virtual earth measurement@, ;in Latchl, Q »in Latch2 and

Q1 3in Latch3 are set Low, s¢g@igure 4.14] This arrangement allows the analogue switches

(DG-403), (DG-403) and (DG403) to stayat normally openconfiguration(SW-1 open and

SW-2 closed). This configuration of switches sets electrode 1 for virtual earth measunagnent (
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Figure 4.14 Electrode 1 connectedo virtual earth measurement (ve), array B

- Connected to earth E):

To connect electrode 1 to eartf),(Q; »in Latch2 is set High while 0;in Latchl and @ sin

Latch3 are set Low, sgagure4.15 With this arrangement, the high analogue switch-40G),

is activated causing the StWlvVterminal to be closed and S¥\o be opened. Since; Qin Latchl

and Q 3 in Latch3 are set Low, the analogue switches {@3) and (DG403)% remain at
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normally open configuration (SW open and SW2 closed). This grounds electrode 1, see

Figure4.15

Figure 4.15 Electrode 1 connected to groundE) , array B
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An array of LEDs was used in the circuit to indicate the statutieoélectrodes. Each column of

LEDs represented the three states (excitation, virtuti eaasurement and earth) of each electrode,

segFigure4.16| Since there are two electrode arrays, two identical LED circuits were used.

Excitation Measurement

Ground

Figure 4.16 the electrode seledbn circuit

The electrode selection circuits were integrated with a microcontroller (VM1) in order to set the
electrodes states according to different configurations as descrilfgeciion3.3 andsection

4.2.3 Thefull integration method and prograneaxplained in Chapter Five.
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4.3 Theory of Measurement
4.3.1 Volume FractiorMeasurement
The local solids volume fraction measured by the ICCGHYLFH LV JLYHQ E\

relationship seeSection 2.2.2

Equation4-9

SubstitutingEquation4-8|into|Equation4-7| yields the output voltage/s in the conductance

circuit;

Equation4-10

The relationship between the electrical resistance of the fluid and the fluid

conductivity, can be defined as:

Equation4-11

whereg is the cell constanTherefore, the output voltads; in|Equation4-10|can be rewritten

in terms of thefluid conductivity  using:

Equation4-12

Equation4-13

Where K represergthe constanof the system
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In practical operatin, for a givenConfiguration and a given rotational position, a

conductance measurement circuit is used to medhkaeréocal solids volume fraction

using:

Equation4-14
Where: is the electrical conductivity of the watésr a givenConfiguration and a
given rotational position. The local volume fraction of the water athe relevantCoA is

thengiven by

and can be defined in tersrof output voltage$or Configuration and a given

rotational pogion

Equatiord-15

Equation4-16
where is the output voltage from channel B when water is the only fluid present in the
tube and is the output voltage from channel B when the mixture of solids and water

fluid is present in the tub&@he methodf measuremerassumeshat the system constant

G RHV Q T Wvith KrbeQod fldr different water coductivities. Therefore, dynamic testsere

carried out to check thiavariability of thesystemconstant , seeSection 4.4.

SubstitutinTﬁquatioM—lS andEquation4-16|into|Equation4-14|gives:

120



Equation4-17

In the present stud¥quationd-17|was used to calculate the local solids volume fraction

for a givenConfiguration and a given rotational position.

4.3.2 SolidsVelocity Measurement

A cross correlation technique was used tteneine the dispersed phase velocity in selids

water flow. For a given configuration and rotational position, The DC output voltages
and were cross correlated to provide information on the local solidsiteloica two

phase flow at the particular region of the flow crds$1 FWLRQ PLOQWHUURJDWHGY DW

The cross correlation function for the dispersed phase in each interrogated region can be written

as:
Equation4-18

Where is the configuration type is the rotation number, is the output voltage from

channel A at time t, is the output voltagérom channel B at timé+ ), s the

delay time and T is the total time perifadl which data is acquired.
As the delay time varies from 0 to the tokgime period T, the value of cross correlation

function will change, attaining a maximum value when is equal to the mean time

for the pertubations in the meased conductancef the flow to travel from array A to array B.

Thus, can be found by determining the value ofit which is a maximum. The local
velocity in each interogated region is giveny:
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where is the configurationn is the rotational position and is the axial distancéetween

arrays A and B.

4.4Dynamic Tesing of The ICC System

Dynamic tests wergerformedto check theoperationof the ICC device and to assess the

linearity of the conductance circuit output voltagedifterent water conductivities

4.4.1 ThecCalibration of the Conductance Circuit

The variationof the conductanceircuit output voltagesvith water conductity was examined
by using distilled water with known amounts of sodium chlorideQINadded.The ICC device
was filled with low conductivity distied water f measured conductivity pS/cm). The
conductivitywasincreased by gradually adding small amounts aCNnearly 22 mgeach timé
to water. At eachstepthe water conductivity was measured usirgg conductivity meter and

plotted against the output voltagg of array B forthethreeConfiguratiors (|, Il andlll) and

eight rotational positions€ 1 to 8), se’d‘igure4.17 Figure4.18jandFigure4.19
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Voltage, V

Voltage, V

(Vi) Vs

, .S/lcm

Figure 4.17 Calibration curve for water conductivity and output voltage of array B for
Configuration | and rotational positions n=1 to 8

(VB.in) vs

, .Slcm

Figure 4.18 Calibration curve for water conductivity and output voltage of array B for
Configuration Il and rotational positions n=1 to 8
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(VB.n) vs

Voltage, V

, .S/lcm

Figure 4.19 Calibration curve for water conductivity and output voltage of array B for
Configuration Il and rotational posi tions n=1to 8

Figures 4.16, 4.17 and 4.18 show a linear relationship betwatar conductivity = andthe
output voltage Vg of the conductance circui¥Where represert the slopbetweenthe

output voltageand thewater conductivity, . This linearity confirms that the value of the

system constant in|Equatiord-15landEquation4-16{remains constant for different water

conductivities. This confirmation is essentially important to prove that assumption of

invariability of the system constant is valid for the solids volume fraction derivation,

referto Equationd-12 to Equation 4L5.

4.5 Summary

- A non-intrusive ICC instrument which can be used to determine the distribution of the local

solids velocity (), the distributions othe local solids volume fraction () and the local
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water volume fraction ( where ) in solidsin-water flow has been designed and

built.
The ICC device consists of a noonducting flow tube vwh an internal diameter of 80 mm.

The flow tube was catructed fromPolyetherEther Ketone (PEEK) Rectangular grooves

were cut in the internal face of the flow tube to tatanless steel electrodes sgectiond.2.]

The ICC device used in this study has two arrays of electrodes, separated by an axial distance
of 50 mm. Each array contains eighectrodes mounted over the internal circumference of the
tube carrying the flowT he electrodes were mechanically fixed firmmyo their positions using

a washer and nut.

The ICC device has two electrode selection circuits which desegned to allow selection of

any electrodes from a given array (A or B) and connect them to excitsfipnreasurement

(ve) or earth E) in the corresponding channel (A or B) of the conductance measurement

circuit. refer toSection4.2.3 Based on the truth Tables 1 and 2, the electrode m in each array

can be connected to one of three potentidls\eandE).

The electrode selection circuits were controlled using fourteen digital inputs applied from a
VM1 microcontroller, refer to Chapter Five.

The ICC device has a conductance circuit to measure the conductance of the multiphase
mixture between thé/" and ve electodes, sequentially for each of the eight rotational
positions, for a given configuration.

The conductance tests included testing the output voltages of the conductance circuit for
different water conductivitiesThis was a testo determinewhether the vdage output was

linear with changes in conductivity due to the presence of a dispersed solid phase in the fluid

flow.

125



- For a given configuration and rotational position, the local solids volume fractioreasured

by the ICC deviceisgr HQ E\ OD[ZHOO¢YV U

EOanonEsy

RQVKLS UHIHU
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5. CHAPTER 5: ImpedanceCross Correlation Flow Meter

Measurements Using APC and Stand-Alone Microcontroller

5.1 Introduction

Chapter 4 described the design andnufacture of the ICC flow meter and the measurement
procedures. The IC8ystem requires processing units to control the electrode selectaort
using the digital output®/l 1 to D/I 14 (refer toFigure 4.1}, and to record and analyse the
output signalsva and Vg in order to determine volume fraction and velocity for thepersed

phase.

This chapter introduces two systems which combine to make the processing unit. The first

system is a stardlone onlhe processing unit (VM microcontroller|106§) which does not

require connection to a computand thesecond system which is an onliofline processing
unit and which requires integration ohé VM-1 microcontroller with aNational Instruments

data acquisition card and PC runnib§BVIEW software.

The staneblone unit VM1 can dynamically process and analyse the measurements made to
obtain the solids volume fraction. The (M consists of a controller board, an analogue module
and a déplay module. All the electrodéstate selectiohand measuring analysis routines are

programmed into the controller board using the VENOM programminguéayeg (downloaded

from the websitevww.microrobotic.co.uk see Section 5.3.3. The microcontroller chooses the

configuration and rotates it to each of the eight rotational positions for arrays A and B, and
measues the required voltages. After capturing the data, the microcontroller performs the
necessary analysis to obtain the solids volume fraction. The results are presented .6 the

Quatrter Video Graphics ArrafQVGA display modulewhosedimensions are 32@40 pixels
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104. A user can interact with th€C deviceand send commands using a touch screen on the

QVGA display module.

7R PHDVXUH WKH VROLGVY YHORFLW\ ZLWK D KLJK GHJUHH R

a high sampling ratésee Sectioﬂ. Due to thelow sampling rate of the VM. unit, a PC

based measuremesystemwas used to collect the measured data from arrays A and B at 2000
samples/second and perform af the necessary analysis to obtain the solids velocity
distributions. Usig suchPC based measurement the results can be processed either online or

offline.

5.2VM-1 Microcontroller
The VM-1 is a credicardsized embedded controller intended for intelligent instrum

and using VenorSC programming language protocols it can accommodatdogue and

Digital 1/0, graphical user interfaces (GUI), data and text files and many other functions

!

Figure 5.1 VM -1 Microcontroller and 1/O acquisition board

128



TheVM-1 microcontroller unit consists @n application board, which provides access to RS232
serial ports, graphic display interfaces,|’C bus and terminals for mounting the VM

microcontroller, se€igure5.2| The RS232 serial portl is used for ddwading instructions onto

the VM-1 microcontroller. The allows the data acquisition unit to communicate with thd VM
microcontroller. To display the obtained results, the graphic display interfaces thé VM
microcontroller with theQuarterVideo GraphicsArray (QVGA) display. The CPU resources for

VM-1include

$16-bit Hitachi H8S processaunning at 16MHz.

512K RAM ztbattery backed

1512K Fla$ (supplied separately) fo&/enomSC and user application.
The 1/0 Resources fafrM-1 have:

110 x Pulse ID Channels (6 PWM, 4 Puls®unting),

12 x Quadrature shaft encoder inputs,

18 x 1Gbit Analogue inputs

12 x 8&bit Analogueoutputs, and

142 x Digital I/O.

The I/0O capabilities of the VM. were used to control the electrode selection circuits by rsgndi

14 Digital outputs to latches of array A and arBayrefer to Sectiorb.3.J).

The following section describes the procedure of integration and programming structure using

theVM-1.
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5.3 ICC Integration with VM -1

5.3.1 VM-1and electrode selection circuit

Sedion|4.2.3shows the design of the electrode selection circuit. Based on this design, these

circuits need 14 digitahputs to set the two electro@erays into a defined configuration. The
VM-1 microcontroller was used to dool the electrode selection circuit Ipyoviding the 14
digital outputsare denoted: A, B, C, D, E, F, G, H, |, J, K, L, O, and P. The Mbhanges the
status of the digital inputs (A to H) according to the Truth Table d4nd then activates the
latches(Latchl to Latch6using the six remaning digital lines(l, J, K, L, O, and R)Thedigital
outputs land Jare used to excit¢he Latch Enabled (LE) inpstof Latchl and Latch 4
respectively the digital outputsk and L are used to excitthe Latch Enalgd (LE) inpus of
Latch 2 and Latch 5 respectively, atige digital outputsO and Pare used to excitthe Latch

Enabled (LE) inpigof Latch3 and Latch 6 respectively.

For the purpose of programming, the status of the electrodes, which can be confirthed b

LED arrays, were defined by a one digit number as follows:
1 - denotes connected to excitation signal)(

2 - denotes connected to virtual earth measurenvejtand

3 - denotes connected to ear).(

Taking asan examplethatthe desired elémde configuration is Configuration | and rotational

positionn=1 (refer to Sectig®.3.]), the status of the eight electrodes (ELE_ST) will be (1, 2, 3,

3, 3, 3, 3, 3), i.e. electrodes 1 in both array A and B are set astixcielectrode, while

electrodes 2 will be the measurement electrode and electrodes 3 to 8 will be connected to earth.
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Figure 5.2 Electrodes selection circuits integrated with/M -1 microcontroller

To st up the six latches, three arrays were created and denoted as:

- Latchl: this array was used to set Latdm array A and Latch in array B,

- Latch2: this array was used to set LaZcin array A and Latch in array B, and

- Latch3: this array wassed to set LatcB in array A and Latch in array B.
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Based on the Trutlables in Sectio||4.2.3 the three arrays were set either high (1) or low (0) as

demonstrated in the following commands:

TO LATCH_STEUP

[

wait 50

IF ELE_ST. element (M) = 1 then [lathl . element (M) := 1]

IF ELE_ST. element (M) = 1 then [lath2 . element (M) := 0 ]

IF ELE_ST. element (M) = 1 then [lath3 . element (M) := 0 ]
wait 50
IF ELE_ST. element (M) = 2 then [lathl . element (M) := 0 ]

IF ELE_ST. element (M) = 2 then [lath2 . element (M) := 0 ]
IF ELE_ST. element (M) = 2 then [lath3 . element (M) := 0 ]
wait 50

IF ELE_ST. element (M) = 3 then [lathl . element (M) := 0 ]
IF ELE_ST. element (M) = 3 then [lath2 . element (M) := 1 ]
IF ELE_ST. element (M) = 3 then [lath3 . element (M) := 0 ]
]

End

‘Wherem=11t08

Figure 5.3 VM1 commands to set arrays states for the three latches
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Table 51 shows the latches set up according to eldeti@onfiguration I, rotational positior1

Table 5-1 Latches set up for Configuration I, rotational position 1 in array A and array B

Electrode Electrode status Latchl Latch2 Latch3 Digital Output

1 1= (V) 1 0 0 A
2 2=o 0 0 0 B
3 3= 0 1 0 C
4 3= B 0 1 0 D
5 3= 0 1 0 E
6 3= 0 1 0 F
7 3= 0 1 0 G
8 3= 0 1 0 H

The digitaloutpus (A, B, C, D, E, F, G and H) to the electrode selection circuits were changed
three times, see B 51. For each electrode arrangement, data from array A and array B was

collected and analysed, refer to Sections 5.3.2 and 5.3.3.

5.3.2 Dataacquisition unit

To obtain accurate readisga 12bit analogue 1/0O acquisition board was integrated with the
VM-1 microcontroller. Thel/O acquisition board has a standard mimbotics 12C bus
connector- note that this bus is a communication line between the data acquisition unit and the

VM -1 microcontroller on the application board. TheHliRacquisition board caprises:
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x8 channels of 1-bit analogue input, and

x2 channels of 1:bit digital I/O port.

The 12bit AC/DC will measure single polarity signals in the range 0 V to the Shéreference

voltage). Two channels of the -ht analogue input are connected to aiela A and B in the

conductance circuit to obtain the measured output sighaend Vg (refer to Sectiom.2.2

respectively.

5.3.3 Programmingstructure

9HQRP ZDV WKH pREMHFW RULHQWHRGHN \OhUteQWcBDMEcR Q RI W

Scorpion Control Computgr0g. VenomSC was developed for writing smadi-medium sized

control applications on the VM microcontroller and provides high processing speed whilst
maintaining small code size and flexibility as an interprefe6 & VWD Q G-\& RR 8 L|{06HHE L

which means that the code is partly compiled, but not all the way down tarbonéichine code.

The VenomSC language has multitasking bdiit which gives all tasks equal priority to run
simultaneously, being interchangey the task manager with little external control. This feature

makes the system efficient and easy to m b

5.3.3.1Procedurdor Operating the ICMevice with aStandalone VM1 Microcontroller
The VM-1 microcontroller was used to select the desired electrode statesdrgse-defined

configuratiors. Using the 1/0O board, the data from channel B were collected to measure the

solids volume fraction for all eight rotational positions and display the results on the LCD

graphics panekegFigure5.4

The programing flow chart for the ICC device and -1 microcontroller is shown |Figure5.5

In order to measure the solids volume fraction the reference measurements of the output

134



voltage from channel Bwhen water only is present in the pipe, need to be collected,

refer to SectiOE.B.l

Figure 5.4 ICC deviceintegrated with VM -1 microcontroller

Theprogram starts by calibrating the ICC device with tap water only in the Bybgressinghe
YLUWXDO NH\ p6WDU \Wifie méanlikeH W R XoF BOOGroddddi@ments was

collected at 500 samples per secomor all Configuratiors and rotational positicn as

follows:
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Equation5-1

where 5000 is the number of samples

Before the ICC device starts running, the number of cy€lesver which it isrequired to find

the mean mixtureutput voltage for eachConfiguration and rotational position, is

input to the microcontroller. Additionally, the program allows the user to choose the desired
configuration and the desired distributions (solids volume fraction distributions or voltage

distributions). By pressing WKH YLUWXDO NH\ p6WDUWY RQ WKH WRXFK

running andthe mean values is collectedfor the selectedConfiguratiors  (where

=1, Il or 1) androtational positbn (n=1 to 8); where is defined by

Equation5-2

WhereC is the numbers afycles.

For each selecte@onfiguratiors (where =I, Il or lll) and rotational positiom, the solids
volume fraction was calculated as follows:

Equation5-3
The results are displayed on the touch scréeneachC.
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Start
Define configurations

\ 4
Water Calibration
ADC measuresthe as
Configuration | Configuration I Configuration Il
Save data of alln in array Save data of alln in array Save data of alln in array
V_waterl V_water2 V_water3

wheren=1to 8

L4
Input water conductivity

Input number of cycles: C

.

Choose function:

Solids volume fraction Or Voltages

distributions S
distributions

)

Choose Configuration:

Configuration | Configuration Il Configuration 11l

Using Configuration
Forn=1to 8
ADC measures

Calculate

Display the chosen functiselectecconfigurations (where
=11 or Ill') and rotational positions

Figure 5.5 Flow chart for VM -1 microcontroller software
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5.4 PC Based Measuremen&ystem

In the present investigation, a cross correlation technique was used to measure the solids velocity
in solidsin-water flow. For a cross correlatiorsystem, theaxial separation of the two array

sensors ) and the sampling period () have a great effect on the accuracy of the velocity

measurementEquation 5-4| shows the relationship between the actualbcity and the

measued velocity obtained using cross correlaticand the flowmete parameters as

described abov@&his relationships explained in detail i

Equation5-4

where =1f andf is the sampling frequency

Equation5-4{shows thatin order to make as close as possible |, the term needs

to beas small as possiblén fact was set to 5 x I0seconds (frequency of 2000 Hz) so that
for a separdon of L = 50 mm  was equal to 0.&Imand hence  will be within 1% of

. In Ideal conditios, this is the best accuracy that is achievable from the system.

The VM-1 microcontroller has aampling rate limited to less than 250 samples/setamtivo
channels(A & B ), thus a PC based measurement system was used to collect the signals data
from arrays A and Bat 2000 samples/second usimg NI USB-6343 DAQ board with a
LABVIEW and MATLAB software platform, and the PC as host computer. This system was

linked to the VM1 microcontroller, which was used to select the destedfiguration and

rotational positiom, see the flow chart jJRigure5.7
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The schematic diagramkigure 5.6 shows the PC based measurement system, includind VM

microcontroller and ICC device.

Figure 5.6 ICC device integrated with VM-1 and PC based measurement system

The NI USB6343 DAQ data acquisition unit has thirty two-4i6 analogue inputs (Al)
channels, forty eight digital I/O channels and fourb®2counter/timers. The NI board could
control the electrodselection ciraits and simultaneously colledata from arrays A and B.
Because the VM wasintegrated with thelectrode selection circuits in the eéarktage of this
investigation Therefore, the electrode selection circuits were controlled by thkl-V

microcontrollerandNI board wasisedto collectthe measuredaa from the two arrays.
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Set the sampling rate
2000 samples pasecond

l

VM -1 microcontroller
used to sethe desired
configuration and

rotationalpositionn

Set the sampling
duration T of each
rotation (e.g. 60 second

N
g l

A4

Set the number of cycle
C

A4

CollectVa andVg usingNI USB-6343
DAQ Board and save as text files

A4

Calculate the cross correlation
function using MATALB
command:
C.F= xcorr ¥g,Va)

V

Determine thehe delay
time

Aly

Detemine thesolids
velocity

\ 4

Display the results

Figure 5.7 The flow chart diagram for PC based measurement system
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Using LABVIEW andthe NI board, the data from arrays A and B were collectedafone
minute sampling durationT at sampling rate 2000 satap/second. Using the MATLAB

program,Va andVg were processed and analysed to determine the cross correlatibarfamz

provide the delay time , see Section4.3.2 and information concerning the solids passing

between the two arrayslsing , the solids velocity for a given configurationdarotational
position was found

The LABVIEW program allows the measurements to be processedhir einline or offline

mode. The offline mode can be used if the data needs further analysis.

5.55ummary

- A standalone microcontroller for the ICC has been designed and constructed.

- Online analysis software has been written for a-¥Nicrocontroller usig the VenonSC

programing language with a predetermined electrode <tafies toSection5.3)).

- The ICC stanéhlone system consisté a VM-1 microcontroller, an application board, an LCD
graphics panel with a resistive touch screen (QVGA module) and a data acquisition module.

- The routine in Appendix B8) was downloaded onto th&M-1 memory. The VM-1
microcontroller controls electrode selection and collects output signal data from the
conductance circuiiMg).

- Using the output signals from channel B, the solids volume fraction was determined

for eachConfiguration and rotational positiom, refer Section5.3.3.1 The results are

presented on the LCD graphic pandlhe QVGA module is used to display the

calculated

- Due to VM1 sampling limitations, a PC measurement system was used to calculate the solids
velocity distributions.
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- The PC measurement system consists aata acquisition unit (NI US343 DAQ Board)
and a host computer. The programming routine was written in LABVIEW programming
language using MATLAB suboutines.

- A VM-1 microcontroller was used to select the deSioafiguration and rotational position
n.

- The program processed the voltagés and Vg obtained via the NI acquisition unit and
performedall the necessary calculations to determine the solids veloefsr t05.4).

- For enhanced accungcthe data was collected at a sampling frequency of 2000 Hz. (refer to

Sectior?’

- The LABVIEW program allowed for offline analysis by saving tiigta in text files and

procesghe saved data using a MATLAB program.
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6. CHAPTER 6: Multiphase Flow Loop Facility and

Experimental Procedure

6.1 Introduction:

In order totest the performance of th@roposedflow meter with anactual multiphase flow
throughit, a flow loop was usedrhis chapter presents the experimental apgparased in the
investigations, including the multiphase flow loop facilimd the reference measurement

instruments used in this study.
This chapters divided into four main sections:

Section6.2 shows the flow loop facilityl his facility is capable 6carrying solidsin-water flows
at different solids and wateflow ratesand different solids volume fractions. In addition, the
working section of the flow loop could be positioned different inclination anglesto the

vertical.

Section 6.3 showthe rderence measurememstruments used in this study. It also describes: i)

the pressure gradient methatlich is used to measure the mean reference solids volume fraction
'Ry and its calibration(refer to section 6.3)2andii) the gravmetric flow measurement system

which is used to measutiee reference solids volumetric flow rate  and the reference water

volumetric flow rate andits calibration (refer to section 6.3)3

In the current irvestigation,an Electromagnetic Velocity Profile(EVP) systemwas used to
measure thdocal axial velocity distribution of the watén solidsin-water flow. Section 6.4

describs the background theory othe ElectromagneticVelocity Profiler (EVP) flow meter
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(section 6.4.1)ogether with an explanation of the integration of the ICC device and EVP flow

meter(section 6.4.2)

Section 6.5resents the flow conditions which were used in the experinagatexperimental

data acquisitiomndanalysis

6.2 Flow Loop Facility

The University of Huddersfield flow loop is shown|lfigure 6.1| and|Figure 6.2 and can be

arranged to produce singihase*ZDWHU R Q @ \solidsikAvdter multiphase flows by
operating the relevant pumps. The worksegtion of the pipe is 80 mm internal diameter and
approximately3 m long and can be inclined @t angle to the vertical ZKHUH "z 9).

See Figure 6.1.

The flow loop is capablef generating soliden-water flows via two methods

1. Methodl: Operating the solids pump only and opening valve 2,aefgrto|Figure6.1

2. Methodll: Operating boththe solids and water pumps and opening both valves 1 and 2

referto|Figure6.1

The flow rates of solids and water can be varied by adjusting vedwel hdjustinghe speed of

solidspump referto|Figure 6.1} In solidsin-water flow, norconducting spherical solid beads of

4 mm diameter with density of 48.8 kgm® were usedThese solids were mixed homogenously

using a stirrer mounted above the solids and water reservoir before being pumped to the

working-section (se‘ﬁigureal .
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Figure 6.1 Schematic of University ofHuddersfield multiphase flow loop
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b) EVP Systemat vertical position

a) ICC inclined at 30° to vertical ¢) Gravimetric flow measurement system

Figure 6.2 Photographs of the University of Huddersfield multiphase flow loop
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The solidsin-water flow passes through theorking-sectioninto a separator. The separator
consists of a tank containingractangular crossection chute of stainless steel mesh which
separates the phas@he phases then pasgo two individual conical stainless steel hoppers.

Baffles are positioned along thseparatorto slow down the mixture flowelocity and so

improve the efficiency ofite separatiofFigure6.3).

Figure 6.3 schematic diagram for thestainless steel mesh separator

Eachof the twohoppes is suspended on a load callowing thetotal mass okachseparated
phasedo be measuredPneumatically actuated ball valves are installetinia at the outlet of

each hoppeBy closing the ball valves and measurthg rate of mass increase in each hopper,

the solids and water mass and volumetric flow rates ( and Q, ) can beobtained as

described in (Sectif.&’s .
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A Differential Pressure(DP) sensor mounted across one raééngth of the working section

provides a reference measurement of the solids volume fraction (see Sectigh.3.3. A

flushing system ensures that no air is trapped in the transducer or measuremeihisileslps
to eliminateerrois in the measured mean reference solids volume frac_ﬁzya and toprotect

the transducerfrom being damagedue to the water hammer effectrilling the measurement
lineswith water helped to eliminate the chance of obtaimihgdraulic shockvhich is known as

thewater hammer effect

For the current investigatiomjorking sectiorinclinations of 0°and 30° degrees fnothevertical
were used and the 400 mm long tube in which the ICC and the EVP were installpthoeas

1.6 m from the inlet of the working section.

6.3 ReferenceMeasurement Devices

The flow loop wasinstrumented to provide reference measurementsobfisin-water flow
parametersthese referenceeasurements were, (i) theean solids volume fractionRp, (ii)
the solids volumetric flow rat€ ., and(iii) andthe water volumetric flow raté),, ¢ , in the

working section.
This section describes the reference measurement dévategereused for this purpose.

6.3.1 TurbineMeter
The turbine meter is installed in the water line as sTE@ure6.1 By operating the water pump

and @ening valve 1 (valve 2 closed) water is pumped through the turbine meter into the work

section. The turbine meter was used to measure the volumetric flow rate of thephemsge
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volumetric flow rate is given by:

Equation6-1

Where s the calibration factor of the turbine meter and égual t00.0462 mh'Hz?
DFFRUGLQJ WR WKH PDQXIDF W XhéHufnémeter @asEused tHelR Q F H U W

calculate the pipe friction factor, , which is used to measure the refere mean solids volume

fraction g, as described in Sectif3.2

6.3.2 Differential Pressure Sensor

In the current investigation, Rifferential PressurgDP) cell, Yokogawa EJA 110A, was used to

measure the meaeference solids volume fractioTﬁz,dp in the flow crosssection. The DRell

wasinstalled on the flow loop as showrjkigure6.4{to measure the differential pressure alang

one mete length of the workingsection.

Water filled lines

7

DP cell

@

[ > 4-20mA

Yokogawa EJA 110A
differential pressure sensor

Figure 6.4 Schematic of the differential pressure connection
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For two phase flow dwls-in-water flow:

Equation6-2
where and are the upstream and downstreatatic pressure at points 1 and 2
respedwely, is the mean density of the fluid, is the accelerationf gravity (9.81 m/$),

is the distance between the upstream and downstream préappneg 1l and 2, is the

inclination angle and is the frictional pressure loss along

The dfferential pressure  measured by DP ceWhen it is connected to the flow tube via

water filled lines is given by

Equation6-3
Equation6-4
where |, is the water density.
Substitutingequation6-2 into Equation 64:
‘P {gLcosT7 F (/gLcos7 Equation6-5
Equation6-5 can be written as:
Equation6-6
The density of the mixture can bgpressed as:
Equation6-7
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Where R is the mean solids volunfeaction, ¢ is the solid density

Substitutingequation 67 into Equation 66 gives

Equation6-8
Equation6-9

Equation6-10

RearrangeEquation 610

Equation6-11

where is the differential pressure measured by the dp cell.

On the basis of work by Co@ andAl-Hinai , it is acceptable to a first approximation to
assume that a singfghase friction factor could be used to represent the frictioregisure loss

in the present investigation. Co and Al-Hinai found that the DarcWeisbach
eqguation is the best empirical relation for pffmv resistanceThe DarcyWeisbach equation
applied to a circular pipe gives thectional pressure loss as:

2 JLcos TT U}
D

F Equation6-12

where the pipe friction factorf, depends solely on th@pe Reynolds Numbeu, is the mean

RU 3KRPRJH&vH&OoOKH andD is the workingsection diameter (80 mmiccordingto
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Cory and Al-Hinai the singlephase pipe friction factor for the flow loop at the

University of Huddersfield is 0.007. In solids-water flow, the mean flow velocity, in

Equation6-12 WKH 3KRP R JH Q H Rnixurg ddigeRictdl VElbcitiRi®)given by
Equation6-13

where and are obtained using the gravimetric hopper system describ8ddtion

6.3.3 and A is the workingsection crosssectional area. The mean reference solids volume

fraction in the fow crosssection is obtained fronkquation6-11 , Equation6-12 and

Equation6-13.

A currentto-voltageconverter circuit (refer {&igure6.5) wasusedto convert the Yokogawa DP

cell autput signal (4 mA+20 mA) to 1 V +5 V for the differential pressure range#%0 inches
water gauge. Irthis circuit, Rer1 is a 250 Y “ KLJK SUHFLVLRQ UHVLVWRU

aaoss this resistor is fed into two buffer amplifiers. The outputs from the two buffers are

connected to the input of a unity gain differential amplifier as shbBigare 6.5 The output

voltage of the differential amplifier was connectedth@ NI USB-6343 DAQ Board
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Figure 6.5 Schematicof current-to-voltage converter circuit

Figure 6.6|showsthe results for voltage outpéom the currento-voltage converter circuit for

differential pressures in the range 0 to 40 inches water gauge .

Figure 6.6 Calibration plot for Yokogawa DP cell

FromFigure6.6| thedifferential pressured 3 (Pascal)s obtainedising:
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Equation6-14

where is theoutput voltage from the curretd-voltageconverter circuit

The differential pressure from Equation6-14 is used inEquation 611 to obtain the mean

volume fraction of the solid phase in multiphase flow.

6.3.3 GravimetricFlow Measurement Syste

In asolidsin-water flow, the reference solids volumetric flow rate and the reference water

volumetric flow rate can be obtained using gravimetric methods. As shoy#iguare 6.1

the solidsin-water flow passes through a separator which separates the different phases into
stainless steel hoppers. Each hopper has a pneumatic ball valve at its base and is suspended from
a load cell. Both the load cells and the valve contrsiesy are interfaced to a PC. By closing the

valve and recording the time taken to fill the hopper with a given ptiesejean mass flow rate
for a given phaséM can be calculated immediately. Using the measured mean mass flow rate

M and the density dhephase or , the volumetric flow for the phasman be calculated as:

Equation6-15

A correctionto compensatdor the effect ofwater adhering to the surface of the beads is

presented in Section 6.233.
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6.3.3.1HopperLoad Cell Calibration

The load celfor each hoppewascalibratedby incrementally addigm known masses of water to
the hoppeand recording theutput voltage signal from tHepper load cell. For each hopper the
mass was added in equal increments for the full range of the loadieeldkg to 45kg. To
ensure the repeatability and accurathe calibration was carried out twice for each hopper

during this project

The hopper calibration curseshow a good lineaelationship between the added masses and the

load cell output voltages for each hopper|BSiegire6.7

Figure 6.7 Hoppers load cell calibration curve

Using linear regression, the relationship between the massesarfd for solids and water
respectively) andthe hopper load cell output voltagés and for solids and water

respectively) were:

Equation6-16
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Equation6-17

6.3.3.20perationof the Gravimetric Flow System

Both load cells anthe pneumatiball valveswereinterfaced with a PGo measuréd/s andV,,.
The valve at the base of the hopp@&sclosed and the timtaken for a given mass of material to
collect in the hoppewasmeasured, from which the mass flow rates of the solids and water

obtained.The program determingtie mass flow rates according to the following steps:

- The pneumatidall valvesare clesed and the control program starts to sample each load cell

continuously. As the mass in the water hopper reaches lavget limit, , the program

starts a timer. Similarly for the solids hopper, as the mass of the solid reachadatsese

limit, second timer starts.
- When the mass in the water hopper reaches an upper set limit,the program halts the first
timer and measures the time taken,. The same process occuos the solids hopper giving

the time taken

- The pneumatic ball valves are then opened ready for a new measurement to be made.

Using the measured time intervals and the corresponding measured reessesds reference

volumetric fow rate and water reference volumetric flow rafk, s can beobtained as:

Equation6-18

Where s the solid deriy which is 1340.8 kgr.
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Equation6-19

Where s the water densitwhich is 1000 kgr.
For each flow condition, thirty values of and Q, s were taken to eliminate random

errors which could occur during testing , the flow loop was left for 1 minute after each reading
and 5 minutes after any change in flow conditidasmake sure that the flow profile had

stabilieed.More detailed explanatistan be found in Corﬁl.
6.3.3.3CorrectionMethodologyfor theSolids Reference Volumetric Flow RaDg rer

The separation method used in the curmevestigation cannateparate the saols from the water
with complete efficiencyThis happes becausesomewater will always adhere to the surface of
the solid particles ando will be carried into the solids hopper. The volumetric flow rate of

excessvater into the solids hopper isy@c As such, the solids volumetric flow rate ne¢al be

corrected using a correction factéior the current investigation, was much higher than
and this made  much lower than . Which meas thateven with water excess the
solidshopperthe ratio ofQy exc/ through the period is very small and can be negated.

The excessmean volume fraction of the waterinside the solids hoppeand mixture flow

density can be defined as
Equation6-20

The mean density of the solitswatermixture inside the solids hopper can be defined as:
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Equation6-21

where U is thefinal excessvolume ofthe water attached to the sopdrticles and U

w,exc s,corr IS

thefinal correctvolume of the soligarticles. CombiningEquation 618 and Equation-89, the

mean mixture density thehoppercan be written as:

Equation6-22

The total volume of the mixture  in the hoppeduringthe time G Z can be defined as:

Equation6-23

Using Equation6-20, can be written as

Equation6-24

SubstitutinTEquation6-24 into Equation 621 gives

Equation 6-25

Equation6-26

By multiplying the both side of EquationZ® with time G %, Equation 626 can be written in

terms of volumetric flow rats as:
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Equation6-27

where is the correct solislvolumetric flow rate, and is total volumetric flow rat®f

the mixture flow intahe solids hopperfurthermore can be defined as:

Equation6-28

where is the meammeasurednixture mas flow rateand is the mean mixturdensity,

moreover can be defined as:

Equation6-29

where is the solid reference volumetric flow rate obtained by the hopper measurement

(see sectiTB.s.S.Z . SubstitutinTﬁquationG-ZQ into|Equation6-28|givesEquation 630:

Equation6-30

UsingEquation6-30, in|[Equation6-27|can be written as following

Equation6-31

Equation6-32

in|Equation6-32[can be rearranged as following
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Equation6-33

where represerdthe correction factor for the hopper measurements.

J. Cory [50] carried out an investigation to measure the amount of the wateed into the

solids hopperand found to be 0.05. Knowing the solids and water densities, the correction

factor was calculated to be equal to 0.962.

6.4 ElectromagneticVelocity Profiler (EVP)

In the work described in this sectionlids-in-water flows were investigated, the local axial
velocity distribution of the water being measured using a novel instrument known as an

Electromagnetic Velocity Profiler (EVP). The EVP was designed, constructed and used by Lucas

and Leeungculsatie 107 based on exidig electromagnetic flow meter theory. The

EVP was used to obtain the local axial velocity distribution of electricatigucting continuous

phase (watefn the flow crosssection.

The local axial velocity distribution of the solids and the local voldiraetion distribution of
both phases were measured ushmgCC flow meter. Experimental results were obtained for the
water and solids velocity and volume fraction profiles prvard vertical flow and upwarfiow
inclinedat 30 degrees to the verticad,which noruniform velocity and volume fraction profiles

occur.
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6.4.1 Backgroundlheory of the Electromagnetic Velocity Profiler
The fundamental basis of electromagnetic flow meters is that charged particles in a conducting

medium which movesin a magnetic &ld, experience a Lorentz force acting in a direction

SHUSHQGLFXODU WR ERWK WKH PDWHULDOYV PRMOGRQ DQG

showed that the local curresénsity LQ WKH IOXLG LV JRYHUQHG E\ 2KPfV O

Equation6-34

where s thelocal fluid conductivity, is the local fluid velocity, and is the local magnetic
flux density. The expression represents the local electric field induced by the fluid
motion, whereas is the electric field due to charges distributed in amaund the fluid. For

fluids where thdocal conductivity variations are relaely minori.e. of the order of about 10:1

(the multiphase flows under consideration in this study) Shercliff simﬂlﬁ@ahtion6—34 and

showed that the local potential in the flow can be obtained by solving

Equation6-35

For a circular cross section flow chahrbounded by a number of electrodes, with a uniform
magnetic field of flux density normal to the axial flow direction, it can be shown with
reference to Shercliff that, in a steady flow, the potential differencéetween the pair of

electrodes is given by an expression of the form

Equation6-36
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where is the steady local axial flow velocity at the point  in the flow cross section,

isthe sesFDOOHG puZHLJIKW YD O Xtio§f o HO Dt/ L Gadd WiKtHe FRQW U L

internal radius of the flow channel. It is show 107] thalEquation6-36|can be discretised

to give:

Equation6-37

where is the mean axial velocity in the of UHJLRQV RU pPSL[HOVYTY LQWR ZKI
section is divided, is the crossectional area of the region and is a weight value

relating to . Provided that the number of potential difference measurementnd the

number of regions are both equalNpEquation6-37|can be invertedising matrix theoryo

enable estimates of the local axial flow velocityin each of the pixels to be determined from

the potential diffeence measurements made on the boundary of the flow:

Equation6-38

where is a single column matrix containing the pixadlocities IS a square matrix
containing the relevant weight values, A is a diagonal matrix containing information on the
pixel areas , and is a single column matrix containing the measured potential differences

for a given imposed velocity profile

The EVP @vice (segFigure 6.9a) was used to investigate the solialsvater two phase flow

when the flow crossection was divided into seven pixels,|5egure6.9p. Pixel 1 was at the top
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of the flow crosssection and pixel 7 was at the bottom. This pixel arrangement was chosen

because, for many stratified flows of interest, variations in the axial velocity tend to occur in a

single direction (i.e. in the direction in|Figure 6.9p). For measurements in horizontal or

