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ABSTRACT

ABSTRACT

Multiphase flow is the simultaneous flow of two or more phases, in direct contact, and
is important in the oil indusgr e.g. in production wellsn subsea pipelineand during
the drilling of wells The behavior of the flow will deped on the properties of the
constituent phases, the flow velocities and volume fractions of the phaseshe
geometry of the systenin solidsin-liquid flows, measurementf the local solids
volume fraction distribution and the local axial ssliglocity distributionin the flow
cross section is importafdr many reasons includinigealth and safety and economic
reasons, particularly in oil well drilling operations. However upward inclined solids
liquid flows which are frequently encountered duraigwell drilling operations areot
well understood. Inclined solid&juid flows result in noruniform profiles of the solids
volume fractimm and axial solids velocity ithe flow crosssection. In order to measure
the solids volumetric flow rate in these usitions it is ecessary to measure the
distributionsof the local solids volume fraction aride localaxial sdids velocity and
then to integrate the product of these local properties in the flow cross section.

This thesis describes the development abeintrusive Impedance Crog3orrelation

(ICC) device to measure the local solids volume fraction distribution and the local
solidsaxial solids velocity distribution in upward inclined sohdater flows in which

these distributions are highly namiform. The ICC device comprises a rRoonductive

pipe section of 80mm internal diameter fitted with two arrays dafteldes, denoted

p D UAJTand p D URJI&parated by an axidistance of 50mm. At each arragight

electrodes are equispaced over the imgkcircumference of the pipe. A control system

consisting of a microcontroller and analogue switches is used such that, for arrays A

DQG % DQ\ RI WKH HLJKW HOHFWURGHYV FDQ Bk FRQILJIXI
HYLUWXDO HDUW KWRJHRVA DRI WR HHFOHFWUREHY ( WK
local mixture conductance whifferent regions of the flowrosssection to be measured

and thereby allowing the local solids volume fraction in each region to be dedbeed
conductance sighe from arrays A and B are alswosscorrelated to yield théocal

solidsaxial velocity in the regiosof flow under interrogation.

A number of expements were carried out solidsin-waterflows in a flow loop with
an 80 mm inner diameter, 1.68m long Perstest section which was inclined at three

different inclination angle to the verticaD{,15° and30°). The obtained results show
good quantitative agreement with previous work carried asing intrusive local
probes. Integration of the flow profiles in the cross section also yielded excellent
guantitative agreement with reference measurements of the mean solids volume
fraction, the mean solids velocity and the solids volumetric flow Fatghermore, this

study also showedood qualitative agreement with high speed film oé tthow. It is
believed that themethod of velocityand volume fractionprofile measuren
described in this thesis is much simpler to implement, more accurate and kessiexp

than the currently very popular technique of eplahe Electrical Resistance
Tomography (ERT).

Finally, the thesis describes mathematical model fqgoredicting the axial velocity
distribution of inclined solidsvater flows usingthe solds volune fraction profiles
measured by the ICC device. Good agreement was obtained between the predicted
velocity profiles and the velocity profiles measured using the ICC device.
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NOMENECLATURE LIST

Acronyms
DP Differential Pressure
EFM Electromagnetid-low Metering
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gFarthEOHFWURGHV
gigh Impedancd]
Symbols
A The cross sectional area of the pipe.
CD The drag coefficient resisting the motion of a particle.
C(y) The dispersed phaselume fraction
D The pipe diameter.
d The particle diameter.
du The phase velocity in x direction.
dx
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du The phase velocity in y direction.
dy
du The phase velocity in z direction.
dz
dp The axialpressure gradient
dx
F The frictional pressure loss along the length of pipe.
Fg The downward force on a particle due to giavi
f Frequency.
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g Gravity.
The length of the measuring working section over which the
h pressure gradient is measured.
| Electrical curent.
in No. of hole ( see Chapters 4&5).
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K The configuration constant gain ( see Section 3.10).
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L The effective axial sensors separatipsee Section 3.3)
L The length of pipe under consideratig¢see Section 6.3.3)
M The mass flow rate.
Ms The mass solids flow rate.
MW The mass water flow rate.
mt" No. of electrodes in both arrays A and B.
N 33L[HOV’
n The iteration number.
P 33L[HOV’
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t Time.
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Ucc Section 2.6.4.4).
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The mean flow velocity calculated by cross correlation ( see

Un Section 2.6.4.4).
Uws The superficial water velocity.
Ui The mean flow velocity.
Uy The mean water velocity.
Uc The criticalvelocity.
Uyy The local water velocity.
up, The homogenous flow velocity
Ug The local axial solids velocity.
Us The average solids velocity.
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u(y) The axial fluid velocity at coordinate .
\ Voltage.
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/ 9GB,i, sta The wltage difference obtained frostatic test.
' Ygi Thevoltage difference obtained by COMSOL.
‘model
x(t) Theoutput signal form upstream sensor X.
y(t) Theoutput signal from downstream sensor Y.
v Themeasurement values obtained from integravedll
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Yref Thereference measurement obtained from the reference devi
X 1 The conductivity matrix.
b IK] The potential difference matrix.
B The sensitivity matrix.

Greek symbols

The local solids volume fraction.

‘S
- The mean volume fraction.
[
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‘W
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1m The local mixture conductivity.
1S The solids conductivity.
1W The water conductivity.
b Thetransit time in crossorrelation.
] Thephase angle.
Subsciipts
B Ball ( see Chapter 5)
C Continuous phase ( see Section 8.4)
D Drag ( see Chapter 5)
d dispersed phase (see Section 8.4)
ICC Impedance @ss Correlation
[ Number of pixel ( see Chapter 4)
j boundary voltage measurement ( see Chapter 4)
m mixture
meas measured value by the ICC
p Practical
ref Reference value
S Solids
slip Slip velocity ( see Chapter 1)
T Terminal ( see Chapter 5)
t Turbine (see Section 6.3.2)
W Water
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INTRODUCTION

Chapter 1 INTRODUCTION

This chapter starts by explaining the motivation for choosing this particular
research project. The problem of multiphase flow metering is discussed, as are
possible applications for a nemtrusive, rdatively simple and robust, solidgjuid

flow metering device. Finally, the aims and research objectives are given, and the
chapter ends by describing the layout of the thesis.
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1.1 Motivation

In many industrial processes it ig@i of extreme importance to measure fluid flow
rates accurately. Flow rate measurement may be essential for a variety of reasons
including process control and tine monitoring applications. Although many flows

may consist of a single fluid flowing in g multiphase flowsare becoming
increasingly important, particularly in the oil industry.

Multiphase flows, where two or three flujdghich may or may not carry solidéow
simultaneously in a pipe are important in many applications witteroil, mining,
paper pulp, natural gas and other industreagen measuringhe concentration of
beans in tomatsauceAkagawaet al., (1989) It is vital for these industries to

precisely monitor the flow properties, such as the mean volume fraE}ioamd

mean veIocityUi of each phase to quantifiye mean phase flow ragg, as:

Q iU A 1-1

where: A is the crossectional area of the pipe.

Traditional commercial measuring techniques empérge heavy and expensive
separators tadivide the mixture into its various components and meter them
individually, which is time consumingnd expensive (seFigure 11). Furthermore,

such measurements can be unrepresentative because they do not operate

continuously and sample only a fraction of the total production.
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Gas, oil, water in

el

Water out

e
Qil out

Figurel-1: Test separator used in thitindustry [Al-Aufi and Al-Hinai, 2002]

A major problem for the measurement of multiphase flow is that it can occur in a
number of different, not necessarily clearly defined, regimes such as stratified or
dispersed or annular oslug Hewitt et al., (1986, which require different
measurement techniques. For example for a homogeneous multiphase flow, a single
phase flow measurement technique may sometimescbeptablehoweverwhere

the flow is transient and intermittensuch asin the slug regime, singl phase
techniques cannot be applied. Furthermore, complex coupling between the two phase
flow pattern and the geometry of the containing pipdich will change with
change of pipe geometry, complicate the measuremélttanges in ipe geometry

due tothe presence obendsfittings andvalves can disrupt flow pattesover long
distances (both upstream and downstream) before a stable pattern is again

established

Different fluid combinations, including gdisjuid flows, gassolid flows, gadiquid-
solid flows, liquid-liquid flows and liquidsolid flows are all regarded as multiphase
flows. The current investigation deals with soliddiquid flows, or to be more
specific, with solidsvater flows. Thecurrent research is restricted to multi

component flav in a pipe of cylindrical crossection.
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Thereare many commercial devices which are able to measure the velocity of a
single phase flow which may also be usedtfmmeasurement of multiphase flow,

but they will measure only the mean (homogenewak)ity of the mixture and not

the phase velocities of the components in the flow. There are also commercial
devices capable of measuring volume fraction ingas, oitwater, watergas flow

and solidswater flows. It can be said that while the problem ofsuging volume
fraction in multiphase flows isiwow largely solved when phases are uniformly
distributed in crosssection Techniques foraccurate measurement of the local

velocity of each flowing componergquire furtheinvestigation(Wei et al.,(1998)

The developmendf techniques for measuring the flow of waselids mixtures and
monitoring the conditions of the flow remaias important multiphase floproblem
Inserting & intrusivemeasuring device into the pipeline is generalty acceptable

with multiphaselows containing solidsince it will be liable to damage by abrasion

and blockages may build up around Both problems are seriously exacerbated in
small diameter pipelines.Thus, in recent years, advances in watesolids
measurementfhiave beenbased on the use of namrusive techniquesOptical,
ultrasound, nuclear, conductance and electrostatic transducers are increasingly

finding application irsuchmetering devices.

In the oiland gasndustry there araumerousnstances when flg is in pipelinesthat
areneithervertical nor horizontalbut inclined at some arbitrary angle to the vertical.
For example, when a single production platform slalhumbeiof wells to maximise
exploitation of a particular reservpimost of those wellsvill have sections which are
inclined to the verticalln such circumstanceas will be necessary to monitor the
solids flow rates in solidBquid flows, for exampleto monitor the flow of drilling

cuttings during drillingoperations, for noimorizontaland nonrvertical pipes.

Often in drilling operationgo remove the drilling cuttingsroducedoy the bitat the
base of the welldrilling mud is pumped into the wellia the drill pipe, past he
cutting bit, returningup the well bore. Téreturning nixture isa goodexample of
solidsliquid flow. Knowing the rate at which an oil well is being drilled, it is

theoretically possible to predict the volumetric flow raf@;, at which the cuttings

shouldreturn to the surfacdf Qg is less than theredictedvalue, rock cuttings
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could be jamradin the well or the well boregnd thiscould lead to the drilling head

becoming stuck in the well. On the other haifidhe value of Qg is greater than

predicted this could mean that the well is collapsing. Either of these scenarios would
entail costs of millions of pounds sterling and need to be avoided. There is thus a

need for a technology capable of monitoring seligsid flows.

The steady stateolumetric flow rateQg of the cuttings in the pipe is given by:

QS 3. sUSdA 1-2
A

where A represents the crosectional area of the pipe carrying ft@v, .gis the
local solids volume fraction andg is the local axial solids velocity. Measurement of
the distributions of . and ug is particularly necessary in situatiomdere their

distributions are highly skewed (nemiform), for example in horizontal and inclined

flows.

At present, there afew commercially available devices for measurbaih the local
solids volume fractionand velocity distributions irwatersolids flows in inclined
pipes. Although he measurement tiie solidsvolume fractiondistribution in solids
in-waterflows can be made using Electrical Resistance Tomography (ERfiich
can be very expensivetechniques for accurately measuring the asidids velocity
distribution are by no means so well developedhhkuld be noted that duplane
ERT can be used to meastine solids axial velocity distrision. Moreover it must
be alsdbe noted that ERT is still in its infancy and is still essentati experimental/

developing technique.

The purposeof this research i develop dow costdevice that measures the local

solids volume fraction'S, and the local solids axial velocjt)VS, in highly non
uniform solids-liquid flows. One of the most widely used techniques for velocity
measurement in multiphase flow is spatial crosselation, and the device proposed
hereto measure the local solids volume fraction distribution and the local axial solids
veloaty distributionin solids-water flows in which thelistributions are highly nen
uniform, is a norintrusive Impedance Crog3orrelation (ICC) device.

The very nature of soliddiquid flows means that there wibbe nonuniform profiles
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for the solids voume fraction andthe axial solids velocityover the pipe cross
section.In such situations,ot measure the solidsolumetric or mass flow rate it is
necessary to measure the profile of the local solids volume fraction and local axial
solids velocity overte pipe crossection and then obtain the relevant flow rate by

integration.

Multiphase flows can contain any combination of gas, liquid and solid ,fland

may contain more than oneomponent of the same phase at the same time, for
instance, water andiloThus to better understand the reseaaiths andobjectives,

the properties of multiphase floware discussed and explained [ection 1.2,
possible industrial applications of the research are introduced in Section 1.3, and

industrial implications, ardiscussed in Section 1.4.

1.2 Properties of multiphase flow

To understand the types of flows, amdasurements that have been undertaken in
this research, basic properties of the multiphase flows are described here. Rigure 1
is a schematic representationnodiltiphase flow and depicts the flow of a mixture of

liquid (water) and solid particles in a cylindrical pipe.

In Figure 12, Qg represents the volumetric flow rate of the solid particles, @pd
represents theolumetric flow rate of the water. For a steady state flQy,and Qyy

can be calculated using the following Equations:

Qs °.gUgdA 1-3
A

Qw uUw(- . JdA 1-4
A

WKHUH 1 $1 UH S U ketctioQahaveavsfkie dipd R, Wuy¥representhe local
solids volume fractionand the local axiakolids velocity respectively, and,,

represents thiocal axial watewvelocity. The local solids volume fractiong in the

flow is defined as the volume of the solids in a local sample as a fraction of the total

volume of the local sample.
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Qw Ps

Figurel-2: Schematic representation of a multiphase flow in a cylindrical pipe

The difference between the local velocitieg and u,,, , is called the local axial slip

velocity, V  , see Equation-5.
slip
\Y u u 1-5
sip W s
The average solids volumfeaction "¢ in the flow crosssecton is defined as in
Equation 16:
-~ 1
5 3.SdA 1-6
An

Theaverage solislvelocity Ug over the crossectional areacanbe calculated as:

3 'susdA o
ug A 5 17
2 dA  AS
S
A

And the averagdiquid velocity u,,, over the crossectional areagcanbe calculated

w
as:
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Uw
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A

The necessary bics of multiphase flows relevant to this thesis may be understood

from these equations. Later in the thesigitiphase flows will be discussed in more
detail

1.3 The measurements neededthis research

In uniform flow in a pipe both the local solids voie fraction and the local

) S,I

axial solids velocity,u would be constant across the pipe c®esstion and

sj’
Equation1-6 would reduce to ‘s 'sj Similarly Equation 1.7 would reduce to

u i In such conditionsrey global flow measuring device that measures the

SuS

mean values Of'sj and Ugj across a pipe crosection would give a reasonably

accurate measure ofS and ug. Equation 13 for the volumetric flow rate of the solid
particleswould simplify to:

Qs A .gug 1-9

However, local flow parameters are generally natanmly distributed in the flow
crosssection.A good example is upward solidguid flow in an inclined pipe, as
shown schematically in Figure3, where the distribution of the solids across the pipe
crosssection is highly nomniform. The distributiorwill depend on the density of the
solids; the more dense the solids the less the net upward buoyancy force on its
particles. Thus the more dense the patrticles the quicker they sink to the lower side of
the inclined pipezall other things being equalcausing a layer of solid particles to
develop. If more than one solid was being transported the density and size of the
particles would both vary and the layer of particles on the lower side of the inclined

pipe would also baon-uniform.

If the layer of @&nsesolid on the lower side of the inclined pipe becomes thick
enough, it can slip/slide down the pipe against the fluid flow. Such reverse flow may

be episodic or, under suitable circumstances, continuous.
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Simultaneously the liquid is flowing upwardsesvthe surface of the solid particles,

and in so doing it entrains particles from the top of the layer back into the liquid flow,
taking them further up the pipe. We may therefore see a kind of recycling process
with particles being carried upstream sirkito the lower side of the inclined pipe
beingcarried a distance downstream before being caught up by the fluid and carried
upstream again. Of course, some solid particles could, depenwlitige fluid forces

they experience, be carried up the pipe witheer sinking onto the solid layer. The
process of entrainment is strong enough to ensure that there is a net upwards solids

flow despite the downward motion of the solids bed at the lower side of the pipe.

There will be a dynamic balance between theflading forces and a flow will be
established where the time averaged local solids volume fraction shows a variation
across the pipe from a high value at the lower side of the inclined pipe to a much
lower value at the upper side of the pipe. Naturdhg, time averaged axial velocity
profile for solids carried inmulti-phase flow in an inclined pipe will be
correspondingly complex with larger axial solids velocities in the forward direction at
the upper side of the inclined pipe and smaller axial seigscities in the reverse

direction at the lower side.

In norruniform flows it is accepted that complete profiles of and ug must be

acquired in order to determin®g using Equation B. Ore aim of the current
investigation will be to develop a device that will measure the distribution @nd

Ug in the flow crosssection
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Pumping
direction

Action of
gravity on
the solids

Figurel-3: A solidsliquid flow in an inclined pipe

1.4 Possible applications for multiphase flow measurement

This section describes possible applications of a device capable of measuring the local
properties of a solidéquid pipe flow. This is not an exhaustive list, its pumas to

show the range of areas to which the current research could be applicable.

Before introducing possible applications of a salidsid flow measurement device,

it is important to note the generic nature of much ofdheent investigation. The
intended application is for a solilgater flow or more generally for a n@monducting
dispersed phase in an electrically conducting continuous liquid. However, depending
on the measurement method, the device could also have applications in such flows as
gas-in-water and o#in-water. It is intendedhat the device developedill be non

intrusive

1.4.1 Oil and gas industry applications

Part of the original funding for this research came from the oil industry and the
original intended application is within thield. An oil or gas well does not produce a
single phase product. Ofteil, gas, wateand solidswill be produced simultaneously
from the same well, althoudbr the majority of the time the predominant flow is two

phases. Indeed oil and gas producpoobably is of the greatest interest in multiphase
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flow measurement research and traditionally the oil and gas industry has been one of
the largest funders of multiphase flow research. Much equipment developed within

these industries is thesubsequentlgevolved for other applications.

The followingoil and gas industrgpplicatiors arethe one for which this technology
was originally intended. As such it has already attracted funding from both public and

industrial sources which suggests that it isadole market.

During oil well drilling operations a fluid, known as drilling mud, is pumped into the
well. This fluid passes down the drill pipe, past the cutting bit, and then back up the
well bore. As the fluid returns to the surface it carmeth it the drilling cuttings
produced at the base of the well. This returning mixture is a daigid flow. This

operation is shown schematically in Figard.

Flow of drillimg mud and ~ ==——b] e
drilling cuttings to the surface[§8

Flow of drillmg mud
down the hole

Drilling bit
\Jfe/

Figurel-4: Representation of oil well drillop[http: //science.howstuffworks.com/eil
drilling4.htm., accessd20/04/08]

As stated earlier in this chapter the rate at which an oil well is being drilled is known.

Therefore it should be possible to predia volumetric flow rateQg, at which the

rock cuttings will return to the surface. However this expected volumetric risv

does not always occuhs state previously, iQg falls belowthe predictedvalue it is

possible that rock cuttings are jammedha well which can lead tthe entire drilling

head becomingtsck in the well. Similarly ifQg is higher than th@redictedvalue

then this could indicate that the well is collapsing. As either of these outcomes could
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entail a cost bseveral million pounds they need to be avoided if possibavever,
stopping drillingdue to a false alarm is costly in terms of lost production, so a
technology capable of accurately monitoring the solids flow rate would be of great

assistance to theilding team.

Although the thesis is primarily concerned with sciidsvater flows, the technology
that developed could also be use@mnange of other applications in the oil industry in
which water continuous multiphase flow occurs. Examplesgavenin (a) to (¢
below:

(&) An area, in which considerable research into multiphase flow measurement is
taking place, is well testing. As an oil well ages the relative fractions of oil, water
and gas brought to the surface willry. If the fraction of the desid product,
whether oil or gas, drops too low the cost of operating the well will outweigh the
income, so well testing needs to be carried out at regular intervals. At present the
most common way to check the output from a well is to take a test separator
the welthead. The separator is attached to the production line, separates the
phases and then individually meters each one. The test separators require the well
to be offline during testingand havereported that approximately 2% of
production time idost due to test separation proceduf€born et al., 1999)
Possibly more importantly, test separators do not operate at flow conditions that
are representative of those during production because they introduce a pressure
drop of up to 100psi onto the WeTest sepeation is expensive, and Priddy
(1999) has reported that for BP Exploration Operating Comp#hyto carry out
seventyfive well tests in a year on their Cusiana oil field in Colombia, which has
eleven wells producing up to 500 thousand barmef oil per day, costs
£2.25million in operating costs. Jamieson (1999) reported that SOl
Exploration and Production saved £40million in capital expenditure alone by
installing four multiphase flow meters offshore in the North Sea. He also reported
that Shell UK Exploration and Production expect to save between £180million
and £280million in capital expenditure by 2010. Jamieson has also estimated that
worldwide about 10000 multiphase flow meters, worth approximately £1billion,
will be purchased beteen 2008 and 201Major oil companies such as Shell and

BP calibrate multiphase flow meters at the wwhd using test separators.
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However, both Jamiesor{1999) and Priddy (1999) considehat despite such
precautions the measurements made by theseedesi® not satisfactory, and
suggest that an increase in specialist laboratory facilities and instruments will be
required as the need for multiphase flow meters incredseslatively simple

and robust nofntrusive device which could, for example, maaseither the
relative fractions or the proportion of gas present would be extremely valuable to

the oil and gas industry.

(b) Another onsite application is downholedtng. Oil wells often produce oil and
water from different strata along their length. lavimg a flow meter down the
well hole allows the flow from each individual layer (stratum) to be monitored,
and layers which are producing water can bentb andsealed off. Jamieson
(1999) has reported that the conditions downhole can reach a pres8@baf
and a temperature of 18D, which prevents dissolved gases from coming out of
solution and can result in a twghase flow which asomparedto three phase
flow is advantgeous formultiphase meteringZuber et al., (1965), makingit
more suitable fothe technology which is expected to be developed in the current

project

(c) Another major application is allocation metering. Modern oil fields often produce
relatively small amounts of oil so oil companies often combine production
facilities and pipehe facilities to lower operating costs and manpower
requirements to keep the fieeconomically viable. Priddy (1999) has reported
that the Eastern Trough Area Project in the North Sea, groups together seven oil
and gas fields for these reasons. It is omgnt in these types of situations to
DFFXUDWHO\ PHWHU HDFK SDUWQHUTfYVY DOORFDWLRQ K
application must be higher because of the need for fiscal quality monitoring.
Thorn et al suggest that while well testing requiresaanuracy of +10%
allocation monitoring requirescauracies of better than +5% Horn Ret.al,

1999) At the moment it is not known what will be the accuracy of the meter to be
developed in this project, but the author is optimistic that it could be wittt

(d) When drilling an oil well, there is the chance of bringing a pocket of natural gas
from first entry in to the well through the mud out to the surface causing an

eruption or explosion. This puts the staff on the oil rig in danger, destroys
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expensie equipment, delays production and damages the environment around the
oil well. Therefore, the understanding of multiphase flows is very important when
developing control strategies to prevent explosions caused by the release of natural
gas in the drillig processUsing a multiphase flow meter allows the driller to
detect the presence of gas in the well and to determinée time the gas will

take to reach the surface, which gives the driller the opportunity to take the

necessary steps to preventeamplosion.

(e) To extract the oil from oil wells a pump has to be placed on the top of the well.
This pump could stop operating if the oil is too heavy or too viscous to be pumped.
To solve this problem steam (and sometimes water and gas) is pumpeleinto t
well, which helps move the oil towards the pump because of the increased
temperature and pressure generated when the steam is pumped into the well. Using
multiphase flow meters could facilitate this process by quantifying the properties
of the multiphas flow in the pipe, which could provide the information needed to

determine the quantity of steam needed to be pumped into the well to move the oil.

1.4.2 Other applications of mulphase flow

In order to explain how this research relates to real world evamtishow the results
of this research could help solve current industrial issues, this settiaucessome

applications ofnultiphase flows, the emphasis here is on the need for metering.

Mining industry: Wateris often used as a carrier medidar a range of different

solids including such important materials as cemeoél, and iron ore, sometimes
over long distanceg\fter extraction, minerals usually need to be transported to other
sites either for ongoing shipment or to be used. Traditionalyihs done by road or

rail transport, but now hydraulic transport is often a more attractive option.
Constantini and Parson$974), Goosen and Cooke (1996Asakura et al.,(1992),
Seshadrigt al.,(2001) and Linget al.,(2003) have all arguethathydraulic transport
usually results in a lower environmental impact and lower costs.ekample,
Constantini and Parsor$974) estimatethat a proposed 900 mile potash pipeline in
Western Canada capable of transporting 6 million tons of potash pewvgela cost

one third of the equivalent rail transport network. Therefore, hydraulic methods are

attractive to the mining industry for transportation of raw matefTdis.resurgence of

45



INTRODUCTION

coal as a major energy source been an impetus for substantial devetpefiert
devoted to transportation of coal slurfhe multiphase measuring device developed

in this research project, if successful, could be applied to the measure of
transportation of solids-liquids outside the gas and oil industry.

When using hgraulic transportation systems it is vital to ensure that the solids
(minerals) are suspended in the flow. Thus, the speed of the suspension and the
pressure drop along the pipe must be known and allowed for when designing the
system and selecting the pusnprhich drive the system, so as to ensure the most
economical and efficient operatierwhich is critical to ensure the cheapest running
costs Lucaset.al, (2004). As thesize of hydraulic transport pipelines increases this
becomes more important. For aawgde, Constantini and Parsons (1974) have
estimated that a proposed 1000 mile long coal pipeline in the USA capable of
transporting 37 million tons of coal per year would cost $650 million to build with an
operating cost of $137 million per annum. If immped knowledge of pumping loads
could result in even a 1% saving in operating costs this would save $1.37 million per
annum. However a survey of the literature showed that examples of local

measurements acquired in these flows are uncommon.

Kakka (1974)hasreported the case of a 53 mile long Home pipeline in Tasmania
used for transporting the mineral from the mine to waiting cargo ships. Here an
instrument was required for measuring both the solids volume fraction and velocity in
order to calculate thvolumetric flow rate of ore into the shigs.number of existing
devices have been developed and are in cunsameasurinthe local properties of a
multiphaseflow (Lucas,et al.,1998; Dong,et al.,2003; Lucas and Mishra, 2005)
These flow metersdve different uses or applications such as when they are used to
measure the local propertiesmulti-phase flows, however they generally suffer from
either being intrusive, being limited to fluftlid flows being optical and unable to
penetrate into aodids-liquid mix, or being complex, expensive and requiring a high
level of technical support, see Chapter 2. The device to be developed here should be

non-intrusive and relatively robust.

The study of twephase flow is attracting more attention at présen the twefluid
model in which the fluid and the particle are regarded as two continuum materials
fully filling the available space iwidely used with the equations of state of the two
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phases welkstablishedWang, et al.,2003) Concentratedolidsliquid flow occurs

when themean volume concentration of suspended solids excedd®o5and is
characterized by momentum transfer due to the collisions between particles and the
movement of particles from one layer to another. Continuum descriptionserequir
defining equations that relate the concentration of solids and the energy distribution
and dissipation in the mixture to miemsechanical aspects of particle motion and the
material properties of thearticles (Savag#984; Campbell1990. Thus researh has
concentrated on the less complex case of dilute two phase flow and avoided the
complexities of dense twphase flow which is usually met in ragl{Takashi Hibikj

(2002) Key physical parameters that need to be controlled in any experiment are the
ratio of solid and fluid densities, the shape, size and mechanical properties of the solid

particles, and the viscosity of the fluid.

A further possible area of interest in this field is dredging and underwater mining.
Ljubicic, et al.,(1989) reportan nvestigationinto measuring the amounts of coal cut
from the sea floor and being sucked onto a waiting vessel. Similar techniques, without
the cutting tool, are used for the collection of aggregates at sea. What is important in
both processes is to ensuhat the solids are efficiently removed from the sea bed
and it is clear that improved knowledge of the flow in the suction pipe would be

valuable

For example, the Palm Islands in Dubai are three large artificial islands, currently
being constructed inhe shape of palm trees and each will support residential
communities and resorts. It is possible to make these islands due to the wide
continental shelf off the Dubai coast and its relatively shallow depth. The islands are
built from 80x16m3 of sand dredgd from the approach channel. Had suitable
multiphase flow meters been available to measure the solids volumetric rates during
dredging and during the spraying of the sarader mixture, the process could have

beenmuch more efficiently managed

It is likely that any device developed in the current investigation will be applicable in
the areas of hydraulic transportation dredging and spraying ofveaied mixtures as
described above.
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Process industry:Within the process industries there arany examjes of the need

for the continuous measurement of solids in liquids, in partiovkter treatment
processes where solids are removed from sébjdsd flows. Such removal can be
achieved in a number of ways including centrifugal filtering and belt gegssration.
However, asChu and Lee 1999 report, not allof the water can be removed by
mechanical methods and to release shisalled bound water, a polymer flocculant is
added to the process stream causing suspended particles in the water to egggregat
forming a floc. The quantity of polymer that must be added will vary with the type
and volume fraction of the solids. If too little polymer is added the separated sludge
will contain too high a water volume fraction. If too much polymer is added this no
only incurs unnecessary costs but the resulting liquid stream can cpothiting

levels of polymer Abu-Orf, et al.,1997). Chuand Lee (199Preport that the process

by which water is displaced out of the process stream (dewettability) will dedrease
too much polymeiis added. AbtOrf, et al., (1988) have reportethat the U.S.A.
produceds.3 million tons a dayf dry solids from municipal wastewater treatment
alone as long ago as 1993, and that to achieve that production approximately $130
million was speneach yeapon polymer flocculants. Even a 1% reduction in polymer
usage could result in substantial saving. Traditionally, the quantity of flocculant to be
added is assessed by visual inspection of the separated sludge, the condition of which
canvary hourly (Abu-Orf, et al.,1979 Chu and Legl1999. Thereforethere is aneed

for an instrumenivhich gives orline determination of the solids content of the flow.

Grieve et al.,(1999)report researchto the application of solidsquid measurerant
technology to level and moisture content measurements within water purification
filters. As the operating filter and the resulting filter cake are both sldjdsl
mixtures there is a possible application of new multiphase measurement technology
here The water treatment application described is, of course, analogous to many other

solidsliquid pipeline flows within the process industries.

Within the field of separation there is a wide range of possible applications of
multiphase measurement techogy} such as the measurement of the local solids
volume fraction inside hydrocyclones, as reportedBoyd et al., (1999), @ the
measurement of component interface positions within a settling tank as reported by

Schilller et al., (1999).1t is likely thatthere will be applications of the technology
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presentedhn this thesis to these areas.

Modern manufacturing techniques have made possible the assembly and use-of micro
chemical devices which are better than the commonly used batch reactors because
they ug only minimal amounts of fluids. Such devices have high heat and mass
transfer rates, and shorter reaction times. In these +oiemical reactors, multiphase
flows are present and it is highly desirable to know the characteristics of these
multiphase flavs to ensure efficient operation and to develop new designs. For this,
knowledge of flow patterns, volumetrgontent, pressure drop, liquid film thickness,

and internal mixing quality inecessaryHalter, et al.,2004) Severin Waelchli2006
Fenget.d., 2005)

Fermentation produces foams in both chemical and biochemical processes.
Unfortunately, too much foam causes loss of sterility and so, to store the unwanted
foam, oversized vessels are used which increases the cost of the process. Thus
monitoring and controlling different foam plses that occur is impant(Varley, et.al,

2004)

Becauseof their advantages over other reactémsbble column multiphase reactase
used extensively in the chemical and biochemical industriest atleantagesniclude
simplicity of construction because of the absence of mechanical moving parts, good
mixing, good mass and heat transfer ratg high thermal stability, low power
consumption and low operational costs. In these reactorsisgagected into a
continuos liquid phase. The properties of the bubbles generated depend dinehgas

is injected, reactor geometry, the operating conditaordon the physical and chemical
properties of the two phases. These factors determirghépesize,and velocity of te
bubbles and whether or not the bubblealesce It is necessary to measure the values
of these parametets construct an accurate model of bubble columns taimlhore
efficientoperation(Gourich et al.,2006 Pradhan, et.312008)

Many chemicalprocesses require measurement of the rate of mass transfer and the
interfacial area per unit volume in a multiphase flow in order to control or improve the

overall performance of a chemical process. Examples include oxidation reactions,
chlorination reactins, and aerobidermentation(Steinemann and Buchhol4,984)

Generally in mass exchangers and in chemical reactors it is important to know bubble
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diameters, volume fractions and the mass transfer rates. Reliable methoekssofing
the properties of siiccomplex flows are needed in order to maximise efficiemy to
lower operationatosts (Lucaset al.,1999; Pohoreckiet al., 2005; Favelukis and Ly,
2005; Gaget al.,2006; Pyung Seob Songt, al.,2005).

Geophysical applications:Although the cumnt investigation aims to develop a device

capable of making solids volume fraction measurements in pipe flows it may be
applicable to other fields where a measurement of solids volume fraction is required. A
number of these can be found within Geophysicgood example is the measurement

of sediment density on the sea kereported by Hulbertet al., (1982). A similar
application involving the measurement of sediment density in almbeewasreported

by LauerLeredde et, al., (1998). The densityof a sediment is directly related to its
solids volume fraction and therefore this is a possible application of the current
research. A similar application is the detection of sediment height on the sea bed. The
sediment level is usually measured by detectirggpoint at which the local sediment
volume fraction drops to zerdAn example of this application is reportéy Ridd
(1992). It is likely that any device developed in the current investigation will be

applicable in these areas.

Many geophysical applations involve the measurement of conductivities, densities, or
water volume fractions over large areas or the pinpointing of anomalous areas in an
otherwise even material. A good introduction to this field is given by Griffeéhsl.,
(1983). Particular applications include the detection of layer interfaces within soils
reported by Lagacet al.,(1996)and the detection of leaks from storage ponds or pipes
reported by Binleyet al., (1999) and Jordanagt al., (1999). Although the current
research isinlikely to be directly applicable in these areas it is possible that it could be

developed for such applicatians

Multiphase technologys also applicable to neflowing mixtures. A device that can
measure the volume fraction in a fluid mixture thalasving may also be usedith a
mixture that isstatic. Thus, multiphase flow devices mag dpplicable to mixtures
which are not contained in a pipleor example suchsensors auld be used in vessels

and react® with streans of bubblessuch as are prest in many processes in industry.
Thus, the results and conclusions of this research could be of use in a number of

applications in different industries. Taevelopthe uses of the multiphase flow meter,
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the following subsections discuss some of the apptins ® multiphase flow meters in
modernindustries

Nuclear industry: The understanding of multiphase flowsas important aspect in

nuclear reactors where twahase flow is used in the cooling proce$ke nuclear
reactor generates steam by heatwa@ter using radioactive processes, the generated
steam ighenused to spin a turbine (the steam turbine) that generates electricity. After
that, the steam is cooled and returned to the steam generator. The cooling process
creates water vapour and a tplasewatersteam flow Calculating the heat transfer

the nuclear reactor is important to ensure both efficient and safe operation @tuaas

2001). The heat transfer can be more accurately calculated if the diameter of the water
droplets in the flowis known, and this can be achieved by measuring the size of the
bubbles, and the volume fraction of the tplzase flow(Beggsand Brill, 1973.

Food Industry: The transportation of food within a plant often involves the flow of

solid4iquid food mixtures within a pipe. However, such systems have specific
requirements; they generally convey high solids fractions where the solids that have
only a small density difference with the carrier liquid and the carrier liquid is usually
highly viscous and neiewtorian. The lack of a tested theory based on measured
solidsliquid flows represents a major barrier in this industry to the extension of
continuous aseptic processing technologpldsworth, 1992 Crilly and Fryer, 1993
Willhoft, 1993).

1.5 Research aims and objectives

The aim of his work is to design a novel nentrusive impedance cros®rrelation

(ICC) flow meter. This device should be able to measure local volume fractions and
local velocities in a noruniform multiphase flow e.g solidsater flow. By taking
measurements in each part of the flow ciesstion, profiles of local volume fraction

and loal velocity will be extracted.

The data produced frorie device can be used among other things for validating
electrical resistance tomograptyRT) systems Lucagt al.,(1998). The ICC device
will have similar features to an ERT system. It consiststveo electrode arrays

mounted around the pipe. It is intended that, the ICC device will be low cost
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(compared to an ERT system) amdll not required sophisticated algorithms to

analyse the acquired data.
These aims are achieved by meeting the followibjgctives:

™ Carrying out a literature review regarding multiphase flow measurement

instrumentation antechniques.

™ Designng and building an ICC flow meter with two axially separated

electrode array8 and B

™ Designng a condutancecircuit to measurg¢he mixture conductance at each

array.

™ Designing a switching circuit for the impedance crosselation flow meter
controlled by computer via a LABJACdata acquisition and control unit to

alternately take data at each electrode array.

™ Performing asaies of static bench testm order to investigate spatial
variations in the sensitivity of the electric sensing field for different electrode

configurationan each array.

™ Developng an ICC flow meter model in FEMLAB (COMSOL) to simulate

the static benctest experiments.

™ |nstalling the ICC device in a pipe inclined at 30%, 46d @ to the vertical in

a real flow loop to measure the properties of sahdwater flows.

™ Selecting the regions of flow to be interrogated by designinglectrode

selecion mechanism for both electrode arrays A and B.

™ Determining the mean volume fraction in each region by measuring the
PLIWXUH FRQGXFWLYLW\ DQG LQY Rikiu@s ofoD[ZHOOTV

materids of different conductiities.
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™ Measuring the local solids elocity distribution by crosscorrelting
fluctuations of the measured mixture conductivity at corresponding regions of

the flow crosssection in arrays A and B.

™ Developing a mathematical model for inclined soldser flow and checking

the modelling reglts with the experimental results.

1.6  Thesis outline

In this section a brief outline is given of the contents and relative emphasis of the

subsequent chapters in this thesis.

Chapter 2

This chapter presents a literature survey tigtussesmultiphase fbw. It also
introduces the different flow regime for vertical ahdrizontal multiphase flow
Section 2.4gives different applicatianof multiphase flowsand their measurement
Also it introduces two phase flow in an inclined pipe and introduces different
measurement techniques for measuring sdigisd flows. Finally, it reviews the
different principlestechniques, and technologies for measuring multiphase flows in

the real world of the oil and gas industry

Chapter 3

In this chapter the design ammbnstruction of the measurement hardware and
softwareare presented. It presents drawings of the ICC device and also presents the
design and construction of the electrode selection circuits controlled by computer via
a LABJACK data acquisition system andnbml device. The principle abperation

for each electronicircuit is presented. The data acquisition system and control units

aredescribed.

Chapter 4

This chapteintroduces the modelling of single planeof the ICC flow meer. This
includes a compehensive guide to FEMLAB and how to set up the different

parameters of the ICC flow meter modél also familiarises the readevith the
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FEMLAB software. Sensitivity distributions for different electrode configurations
are presented-or each electrodeonfiguration a Centre of Action for the relevant

sensing field is defined.

Chapter 5

This chapter presents the results of static and dynamic experimental tests, using the
ICC equipment described in Chapters 3 and 4. The static experimental testing was
carried out to validate the finite element model presented in ChaptBe8ultsare
presented andhterpretations are providederrors in the results are discussed and

possible improvements are suggested

Chapter 6

The multiphase flow looghat has ben developed at théniversity of Huddersfield
is described. All the reference measurement devices thaol calibrations are
presented in this chaptén addition the experimental procedure is descritmeering

the use of théCC device and the refemee measurement instruments.

Chapter 7

All experimental results are presented in this chapter. Including 3D plots of profiles
for the local solids velocity and local solids volume fraction distributions.

Measurement errors are also discussed.

Chapter 8

This chapter presents a mathematical model for inclined solids water flow bared on
pervious models for inclined oil and water flows. The results obtained from the model

compared it with the experimental results.

Chapter 9

This chapter draws condions about the results and achievements of the research. It

starts by describg the achievements one by ared drawing relevant conclusions. A
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summary of the novel features and the contribution to knowledge of this research is
provided. Finally, the ahor addresses recommendations for future work on the ICC

devie.
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Chapter 2 LITERATURE REVIEW

The aim of this chapter is to review recent relevant literature to provide a detailed
background to this research project, to ensure the research is topical antbup
date, and to ensure the research to be undertaken is relevant to the needs of the oil
and gas industry. First the chapter reviews and describes the differentpinase

flow regimes: gadiquid, liquid-liquid and solidliquid. Next the chapter discusses
the principles, and reviews the techniques, and technologies for measuring solids
in-liquids flows. In particular, the final part of the chapteaddresses the problems
previously encountered witlElectrical Resistance Tomographgnd conductivity
probes b#ore proposing a nonAntrusive Impedance Cros€orrelation
measurement system similar in principle to ERT for the measurement of solids

axial velocity and solids volume fraction.
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2.1 Introduction

The emphasis of the literature review is to pdevihe necessary background for the
investigation to be undertaken. The project is derived from the declared needs of
industry and the expertise, equipment and laboratory space available at the University
of Huddersfield. After careful consideration themasis of the project will be on the
measurement volume fraction and velocity distribution in-plase solid$n-liquids

flow. In the permitted time scale and resources available, interesting and useful
phenomena concerned with the details of the flovh asturbulenceintensities and

eddy dimensions will not be considered.

2.2 Multiphase flow

A multiphase flow is where the flowing fluid consists of a mixture of two or more
phasesand eaclphase has different characteristics. In the oil and gas mydust
water, natural gas, odnd solids such as sarate the typical components when
dealing with multiphase flowsThis research limits itself to twphase flow: in
particular solidin-liquid flow through a pipe. In practical laboratory work the
fluids tend © be air, water or oil, and the solids may be sand, mica or glass, see for
example Goharzedeh and Rogers (2009) and Lucas and Panagiotopoulos (2009).

2.3 The Fluid Properties

Because multiphase mixtures contain different components with different properties
the overall properties of the multiphase mixture will depend on the properties and
relative proportions of the different components. Unfortunately, the number of
parameters which help determine flow characteristics is very large: of particular
importanceare density, viscosity, mean particle size, particle shape, pipe diameter,
angle of pipe inclination to the vertical, phase velocitiegxpansibility and
compressibility all of which can vary with changes in temperature and pressure.
Lovick and Angeli (204) have claimed that even the material from which the pipe is

made will have an effect on droplet size inwdter disperse flows.

The practical condition under which the work is carried out is important, for example,
the work described in this thesisas not include consideration of heavy oils and is
restricted to room temperaturesy viscous effects are not expected to introduce any
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significant changes to the results obtained between different experirméigsis
confirmed byGysling and Loose (2005who conducted an extensive review of the
effect of viscosityon oil and gadlows in pipes. Theyconfirmed the findings of
Charles et al., (1961that for viscosities, such as apply to this research, the liquid
viscosity ha little effect on flow patterrransition boundaries. The fluid components
tend to separate from each other according to the differences in their dethsities
causethe different physical distribution for each componeantd are largely thieasis

for the different flow regimes obsexd in multiphase flows.

However, the physics of multiphase flows is complex so that a large number of

different descriptionshave been used and are beinged(Matsui G (1984)) This

thesis attempts to be consistent in its use of terms and, where pdssilsle common

terms to describe common types of flow. This thesis follows the lead of Jana et al.,

(2006), thafour main flow regimes are adequate to describeexamplehorizontal

fluid-fluid multiphase flows and that these regimes may also beeapgaé descriptors

to vertical and inclined flows. See Figure 2.1 which showsfdle flow regimes:

Stratifiedflow, Slugplugflow, 'LVSHUVHG 3EXEEOH"  IORZ DQG $QQXOCL

Some of the key parameters used to quantify the behaviour of multiphaseafows
volume fraction, superficial velocity and actual velocity of a pheséume fraction
is the time averaged fraction of the volume which is occupied by a fhagerficial
velocity is the velocity of a phase in the multiphase flow if it was flowirgnalin a

Q.
channel or pipesuperficial velocity may be defined a% . Actual velocity is the
A

velocity which would be measured if the velocity of a small volume of a phase could

actually be determined.

Concentrated solidsquid flow are those where the mean volume concentration of
suspended solids exceedd @6 andhere themomentum transfer due to collisions
between particles and the movement of particles is an important consideration in both
viscous forces and turbulencBurbulent @ergy distribution and dissipation isuch
mixtures is related to micremechanical aspects of particle motion and the properties
of the particle material.This is ademanding approachnd as a consequence most

research thus fdras focusean dilute twopha® flow (Al-Aufi and Al-Hinai, 2003.
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Key physical parameters that need to be controlled in any experiment are the ratio of
solid and fluid densities, the shape, size and mechanical properties of the solid

particles, and the viscosity of the fluid.

2.4 Fluid-fluid Flow Regimes

The workers who first laid the basis for the present descriptions of flow regimes did
so over fifty years ago, Russell et al., (1959) and Charles et al., (1961). Being able to
definethe flow regime of a multiphase flow is crucial fine futuredevelopnentan
accurate quantitativhiow model,but there argas yetno standard classifications for

flow regimes, and researchdravetenced to refine and add to thelassifcation of

flow regimes according to their own analysis or understgn@Rodriguez and
Oliemans, 2006)Because the classification of the flow regimien tends to be
visual there is alwaysome subjectivity in classifying the flow regime. Recently,
however it has been increasinghgalisedthat the number of regimes as® describe

a flow should be limited.

There are significant and subgiah differences in flow patternbetween vertical,
inclined and horizontal pipe flow. As would be expected, because gravitational and
buoyancy forces act parallel to pipe wall f@rtical flow, radial symmetry exists and

the flow patterns tend to be simpler. The lower the flow rates the greater the
differences between vertical, inclined and horizontal pipe flawal other things
being equal. Abrief, simplified review and desctipn of the main regimes for
upward vertical, inclined and horizontal tybase flowstaken fromthe available
literature is presented in the following sectiofe. aid this rationalisation gd&uid

and liquidflows have been combined, this follows theample of Bannwart et al.,
(2004), who worked to identify flow patterns in heavy crudewater flows and

suggested strong correspondence withligasd flows.

It needs to be mentioned that there is a marked lack of experimental data on liquid
liquid ard liquid-solid, twophase flows, particularly in inclined pipes. Some ten years
ago Doran and Barnea (19%6)d Doran et gl(1997)commented thattat that time+
hardly any data could be found for seliquid flow in inclined pipes and none at all
coneerning solid layers at the bottom of the pipe. In 2006, Rodriguez and Oliemans

(2006) had cause to remark on the very modest number of publications that addressed
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liquid-OLTXLG IORZ SDWWHUQV LQ KRULJRQWDO SLSHYV
gualitative éta on the effect of angle of inclination for-wibiter flow patterns. Even
more recently Yerrumshetty (2007) helaimed that little or no empirat data was

available concerning the behaviour of solidsatid-liquid flows.

The reason is not hard tandl, building the necessary and appropriate-tigst is
expensive, difficult and costly in terms of both time and laboratory space. One
consequence of this is that a number of authors have used pipes of narrow diameter,
e.g. Henthorn et al., (2005) whoeaasa 25mm diameter pipand Grassi et al., (2008)

who used a 21mm diameter pipith pipes of small diameter less than about 10mm,
surface tension effects could be an important factor in the observed flow patterns,
unless the liquid is very viscous, dwettransfer of such results to pipes of 80mm

diameter and larger must be treated with caution.

However, it appears that the situation is now changirge tuthorhas found
field of

industrial/canmercial interest and the funding of the development of new techniques,

significant activity in the mukphase flow with resurgent

see Table 2 which presents a list of techniques used to investigate. This project is

part of that development.

Table2-1: Techniques sed in the investigation of flow patterns and mixture/particle
velocities

Authors Technique Phase(s) Investigation

Sand grains in air. Particle velocity

Lee, S. and Durst, F| LaserDopple

(1982) Upward flow in profiles
vertical glass pipe
20.9mm ID
Vigneaux et al. (1988| High frequency Kerosenewaterand Flow patterns and

oil +waterin 100mm | mixture velocities at
and200mm ID SS angles of inclinatiol® +
pipe 65° to horizontal

impedance probe

Alajbegovic et al.
(1994)

Single beam gamma
ray densitomeer and
laserDoppler
anemometer

Ceramic and
polystyrene beads in
water. Vertical
30.6mm ID FEP pipe

Volume fractions and
velocity profiles

Angeli and Hewitt
(2000)

Impedance probe

Oil - water in
24mm ID horizontal
Perspex pipe

Stratified wavy/drops,
three layer
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Lucas, G.P. and Jin,
N.D
(2001)

Resistance cross
correlation flow meter

Oil twater in 150mm
ID Perspex working
section. Angles of
inclination to the
horizontal up to/5°

Flow velocities and
flow patterns.

Matousek, V. (2002)

Differential pressure
transducer, flow meter
radiometric density
meter

Fine, medium and
coarse sand particles
water, horizontal and
vertical, 150mm ID.
Plexiglass observation
section

Concentration profiles

Wang et al. (2003)

Electrical impedance

2mm diameter non

Solids distribution

tomography conducting beads in
water. 50mm ID
horizontal Perspex
pipe
Lovick and Angeli | Impedance, Oil - water in 38mm | Dual continuous flow,

(2004)

conductivity probe

ID horizontal SS pipe

dispersion of oil in
water

Lucas et al(2004)

Dual sensor
conductance probe

Air xwater in 80mm
ID vertical Perspex

pipe

Local gas volume
fraction and local gas
velocity

Rodriguez O. and
Oliemans, R. (2006)

Records of moving
images

Oil twater in 82.8mm
ID SS pipe. Horizontal
and small positie
inclinations

Flow patterns, water
holdup, angle of
inclination (G, +2° and
+5°to horizontal)

Jana et al. (2006)

Conductivity probe

Kerosene water

in 25mm ID vertical
perspex

pipe

Bubbly, dispersed, core
annular flow (oil in the
core)

Chakrabarti eal.
(2007)

Nonrintrusive optical
probe

Kerosenexwater in
horizontal 25.4mm ID
Perspex pipe

Stratified flow patterns

Goharzadeh and
Rodgers (2009)

Particle image
velocimetry and
refractive index
matching

Threephase of#air-
glass beads in 2&mm
ID horizontal Plexiglas

pipe

Slug flow

Lucas, G.P. and
Panagiotopoulos, N.
(2009)

Dual sensor
capacitance probe

Oil twater n 80mm
ID vertical Perspex
tube

Oil volume fraction and
velocity profiles

2.4.1 Fluid-Fluid vertical flows

The classification and desption of flow patterns begins with vertical flow. These

are the simplest patterns found for tploase fluidfluid flows because gravitational

and buoyancy forces act parallel to the flow and radial symmetry exists. Fidgure 2

shows a gneric map of twegphase flowsin vertical pipe issued by the Norwegian

Society for Oil and Gas Measurement as recently as 2005 (Dahle, 2005).
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Figure2-1: Generic map of twqphase flows for vertical pipe geometry [Dahle, 2005]
(Superficial phase velocity = Phase volume flow rate /esestional area of pipe)

2.4.1.1Bubbly flow

Bubbly flow happens when there is a liquid travelling upwards in a vertical pipe with
bubbles ofthe lighter phasgas dispersed relatively uniformly in theavier phase,

e.g. air bubbles in wateBubble flowoccursonly when the superficial gas velocity is
relatively low. The movement of these gas bubbles is very complex and they tend not
to coalescence togetheAs the superficial liquid velocity increasethe bubbles
become finer and more uniformly dispersed in the liquid flow. Because of
gravitational and buoyancy effects the mean velocity of the bubbles tends to be higher
than the mean velocity of the fluid. Lucas et al., (2004) performed extensive
measurements on ain-water flows. Their results tend to confirm those of previous
workers but their techniqueca dual sensor capacitance probeasa radical step
forward in giving 3D pofile of the flow patterns, seEigure 22 below. The gas
velocity pofiles presented were typical for this kind of flow, a broad peak centred on
the pipe axis decreasing to about 70% of the centreline velocity near to the pipe wall

after which there is a sudden drop to zero at the wall. The local gas volume fraction
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was aclear maximum (about 5%) on pipe cedire falling away more or less

linearly to 0% at the pipe wall.

Figure2-2: Local gas volume fraction distributions for vertical upflow in 80mm ID
pipe: superficialgas velocity 0.033m5 three water superficial velocities (a) 0.10ms
(b) 0.38m3 and (c) 0.91mS (Lucas et al., 2004)

The same phenomena has been observed with diguiid flows. Both Vigneaux et
al., (1988) and Jana et al., (2006) describedflibw patterns of kerosene in water,
that the kerosene forms oblate spheres within the continuous water medium, and

strongly resemble the bubbly flow pattern with -gjgsid flows.

Lucas and Panagiotopoulos (2009) extended their earlier work to iraildidewater

flows. They found the same broad axial velocity distribution for oil as they had
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previously found for air and concluded that the velocity profiles for gas in water and
oil in water flows are very similar in shape notwithstanding that oil & 690 times

as dense as air. However they found that the oil volume fraction profiles across the
pipe tend to be flatter than those for air, and change in character with volume flow
rate much more so than those for air. For the values of the mean ailevélaction
(movf) investigated they found that over the range of 0.05 < movf < 0.2 the oil
volume fraction across the pipe changes dramatically. For a movf of 0.068 the oil
volume fraction distribution across the pipe took the shape of a broad pealtswith i
maximum on the centf#ne and falling to near zero at the walls. But by the time the
movf has reached just 0.121 the distribution had changed to being flat across the pipe
with a sharp dropff near the wall. With further increase in movf, to greatent

0.19, the distribution became slightly concave, again with a sharpoffrogar the

wall.

2.4.1.2Slug Flow

When the gas flow rate increases imallergas bubblegoalesce into Ipgs, which
can occupy the majority of the crosectonal area of the flow. e gas fjugs are
separated by regions containing predominantlyidiquhich are called slugs and will
fill the crosssectional area of the flow, see Figure 2.1. These large gas bubbdes are
called, Taylor bubbles and are described as havimglet shap (Davies and Taylor,
1950). With further increase in thgas rate, the size and the velocity of the
plugs/bubblesncreases. The liquid between thebbleswill usually contain smaller
scattered gas bubbleEhe same general phenomena are observed wiin-oiater

flow.

2.4.1.3 Churn Flow

With yet further increase in the gas superficial velocity, churn flow occurs. The flow
acquires a more turbulent character, which destroys the liquid laminar film and so
forms an unstable flow regime. This results in a chgmmovement of the liquid in

the flow. Because churn flow is superficially similar to slug flow these two regimes
are sometimes grouped together as slug flow. Churn flow normally occurs in larger

diameter pipes rather than smaller diameter ones. The wansitannular flow is the
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point where the liquid separating the drbblesdisappears anthe bubblesoalesce

into a gas core.

For an immiscible liquid such as light oil flowing with water in a pipe of 25.4mm ID,

as the superficial velocity of the veatapproaches about 1ththe size of the oil drops
decreases and they become dispersed as fine drops in the water probably due to the
shearing forces created by the turbulence (Jana et al., 2006).

2.4.1.4 Annular Flow

With gaswater and light oiwater flows the transition between bubbly flow and
core/annular flow occurs when the droplets of lighter phase begin to coalesce in the
centre of the pipe to form eontinuous core which pushes the water into an outer
annulus. The transition appears to be a vergptthavith highly irregular flow patterns

before settling down (Jana et al., 2006).

In annulargasliquid flows, the liquid gathers and travels on the pipe wall while the
gas travels in the centre of the pipe. However, a part of the loquitinues to avel

as entrained drops in the centrfethe pipe with the gas. In vertical annular upward
flow, gravity has a greater effect on the more dense liquid, slowirgjaiive to the
less dense gas. Thgsavity may be said tgeneratea difference between thguid

and gas velocities (slip).

When two fluids are forced to flow in opposite directioesy. vhen the liquid is
descending and the gas risitige relative velocity between the liquid and galigh,

so the annular regime dominates. When botld$lgas and liquid) are descending,
the liquid is likely to flow faster than the gas and the relative velocity between gas and
liquid can be said to be against the direction of flow. Again this leads to larger relative

velocities and this tends to leadth@ annular flow regime being preferred

2.4.2 Fluid-fluid horizontal flow

As would be expected the major differences between horizontal and with vertical flow
regimes are at lower superficial liquid velocities because here there is greater

opportunity for striafied flow to develop.In horizontal fluidfluid flows, different
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immiscible fluidsseparate from each other because of gravitational effects, and this

allows distinct flow regimes to develop in the pipe system.

Figure 23 shows a gneric map of twgpha® flows in horizontal pipes issued by the
Norwegian Society for Oil and Gas Measurement (Dahle, 2005). Seven regimes or
subregimes are shown, but these can be reduced to four main types of horizontal flow
regimes;Stratified flow, Slug/plug flow, Dispers# flow (where one phase becomes
dispersed as drops in the other) and Annular flow (Gourich et al., 2006; Dahle, 2005;
CarpentereRogero et al., (2009), Grassi et al.,, (2008). The similarity with the
classifications for vertical flow is, of course, delideraA brief explanation for each

of these flow regimes is provided in the following subsections

Figure2-3: Generic map of twghase flows for horizontal pipe geometripéhle,
2009
In principle there isno theoretical difference betweedmet mechanisms of ewater
flows and gaswvater flows,but as Poesio et al., (200@ave pointed out the orders of
magnitude differences in important quantities means the results obtained framn gas
flow are not alwaysdirectly transferable to liquitiquid flows. This is very
unfortunate given the mass of literature that exists oragatows and the relative

little that has been written on liquldjuid flows.
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2.4.2.1Stratified Flow

For low flows of both fluids thelessdense fluidtends to merge together and flow in

the top part of the pipe, while tieavier fluidflows in the lower side of thpipe. At

these low flow rates, the different phases share a smooth boundary, and each phase
occupies a more or less constarggortion of the flow along the pip€&or gasliquid

flows the difference in densities of the two fluids is large and the flow ranges over

which stratified flow is found is correspondingly larger.

2.4.2.2Slug/Plug flow

Chakrabarti et al., (2007) have observéattfor horizontal flows of aiwater,

stratified flow is not often seen in practice; the interface of the separated and stratified

layers becomes wavy and slug/plug flow soon develops. They also observed that for
kerosenaevater flows the stratified flow aiterns are more complicated and that

degrees of separation can persist in the form of bubbles or large plugs of the lighter oil

LQ WKH VKDSH RI 3SNHURVHQH FKXQNV" QHDU WKH WRS RI
Taylor bubbles found with aivater flows Of course such a phenomenon will depend

upon the relative densities and viscosities, but is generally seen only for superficial olil
velocities of less than 0.5fssee Figure 2 (Grassi et al., 2008).

If the superficial liquid velocity increases atwler gas flow rates the waves in the
liquid at the gadiquid boundary will touch the upper wall of the pipe creating gas
plugs. The body of liquid filling the pipe and separating the plugs is called a slug.
Slugdominatedlow is very similar to plug flowbut contains bigger gas bubbles, and
the liquid slugs themselves contain more bubbleK H WHUP 3VSDWASOLQJ ZDYt
beenused to describe this flow when the liquid slugs contain many gas burues
3SVHRIOXJ” ZKHQ WKH ER X QeGtirely fill ZH2 YiHe(FraérRa, Q. R atal
(1992), Jones O.C, et.al (1976)With oil-in-water, lug flow appears at very low oil
flow-rates and when the superficial water velocity is low enough to avoid
fragmentation of dropghusthe flow region over which slugijg flow dominatess

very limited, the water superficial velocity should be less than abut &md the oil

superficial velocity less than about 0.2ns
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Figure2-4: Oil plugs in water, after Grassi et,g008) (pipe ID 21mm, water
superficial velocity0.5ms”, oil superficial velocity 0.1mY

Previous work by Marruaz et al.,, (2001) on an industrial rig and more recent
laboratory work by Goharzadeh and Rodgers (2009) examined plug/slug flow-for air
water mixtures. They found that for established and steady slug flow, increasing the
velocity of either phase decreases the length of the liquid slugs. This would be
expected given that increase in phase velocities would initiate transition to dispersed

flow.

2.4.2.3Dispersed Bubble Flow

For slug, plug or stratified gasater flows if the superficial velocity of the water is
further increased, and remaigseater than that of the gadispersed bubble flow
occurs Here, @s bubbles are scattered throughouthibey of the liquid just as with
vertical bubble flows. Because of their lower density, the gas bubbles tend to gather at
the upper wall of the pipe, however, and when the velocity of the liquid is high

enough, turbulence effects disperse the gas bubhitethm liquid along the pipe

An exactly corresponding phenomenon is observed witlingilater, with the oll

drops becoming dispersed within the water. This phenomenon is obsemnwedery

dilute oikin-water dispersions to more concentrated dispersiminkarger oil drops
Rodriguez and Oliemans (2006) reported that they had observed dispersions of water
in oil. However, on reading further these authors qualify their observation by saying
that this did not necessarily mean the existence of arontinuous region, rather it
meant very low water flow rates so that the observation of a continuous water phase

was problematic.
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Compared with the figure for gagater flows (see Figure2 WKH GLVSHUVHG 3EXE
region for oilwater flows occupies a much gter relative area. In fact it is the

dominant mode of flow if the superficial water velocity is greater than three times the

oil superficial velocity.

Figure2-5: Oil dispersed in water, Grassi et al., (8D(pipe ID 21mm, water
superficial velocity 0.72.6ms*, gas superficial velocity 0.63.1 ms?)

The available literature on droplet size in pipe flow is exclusively for dispersed flow
and agrees that the maximum diameter of the oil drops decreasesmevéase in
continuous phase velocity, i.e. water flow rate (Lovick and Angeli, 2004, Chakrabarti
et al.,, 2007). As the above Figure52suggests, and as confirmed by Lovick and
Angeli (2004) even for fully dispersed flow the phase distribution acresgipe will

be influenced by gravitational forces, and even where the oil fraction is as high as
80% there will be little or no oil present at the bottom of the pipe and no water present

at the top.

2.4.2.4Core Annular Flow

For gaswater flows if the gas supésfal flow rate is increased such thtte gas

attains a much higher velocity than the liquikdenthe boundary between the two

phasedakes on a wavghape.The tips of these wavelets are blown off into the gas

stream. As the gas flow continues to inseghere comes a time at whittte gas in

the flow travels in the centre of the pipe while the liquid traweel the pipe walls and

as dropletswithin the gas. The effect of gravity mesa thidker film of liquid in the

lower side of the horizontal pipe,ubif the velocity of the gas flow increases
VXIILFLHQWO\ WKH WKLFNQHVV RI WKH OLTXLG ILOP EHF
circumference. The slightly increased thickness of the liquid film at the lower side of

the pipe differentiates vertical atlde horizontal annular flows. However, when the

gas has a verfigh velocity, the liquid is entrained in the gas as a fine mist and the
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entirely. Annular and the mist flowegimes arecommonly grouped together and
known as annular flow fodgdorizontalannular flow isvery similar toverticalannular

flow, provided allowance is made for gravity which affects the slippagadf phase

in the vertical flow and density variatis across the pipe for horizontal flow.

For oilwater flows the same phenomena are observed, see FigutieoRgh Conan
et al., (2009) have recently observed that for very light oils a third layer of pure oil
may appear at the top of the pipe, but theggest this may have been a result of the

manner in which they injected the oil into the water flow.

Figure2-6: Core annular flow oil in water, Grassi et al., (20@Bijpe ID 21mm, water

superficial velaity 1ms?, gas superficial velocity 0.5m%

McKibben et al., (2000) performed a laboratory study on hedlvyater flows in a
horizontal steel pipe of 53mm ID with a transparent working section. Five oils were
used with densities varying from 884 985kgm™ and viscosities from 620+
11200mPa.s. In these experiments the oil flow was established and the water
gradually introduced. They found that for low wateoil ratios, up to about 20% in a
total flow of about 6 I/min (a bulk velocity of less tha®®ms"), the water took the
form of slugs within the oil. The velocity of these slugs was found to be about twice
the superficial velocity of the oil. As the water flow increased it was observed that a
layer of streamlined oil flow could be sitting on akulent layer of water. For all the
bulk flow velocities used, up to about 0.12the water appeared to bencentrated

in the lower side of the pipe bwater was occasionally detected along the axis of the

pipe and even at the top of the pipe.

70



LITERATURE REVIEW

McKibben et al., (2000) considered that viscosity and density differences between the

oil and the water were insufficient to explain all the results obtained, particularly the

flow patterns obtained with the heavier oils, and so introduced a new factor
SZHWOUWDEL RI WKH SLSH zZDOO 7KLV ZDV XVHG WR H[SO!
velocities the heavier oils were present as a bottom layer on the pipe wall. The heavier

oils preferentially wet the steel of the pipe wall.

2.4.3 Fluid-fluid inclined flow

Predictionof flow patterns ininclined pipes is important if the operator is to avoid
formation of a stationary deposit which causes a partial blockage of the pipe,
increasing system losses and reducing system efficiency. One of the first to study two
phase upflow gtterns in inclined pipes w&cott (1985) who observed that for low
flow rates the water close to the-uwibter interface moves with the oil as it flows up

the pipe but that close to the lower side of the pipe gravitational effects could cause a
layer of water to flow backwards. As the angle of inclination increased segregated
flow patterns were replaced with wavy flow where the size of the waves increased as

theangle of inclination increased, at least up to abofit 30

Vigneaux et al., (1988) investigat oikwater upflows in pipes at betweehdnd 65

from the vertical for two pipes, one 100mm ID and the other 200mm ID. The
emphasis of their research was on the effect of the angle of inclination and mixture
velocity on the radial distribution of the ke fraction. For flows at f5to the
horizontal, where the water volume fraction was aboutttvirols and oil propagated

as droplets in the water, they found that the diameter of the pipe made a difference to
the volume fraction distribution, with a mudiigher gradient found in the smaller
diameter pipe. Here the mean superficial velocity was 0.235msd the
concentration of water ranged from 80% near the lower side of the inclined pipe to
30% at the top of the 100mm ID pipe and 50% at the top a2@Benm ID pipe. For
lower flows the pattern is more stratified with the water gathering in the lower side of
the pipe. As the slope of the pipe increased fp &8ontinuous oil flow appears at the

top of the pipe and the water volume fraction as a funatfodistance from the pipe

axis approximates a8 shaped curve: 100% at the lower side of the inclined pipe to
zero at the upper side of the inclined pipe. However, the S shape wasterér for

the smaller diameter pipe.
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For inclinedtwo-phaseflows the degree of inclination will affect the flow patterns
observed. Because okt gravitational forces on the different components there is a
tendency for stratification. The heavier composdahndto sinkto thelower side of

the pipewall, while the ligher componerst do the opposite. Different levels of
stratification occur, which depend on thealativedensity of the materials and the
degree of inclinationStudies on this type of flowandition can be reaith Lucas et.al
(2001) , G. Oddie, H et.al (28pand HingDe Jin Wang et.al (2003)For example, if

the gas velocity is greater than the liquid, slipptgees place and liquid holdup
occurs. The steeper the angle of inclination the more important isupokt angles

of inclination of about 30to the horizontal large slugs of liquid could be generated
and the appearance is of backward flow of the liquid. This effect is at its maximum
between about 20and about 70to the horizonta{CarpentereRogeroet.al (2009)
However, while qualitative inforation is available reliable quantitative data on the
effects of change in angle of inclination is very difficult to come across (Rodriguez
and Oliemans, 2006).

Flores (1997)and Flores et al., (199&arried out experimental and theoretical
studies on diwater flow in vertical and inclined pipes bettercharacterize flow
patterns and develop models to predict flow pattern transitions, holdup and
pressure drap Studies were carried out in a 50mm ID pipe usingenal oil and

water for angles of inclirteon of 90°, 75, 60°, and 4%from the horizontal. He
found that the slippage decreased as the angle of inclination increased, and that for
the moderate oil and water flow rates used the flow was dominated by dispersed
oil-in-water.Grassi et al., (2008)ave suggested that the flow patterns change little
with small changes in the angle of inclination of the pipe, mirtglinedgasliquid

flows the different phasetend to separate from each other because of gravitational
effects,andthis does dependn the angle of inclinatiomndthe flow regimeswill

range from those found with vertical flow to those found for horizontal .flow
Nevertheless, it is possible to ségte are four main types of flow regimes for co
current gadiquid flow in inclined pipesStratifiedandwavy flow, Plug/dug flow,
Atomizationand Annularflow. A brief explanation for each of these flow regimes

is provided in the following subsections.

72



LITERATURE REVIEW

2.4.3.1 Stratified and wavy flow

For relatively lowgas and liquid flow rates the gas and ilgphases separate into two
distinct layers with the liquid at the lower side of the inclipple below the gas
phasebut thisdepends on the slope of the pigé.low flow rates, thetwo phases
havea smooth boundary, and each phase occupies a morgsardestant proportion

of the pipe.For uphill flow, if the superficial velocity of either or both phases
increases waves appear on the liquid surf&edriguez and Oliemans (2006)
investigated oil in water flows for horizontal flow and flow 8t 2 and5° above the
horizontal. They found significant changes in the flow patterns even for these small
angles of inclination, but the largest changes were limited to low, stratified flows. In
particular, the disappearance &td stratified flow separated by clearly defined
interface. By 8 there was mixing at the interface for all the flow rates investigated.
Kumara et al., (2009) also found flow pattern to be sensitive to the angle of the pipe
and confirmed that even for slight pipe inclination3pb less above the horizontal,

established smoothly stratified flows in horizontal pipes disappeared.

For the case where the flow of the liquid is downhill while the gas continues to flow
uphill the increased relative speed of the two phgseseratavaves inthe interface
However, should the liquid He®wing downhill theres the possibility of béransition
from laminar to turbulent liquid flow so that, even without gas flow presettiral

instability of the interface occufkioumbas et al., 2005).

2.4.3.2Plug/dug flow

As the liquid flow rate passes a certain critical value waves in the liquid -itjgas
boundary touch thepper side (topdf the pipe creating ggdugs and liquid slugs

Some authors term these slugs rather than plugs betteugms phaseemains to

some extent continuouand the actual slugs contain large gas bubbleJhis is
probablythe most frequently encounterfidw regimes during ceurrent gadiquid

flow in inclined pipes and over the last decades has attracted the interest of many
reseachers(e.g.Grolman and Fortuin, 199 Rodriguez and Oliemans, 2008pesio

et al, 2007).

73


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TFK-4X3DMYY-1&_user=495973&_coverDate=12%2F16%2F2009&_rdoc=1&_fmt=high&_orig=search&_sort=d&_docanchor=&view=c&_searchStrId=1182467644&_rerunOrigin=google&_acct=C000024198&_version=1&_urlVersion=0&_userid=495973&md5=3bce321edcf51f97a50e598ad5876b5a#bib11

LITERATURE REVIEW

2433'LVSHUVHG SEXEEOH" IORZ

If, for gaswater flows, the superficial velocity dlie water is further increased, and
remainsgreater than that of the gaispersed bubble flowccurs Here, @s bubbles

are scattered throughout the body of the liquid just as with vertical bubble flows.
Because of their lower density, the gas bublees to gather at thepper wall of the
inclinedpipe, however, and when the velocity of the liquid is high enough, turbulence
effects disperse the gas bubbles into the liquid along the pipe. In the case of uphill
flow the gas bubbles maintain their separatentity to a higher velocity than for

horizontal flow

Dispersion is observed with ait-water flows, from very dilute oiin-water
dispersions to more concentrated dispersions of larger oil drops. Lucas and Jin (2001)
in their investigation of homameous velocity present results for-iodwater but

their figures also present regions of high oil flows and small water flows which are

described as dispersion of oil in water.

2.4.3.4Dispersed or atomised flow

This type of flow is encountered agry high gasflow rates, where the liquid forms a

thin film around the pipe circumferenagile the gas travels in the centre of the pipe.

However, a part of the liquid continues to travel as drops in the centre of the pipe with

the gas.For both horizontal and verat flows if the gas velocity increases

sufficiently, liquid is entrained ito the gasanddispersed throughout the gas phase

a fine mistso thatWKH OLTXLG WUDYHOV DV UDQ@ERMBILIRSY LQ C

pipe wall disappears entirely.

The flow rates at which at the transition to atomised flow takes place fovabdr

flows will depend on the angle of inclination of the pipe. Kumar et al., (2009) have
found that for upflow the steeper the pipe the lower the superficial velocities at which
the dispersed flow pattern emerged. Rodriguez and Oliemans (2006) had reported
similar findings in terms of a narrowing of the transition region between different
flow regimes, and an extension of the range of flow rates at which dispersed flow

could be found.
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2.5  Solidsfluid flow regimes

Essentially, kirry is a mixture of solid and liquid, its physical characteristics depend

on many factors such as the concentratiod sizedistributions ofthe solids in the

liquid phase,whether or not the flow igurbulert and the degree of turbulence
viscosity of thefluid, and the dimensions of the pipegéng the flow. As would be
expected the size and shape of the particles will have an effect on the flow patterns.
Henthorn at al (2005) claim to have shown that evemmation in particle shape can
greatly affect the flow. Mica flakes, n@pherical sand particles and spherical glass
beads of much the same density and equivalent volume diameters were used. The
greater drag forces exercised by the less spherical partisl believed to dissipate

energy through turbulence effects, and significantly slow the flow.

Particles carried by a liquid and moving in a pipe will experience forces due to being
submerged in the liquid, due to partigarticle interaction and maglso interact with

the pipe wall. Assuming a sufficiently dilute solution so that the paipiatécle
interactions can be ignored (at least to a first degree) the forces on a particle will be
the body forces of weight, buoyancy and drag. Should the flowd be turbulent

there will be additional forces on the particle due to its interaction with turbulence
eddies.Sand slurries contain particles up to a few millimetdesmeter with a
relatively high density and are considered settling slurries sincesahé particles

tend to accumulate at the bottom of the pipe.

The flow of solidliquid slurries in pipes differs from the flow of homogeneous
liquids in a number of ways. With liquids the nature of the flow (i.e., laminar,
transitioral, or turbulent) carbe characterized from a knowledge of the physical
properties of the fluid and the pipe system. Characterization of slurry flow is not as
simple aghat becaussuperimposedn the properties of the liquid atlee properties

of the solid particleand theeffect of the particlesn the mixture propertig€Coiado

and Diniz, 2001). Suppose a typbase solidiquid mixture flows in a horizontal
pipe. If the slurry flow rate is high enough, all the solid particles will be suspended. If
the flow rate is reducedhe solid particles whose density is higher than that of the
carrier liquid tend to settle out and agglomerate at the lower side of the pipe, forming
a moving deposit, above which flows a heterogeneous mixture. Decreasing the flow

rate further causes thmoving bed height to increase while its mean velocity
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decreases. At some stage in the development of the bed, the forces on the particles at
the base of the bed resisting motion become greater than the forces acting to move the

particles. That is threeayers exist in the pipe (Doron and Barnea, 1993).

Doron, et al., (1997) have shown that with inclined pipes a fourth layer is possible. At
the lower side of the inclined pipe there may be slippage of the solids desited

pipe under gravitational foes. They found that as the pipe tilted the bed height
initially increased and reached a maximum with upward tilt of the pipe betw&ém 20
40°. For angles of inclinatiogreater than thithe gravitational effect becomes more

pronounced and the bed hiefigs reduced

The limit deposition velocity (sometimes the suspending velocity) is the minimum
fluid flow required to suspend a solid particle in the pipe. Below this velocity particles
will settle out to form a bed on the lower side of the pipe, abiusevelocity particles

on the lower side of the pipe will be taken up by the flow and all the particles are fully
suspended in the pipe. It will depend on particle diameter, particle concentration and
angle of inclination of the pipe carryirige flow. Fa angles of inclination from%to
about ®° it was found that for a given solid concentration the limit deposition
velocity remained more or less constat@bout 3ms for a 13% concentration of
particles of density 2650kgfinand mean diameter 0.36mmadn.00mmID pipe. Of
course the less dersthe particles and the lower their concentratithe lower the

limit deposition velocity.

Homogeneous flow, or a close approximation to it, is encountered in slurries of high
solids concentrations and fine pel#i sizes The heterogeneous suspension regime is
the most important mode of transport of granular materials by pipelines, because the
maximum amount of solids is transported per unit energy input. There is in the
literature a considerable number of puéitions about heterogeneous suspension
regime in horizontal pipe. On the other hand, the number of articles concerning
heterogeneous regime in nrborizontal pipeline is limited, and there is a substantial
lack of information about the development of equadi which permit computation of
head los¢Coiado and Diniz2001)
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2.5.1 Solidsfluid vertical flow

When considering vertical flow of solids in a fluid it is easy to see why there cannot
be stratified flow or slug/plug flow. Also because the gravitationaefas parallel to

the pipe wall and there will be radial symmetry in the flow there cannot be an
asymmetric distribution of particles in the flow. Thus vertical flow of solids in a fluid,
whether gas or liquid must be suspendedsgrimetric. Not all solls have a density
greater than that of water, so we would expect there to be instances when the solid
particle velocity was greater than the fluid velocity due to the action of buoyancy
forces.In vertical pipes the velocity of solids for upward flow isdehan the fluid
velocity and it is greater for downward flow. The difference is approximately the

value of the settling velocity, approximately, (Raudkivi, 1989).

2.5.1.1 Suspended asgymmetric flow

Velocity profiles

Lee and Durst (1982) considered upwaedtical flow of spherical glass beantsair

of mean velocity of between 2#1s* and 5.84m%, in a 20.9mm diameter pipe. Four
different diameter particles were used: 0.1mm, 0.2mm, 0.4mm and 0.8mm. The
volume ratio of particles to airangedfrom 0.058% ¢ 0.112%. They made three
practical observations; (i) That the profile of the mean particle velocity was more or
lessconstant(flat) across the pipe, especially for the larger particles, (ii) The mean
particle velocity was always less than the mean aacity, and the larger the particle

the slower its velocity, and (iii) There was a narrow layer at the pipe wall, larger than
the viscous sulayer of the air flow, into which the particles did not intrude. The
larger the particle theider the particléree region neahe wall.

Tsuiji et al, (19849 measured the mean and fluctuating velocitiethefparticles im
gassolid flow in a vertical pipe. Theysedpolystyrene spheres (1020kgn0.2mm

to 3mmdiameter)in a vertical glass pipe dD 30.5mm.In agreement with Lee and
Durst they found thahe smaller the particle size, theore uniformwas the mean air
velocity distributionacross the pipe, all other things being equal. They also found that
large particles increased air turbulence throughoutpipe section, while small

particles reduced itMedium sized particles tended to incredaebulencein the
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vicinity of the pipe centre and reducédnear thepipewall. Lee and Durst (1982) had
found that the presence of the 0.8mm diameter glass paritidreased the measured
turbulence intensitiedor the air flows they usedThis phenomenon has been
confirmed more recently byerrumshetty (2007) who has shown that for mean solids
concentrations greater than about 0.1% the presence of the solitepaatiers the
turbulence patterns, and that the larger the particles the greater the effect. The
presence of larger particles, where particle Reynold number is greater than about 70,
caused the production of additional turbulence, while particles withiesnieynold

number increased the rate of dissipation of turbulent energy.

/IRXJH HW DO LQYHVWLIJDWHG 3UHODWLYHO\ GLOXW
0.5mm diameter in fast flowing air (as high as 189ms a vertical pipe. The

diameter otthe pipe does not appear to be given in the paper. This paper is primarily
concerned with the effect of the particles on the airflow, but the authors confirm that

velocity fluctuation for the air increased with increase in particle diameter, that the

velocity profiles for both air and particles are fairly flat across the pipe, and there is a

clear decrease in particle velocity close to the wall.

The work of Sumner et al., (1990) and Bartosik and Shook (1995) can be seen as an
extension of the work of Leand Durst to the upward flow of fine, medium and
coarse sand particles (respective diameters about 0.2mm, 0.5mm and 0.8mm) in water
of mean velocity from about 2.5/M$0 about 7 m$in a 25.8mm ID pipe. Three solid
concentrations were investigated: 1®8% and 40% by volume. The particle density
was 2650kgri. Their reported data agrees well with the mean particle velocity
patterns found by Lee and Durgt982) (i) That the profile of the mean particle
velocity was more or lessonstant across the pipespecially for the larggrarticles,

(i) The mean particle velocity was less than the mean fluid velocity, (iii) There was a
narrow layerat the pipe wall, into which the particles did not intrude. They suggest

this is about the width of one half therfiele diameter.

Alajbegovic et al., (1994) investigated selichter upflow in a vertical pipe of ID
30.6mm. Two solids were used; ceramic spheres of mean diameter 2.23mm and
density 2450kgmi, and expanded polystyrene of mean diameter 1.79mm and density
32kgmi®. For the ceramic particles the particle velocity was generally less than that of
the fluid, but the velocity of the polystyrene particles was expected everywhere
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greater than the fluid velocity. The diameters of both the ceramic and petyestyr

spheres were larger than those reported above and the velocity profiles, while fairly

uniform across the pipe were less so than those observed for smaller diameter
particles. The measured axial velocities for both particles and all flow rates examined

GLG LQ IDFW VKRZ D EURDG EXW VKDOORZ SHDN FHQWU

for the polystyrene particles more distinct than for the ceramic, see Figdrasd®22

8 below.
Velocity profile for ceramic beads in water
(Alajbegovij et al. (1994))
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Figure2-7: Velocity profiles of ceramic beads in water
Top line: superficial water velocity () = 2.20ms,
middle line: Uys = 1.89m&, bottom line; Ws= 1.41 m&
Velocity profile of polystyrene beads in water
(Alajbegovic et al. (1994))
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Figure2-8: Velocity profiles of polystyrene beads in wat
Top line: superficial water velocity (\) = 2.22ms, middle line: Uys= 1.77m3&, bottom
line; Uys= 1.44m&
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It was also noticed that in the case of ¢keamic particles only, close to the pipe wall,
the fluid velocity fell below that of the park&s. The crossver point moved away
from the wall the higher the flow velocity, from about one tenth the radius to three

quarters the radius as the superficial liquid velocity rose from 1:42w&20ms.

Particle concentration/volume fraction

Alajbegovic et al., (1994) presented measured volume fraction distributions for the
ceramic beads for a number of flow conditions. The data presented confirmed that for
low liquid flows the volume fractions for the ceramic particles showed an almost
uniform distibution cross the pipe, but as the fluid velocity increased the volume
fraction at the centre of the pipe increased. Alajbegovic et al., presented the results of
Sakaguchi et al., (1991), to confirm their findings that the higher the superficial liquid
veORFLW\ WKH PRUH WKH VROLG SDUWLFOHYV VKLIW WRZI
course, the degree and extent will depend in the size, shape and density of the solid
particles and the pipe diameter. Both sets of authors agreed that there existdea parti
free region close to the pipe wall for all the flow velocities and particles tested. The
particle free zone can be seen in the figure below which represents the data of

Alajbegovic et al.

Volume fraction profile of solid phase
(Alajbegovic et al. 1994)
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Figure2-9: Volume fraction profiles, ceramic beads in water
Green line: superficial water velocity d) = 2.22ms,
Brown line: Uys = 1.77m§&, Blue line; Uys= 1.44 m&
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Sumner et al., (1990) and Bartosik and Shook (1995) found the finer the sand particles
in sard-water flows the more uniform the concentration across the pipe. As with
Alajbegovic et al., at smaller particle diameters (d=0.2mm) the particle concentration
was uniform almost to the wall, but for larger particle diameters (d=0.8mm) there was
a clear ¢ndency for the particles to travel nearer the centre of the pipe. Both papers
found that, all other things equal, the lower the particle concentration the more even

was the particle distribution across the pipe.

Yerrumshetty (2007attempted an explatian: Very fine particles would follow the
smallscale motions of the fluid so that the action of turbulent diffusion would
produce a uniform concentration distribution over the pipe &esBon. Given the
small scales involved this could be to withirettmmediate vicinity of the wall.
However, he claimed that there was insufficient information available in the literature

to quantitatively test the hypothesis.

2.5.2 Solidsfluid horizontal flow

A horizontal solidsfluid flow is asymmetric.The distribution wl depend on the
density of the solids; the more dense the solids the less the net upward buoyancy force
on its particles. The more dense the particles the quicker they sink to the lower side of
the inclined pipezall other things being equatwhich cancau® a layer of solid
particles to develop. If more than one solid was being transported the density and size
of the particles would both vary and the layer of particles on the lower side of the

inclined pipe would also beon-uniform.

2.5.2.1Stratified (statbnary and/or moving bed)

An introduction to the flow patterns in a sohliguid two-phase flow is given in
Akagawa et al., (1989) and shown in Figurgé@ Although Figure 210 is for flow in

an annulus it is considered relevant here because the flome®gt depicts are,
essentially, those that occur for seirdfluid flows in all horizontal pipesThe four
regimes may be classified as: Stratified (Figw¥02d) +for horizontal pipes a two
phase sandvater flow will generally consist of two layershen the water flow
velocity is below a s@alled limit deposition velocity, there will be a stationary bed of

sand at the lower side of the pipe and the upper side of the pipe is filled with a relative
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weak heterogeneous mixture. For a small increase tier\flaw, particles in the top of

the sand bed are moved by the flow and the sand bed now consists of two layers; a
stationary base, above which is a moving layer and the upper sideppé¢his filled

with a heterogeneous mixture. For very low liquidoegies the solid particles may

pile up in the pipe to such an extent thablackagemay occur but this is rarely
observed in real situations. The limit deposit velocity increases with pipe diameter
and thus so does the critical velocibat will keep he suspended coarse particles in

motion(Doron and Barnea, 1996

As the liquid flows upwards over the surface of the solid particles it entrains particles
from the top of the layer back into the liquid flow, taking them further up the pipe.
We may thertore see a kind of recycling process with particles being carried
upstream sinking to the lower side of the inclined pipe beagied a distance
downstream before being caught up by the fluid and carried upstream again. Of
course, some solid particlesutd, dependingn the fluid forces they experience, be
carried up the pipe without ever sinking onto the solid layerrumshetty (2007) has
pointed out that a packed bed is most likely to result when superficial velocities are
very low and when the soliparticles are very dense, and gives the example of lead,
10 838 kgrit.

2.5.2.2Moving bed

Further increase in the superficial velocity of the fluid will cause the particles in all of
the sand bed to me with the flow, see Figure-20 c. Matousek (2002) has show

that the size of the sand particles is important, the finer the particles the lower the
limit deposition velocity. Matousek drew two conclusions: that the layer which first
forms on the bottom of the pipe is likely to consist of predominantly course aaad
concentration profiles for finer sands are more likely to be uniformly distributed over

the crosssection of the pipe.

2.5.2.3Suspended asymmetric

If the fluid superficial velocity increases further to above theated suspending
velocity (the minimunwvelocity for which the flow is fully suspended in the pipe) all

the sand particles will be suspended in the ppe, Figure 20 b. However, as with
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dispersed and annular flows for typbase gasiquid flows the sand is not uniformly

dispersed throughotite pipe crossection.

2.5.2.4 Suspended symmetric

For the highest flow rates the sand particles become uniformly distributed throughout

the ppe crosssection, see Figure X a.
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Figure2-10: Two-phase flow ptterns for horizontal solidgjuids flows.The liquid
velocity decreases from high in (a) to low in (Akagawa et al., 1989

2.5.3 Solidsfluid inclined flow

Horizontal solidsfluid flow is very different from vertical and inclined flow is even
more compgx. For example, as stated above, vertical flow in a pipe isyaximetric

for both velocity and concentration for both phases, while for horizontal flow these
guantities are asymmetric. But with inclined flow an important additional
complication occurs wh the sand bed. For vertical flow there can be no sand bed,
with horizontal flow there can be a two layer sand bed, the bottom layer stationary
and the top layer moving with the flow, but with a sand bed in an inclined pipe the
bed can consist of threeykrs,as fiown schematically in Figure-21, where the

distribution of the solids across the pipe cfssstion is highly nomniform.

If the layer ofsolid on the lower side of the inclined pipe becomes thick enough, it
can slip/slide down the pipe agat the fluid flow. Such reverse flow may be episodic

or, under suitable circumstances, continu@@eron et al., 1997)If the process of
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entrainment is strong enoughwill ensure that there is a net upwards solids flow

despite the downward motion ofetlsolids bed at the lower side of the pipe.

Pumping
direction

Action of
gravity on
the solids

Figure2-11: A solidsliquid flow in an inclined pipe

Lucas et al., (1999) investigated solids volume fraction and velocity distributions for
4mm diameter pltic beads of density 1341kghin water flowing upwards in an
80mm ID pipe. Measurements were made with a local conductivity probe with the
pipe vertical and at®3o the vertical. The vertical distributions of both the local solids

fraction and the axialelocity distribution were very similar to those reported above.

The distributions measured for th€ &ngle for water superficial velocity about
0.21ms" and solids superficial velocity about 0.02Imsere skewed, as would be
expected. The local sobdvolume fraction is higher on the lower side of the inclined
pipe and decreases towards the top of the pipe. The local axial velocity distribution
was also skewed, but inversely so to the local solids volume fraction. At the bottom of
the pipe the locabaal velocity distribution was at its minimum, with some indication
that there was possible reverse flow adjacent to the pipe wall, gradually increasing to

a maximum value at the top of the pipe.

Using a 27.8mm ID glass pipe Yakubov et al., (2006) ingattd solidiquid flows
for various angles of inclination betweehahd 96. Three sets of solid light particles

of mean diameters 1.5mm, 2.5mm and 3.2mm were used with water as the fluid
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medium. The solid material was not specified but the densiteemetl were very

low: 1.25kgm® and 2.65kgii. These cannot be correct given that photos and
diagrams in the article show the solid particles did not float, so the densities are more
likely to be 1250kgrii and 2650kgrii. The purpose of this project was tetermine

the effect of angle of inclination on the solids bed formed on the bottom of the pipe,
so the range of water flow velocities was limited. Yakubov et al., (2006) claimed to
have had beds formed in the pipe for slopes as great “afor78uperficial water
velocities of less than about 0.05ms

For angles of inclination of less than abouf,4® solids layer was formed on the
bottom of the pipe for superficial water velocities below about 0.23#sthis flow

rate the water began to move parscie the surface while leaving a motionless layer
at the bottom of the pipe. As the water velocity increased saltation occtireelift(
exerted by the water on a particle is sufficient to pull it away from the surface and into
the flow; as the particle aves into the water away from the bed, the lift decreases
and the particle sinks back towards the surface). For slopes of greater theer20

little further increase in water flow rate was required for the bugasf the bed.

Yakubov et al., (2006jound that the critical superficial water velocity required to
remove particles from the bed increased with particle diameter, particle density, with

angle of inclination up to about 2&nd inversely with height of the bed.

Doron et al., (1997) found th&br a given solid concentration (13% by weight for
particles of density 2650kgfand diameter 0.36mm), all other things being equal,
the limit deposition velocity remained more or less constant (about)3orsan angle

of inclination betweenUand abat 3(. Above that angle the limit deposition velocity
increased and the likelihood of the bottom layer of particles slipping down the inside
of the pipe also increased. Generally, Doron et al., (1997) found that the greater the
density of the particles drthe higher the concentration the higtiee limit deposition

velocity.

2.6  Solidsliquid flow measurement methods

A number of detailed reviews of multiphase flow measurement deaicesdy exist

in the literature For this investigation only methods whiaten take a local
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measurement in a pipe cressction are considered, thus techniques such as gamma
ray attenuation, which gives measurements averaged along the length of a chord of
the crosssection are not discussed. Similarly global measurement tecsrégeanot
discussed. Any literature reviewf reasonald length can provide only a brief
discussion of the theoretical and practical basis of some of the wide range of
techniques used to take local measurements in multiphase flows. Applications of each
arepresented and the suitability of each technique for the particular-tigliets flow
proposed fotthis investigation is then critically discussed. The reader is referred to
referencedsources for more information. In conclusion this section will show why
one particulartechnique was chosen for development and application to the current

investigation.

2.6.1 Optical methods

A variety of techniques can be included within the general classification of optical
methods which could be applied to the flow conditiofghe current investigation.
Applications in which each techniqumas been used are then described. Finally the
possible application of each method to the current investigation is critically examined.
Experimental studies of twphase flows such as sles are hindered because even
solids fractions as low as 10%, the mixtures are becoming optically opaque.
Acoustical scattering and magnetic resonance imaging techniques are used for
measuring some aspects of the flows, but it is desirable that the poteetfniques

of laser Doppler velocimetry and particle image velocimetry should be used (Adrian
1991). This has led to the wddhown technique of malting the refractive indices of

the solids and the liquid by careful choice of both to achieve maximunsabpti
transparency of solids/liquid mixtures. However, in practice the depth to which one
FDQ 3VHH LQWR WKH PL[WXUH LV OLPLWHG E\ VHHPLQJO
index of the liquid caused by changes in its temperature, by variation of rhetivef

index of the material of the solids due to imperfections and some reflectiortifeom
particle surfaces. F@xample, Chen and Kadambi (19@¢hieved only about 25mm
penetration through 50% concentrations of 40sllita sand particles in a sodium
iodide solutionYianneskis, M. and Whitelaw, J.H. (1984uccessfully usetD2 Im

silica gel particles at 14% volume concentration in a 51 mm diameter pipe, but

reported that other brands of silica gel particles gave limited penetration at high
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concentations due to refractive index variations within the particles. However, work
is continuing andWei, F.et.al.(1998) has described new refractive indematched

systems for solid particles in liquids which significantly extended penetration depths
and maxinum concentrations by improving transparencies, making experimental

investigations in relatively large scale pipes possible, possibly up to 100mm ID.

2.6.1.1Velocimetric methods

This method involves tracking the paths of individual particles or bubbles. A good
review of previous research on measurement techniques for multiphase flow is
reported byChaouki et al1997) The simplest velocimetric measuring technique is
photography. Cinematographic techniques have been used by Scarlett and Grimley
(1974)in solidsliquid flows and by Gunn and Aboori (1985)and Polonskyet al
(21998)in gasliquid flows.

In a solidsliquid flow, cinematography is used to follow the path of tracer particles
within the flow; but to visualise the tracer particles the rest of the flawtrbe
invisible to the camera. To achieve thike liquid and the majority of the solid
particles must have matched refractive indices and be translucent to the wavelength of
light used. If the measurements are to be carried out on flow in a cylingipeatthe

usual casetthen measures must be taken to eliminate refraction effects due to the
round pipe. This usually involves constructing a liquid filled rectangular box round
the pipe. To visualise the motion of the tracer particles in 3 dimensimages must

be acquired at two mutually perpendicular positions and then recombieeligsee

2-3 Scarlett and Grimley (1974)sing this system thprobability of tracer particles

passing through designated g&e the pipe crossection can beneasurd.
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Pipe containing translucent

and tracer particles

Liquid filled square case
around the pipe

Cameras
H ‘

Figure2-12: The optical method of Scarlett and Grimley (1974).

For gasliquid flow measurements Yamamoto et al., (1998) incorporated
sophisticated image analysis into their system. Using two peiqéar images, like
those in the method of Scarlett and Grim{@974) they were able to track individual
bubbles in three dimensions, as they rose through a liquid column in flows with much
higher volume fractionshan previouslhachieved. Irthe case ofScarlett and Grimley
(1974, the total gas volume fraction had to be low in order that individual bubbles
could be image clearly. Gunn and ADoori (1985)used high speed video cameras to
record the passage of bubbles through a column of water. Polehaky(1998used

video cameras to record the movement of large Taylor bubbles which covered almost
the entire crossection of the pipe. In these applications the possibility of capturing
more than one bubble in the direct line of sight of the camesdoma The system of
Gunn and AdDoori (1985) was also used to record the interaction of an intrusive

probe with rising bubbles.

Obviously photographic methods cannot be applied directly to industrial applications
as they require expensive equipment amel analysis othe data can be extremely
time-consuming. Additionally, in order to achieve a reasonable level of accuracy, high
speed camerasnust be used operating at speedupfto 3000 frames per second
(Scarlett and Grimley (1974). Because of thesalisadvantages, photographic

methods were not considered suitable for the current investigation.
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Another form of velocimetry is laser velocimetiyere a sheet of laser light is shone
across the flow and particles, or bubbles, in the flow appear to @hitheey cross the

light sheet and reflect the light. A camera aimed perpendicularly at the light sheet can
record the instant these particles cross the light sheet, assuming that the flow between
the camera and the sheet is relatively transparent. ThHimitee generally uses
translucent particles which, if the material is chosen carefully, are generally invisible
to the camera but reflect the laser light. A variation of this technique is streak
velocimetry where the laser light is pulsed twice for eagbosdre on the camera
(Hassan and Blanchat, 1991This results in each image appearing as a streak
showing the path of each particle. The length of each streak is directly proportional to
the velocity of the particle. A second variation of this technigu@article Image
Velocimetry (PIV), where each image records the instantaneous position of the
particle (Jones and Delhaye, (19768nalysis of a series of these images allows the
particle tracks to be determined and the velocity calculated. In botes# ttariations

the solids volume fraction is measured using a counting technique.

The advantage of laser velocimetry over conventional velocimetry is that higher
volume fraction flows can be used without having to introduce tracers. However the
techniquestill requires a relatively translucent flow, and a large quantity of specialist
hardware and software. Again it is also not easily applicable in an industrial
environment. For these reasons it was decided that this technique was also not suitable

for thecurrent investigation.

2.6.1.2Laser Doppler Anemometry

Laser Doppler Anemometry (LDA) relies on the Doppler effect. Here a laser beam is
focussed onto a control volume in the cresstion of the multiphase flgugee Figure

2-13. The bubbles or particles in tifiew scatter the beam and the frequency of the
scattered light is measured. The frequency of the scattered light is different from that
of the incident beam and the difference in frequency is proportional to the velocity of
the object which caused the #eaing. This method also allows calculation of the
solids volume fraction by counting the number of particles which pass through the
control volume(Chaoukiet al.,1997 Jonesand Delhaye1976 Chenand Kadambj

19949.
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Because an important requirement L. DA is a clear optical path to the control
volume it is usually limited to flowsf low dispersed phase concentratiamsl may

have difficulties if the particle sizeere toexceed 4mndiameter §heng and Irons,
1991). A number of researchers have atpded to circumvent the low concentration
condition. Weiet al (1998)ptimised the tip of a local LDA probe in order to reduce

the distance between the measuring window and the control volume. This reduced the
chance of particles passing between the twosdlidsliquid flow, both Chen and
Kadambi (994) and Yianneskis and Whitelaw (1984uccessfullyused a matched

refractive index system and a small number of tracer particles.

Transmitting/
receiving optics

Flovr with

-

/ '
/ ; " Measurement

volume

Figure2-13: Local LDA prolke (Sheng and Irons, 1991)

Marié (1983)has proposed LDA for the measurement of the flow rate of a liquid.
Here a transmitter sends a laser beam into the liquid flow. The beam is reflected to a
receiver byparticlesseedednto the flow. The reflected beataser will be modulated

by the flow rate and by combining/comparing initial and reflected beams a Doppler
shift will be observed. To reflect the laser beam seeding particles have to be inserted

into the liquid and this might affect on the flow rate of liaid.

In conclusion LDA suffers from many of thgroblems identified with velometric
techniques. Again, specialist, high cost, equipment is required, and there is no real
possibility of developing the technique for industrial useugged conditios For
these reasons it was decided that LDA was not a suitable technique for the current

investigation.
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2.6.1.3Fibre-optic probes

By inserting probes into the flow it is possiblenb@kelocal measurements in a two
phase flow, using optical methods, regardieSghe disperse phase volume fraction
(Moura and Matvillet, 1996)Here light is transmitted down an optical fibre to an
open tip situated within the flow. Some of the light is reflected, either back up the
same fibre or up a parallel fibre. The remainaliethe light is transmitted out into the
flow. The relative proportion of light which is reflected depends on the refractive
index of the material surrounding the tip of the probe. Generally, these intrusive
probes determine which phase the tip of the @eis immersed in at a given time and
becausdhe flow must be fluiefluid this type of device is unsuitable for the current

investigation.

An intrusive optical probe that can be used in a sdigisd flow has been reported

by Akagawaet al., (1989) Light was transmitted into the flow through an optical
fibre as before. However a receiving fibre was positioned near to the first fibre in such
a way that particles passing close to the pair reflected light into it. Two sensors of this
type separated by ankwn axial distance were used to measure the solids velocity.
This type of device would be applicable to the current investigation although it
requires relatively complex equipment and analysiswever, the probes we
intrusive and in order to minimiséé flow disturbanceresearch has been carried out
into the optimum shape of glvse, see Moura and Marvillet (1996}artellier and
Achard (1991) and Jones and Delhaye (197®) the method dected for this
investigation were to biatrusive, therthis work would beuseful.

2.6.2 Tracer methods

Tracers are the most commonly used method to measure the mean solids velocity.
Radioactive tracers are injected into a flow and the time taken for them to reach a
downstream detector measured. This gives a measure aohdhrtracer velocity

along the length of travel. Making the properties of the tracer similar to the properties
of the solid component, waa methodused by Talloret al., (1998)Y0 measure the

mean flow of solids in a pneumatic transport application. éi@s, this method has

been adapted by some researchers to allow local measurements. Tracer particles are

mixed with the solid component of the flow as if a mean estimate was to be made but
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instead of using only one downstream detector, a carefully pasiti@mray of
detectors is used. This allows the local position and trajectory of each tracer particle
to be measured at a given crgggtion of pipe, so the solids velocity and the solids
volume fraction can be measured using a counting method, see Cabaalk{(1997)

It was decided that it was unsuitable for this investigation due to the high cost and

complexity of the necessary equipment.

2.6.3 Sampling methods

Sampling involves removing some of the flowing mixture from the pipe. The simplest
way is to puta small pitot tube into the flow at a relevant position, as has been done
succeskllly by Miller and Gidaspow (1992)for gassolids flows. However,
researchersugh as Naskl-Din and Shook (198%)laim that the presence of the pitot
tube affects the flovand that solids will tend to be deflected around the probe rather
than entering it. These researchers recomeeride use ofsokinetic sampling to
ensure that the flow enters the pitot. Here fluid is drawntlmaiugh the rear of the
isokinetic samplingorobe in such a way that the static pressure at the mouth of the
tube is identical to that which would exist at the same point in the flow in the absence
of the tube. Whichever method is used to acquire the sample, the analysis is the same.
The withdrawn sample is separated and measuredlindf allowing the local

volumetric flow rate of each phase to be measured.

However, this method doesot allow the local solids volume fraction or the local
solids velocity to be directly determined because the voliersalids flow rate at a

point is proportional to the product of these propertiasd the velocity cannot be
independently determined without additionaformation. Rao and Dukler (1971)
acquired this extra informatioansing an isokinetitnomentum proheThe sampling

tube was mounted on a sensitive strain gauge. It was then possible to measure the
force applied by the solids as they struck the sampling tube. This extra information
allowed both the solids volume fraction and solids velocity to be measured

An important factor in accurate sampling is the diameter of the sampling tube which
must be large enough to ensure that a relatively undisturbed flow enters it, but small
enough not to significantly disturb the overall flow pattern. Rao and Dukler Y1971

used solid particles 0.065mm in diameter with a sampling tube 1.6mm diameter. They
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claimed that this ensured that a representative flow of solids entered the tube. Miller
and Gidaspow (1992) claimed accurate results using a 0.47mm diameter tube with
0.0/mm diameter solid particles. If the solid particles were to be as large as, say,
4mm in diameter then to achieve the same ratio of sampling tube diameter to solids
diameter as Rao and Dukler (1971) and Miller and Gidaspow (XB82ubewould

have to bdéetween 25mm and 100mm in diameter. In laboratory conditions where the

working section of a flow loop is likely to be less than 100mm in diameter these sizes
make this method unsuitable.

2.6.4 Electrical methods

Electrical measurement methods appliedivt@-phase flows rely on the electrical
properties of the phases being measurably different. The electrical properties most
frequently used are the conductivity and permittivity of the different phases. In this
research the solid particles may be assumed to sfidabors, i.e. their electrical
conductivity is negligible. The permittivity of the solids and water are not relevant
because in the present investigation the measurement techniqugenngifferences
between the conductivity of the solids particles dmel water.Thus, only electrical
conductivity measurement techniques are discussed here. In order to make direct local

electrical measurements invao-phaseflow an intrusive local device may be used.

In the present investigation the conductivities of e phases differ significantly.
The conductivityfor universitytap waterat 20 & LV DSSUR[LPDW HD\ 6FP
stated above the conductivity of the solids is, for all padipkesen is effectively

zera

2.6.4.1Local conductivity probes for fluitluid flows

The majority of research that has been carried out on local conductivity measurement
probes for flow measurement has been in the area offfludiflows. These devices

may use a penetration principle similar to that employed by local optical probes as
described in Sectior2.6.1.3 Such probes consists of a conductingeedle tip
supported by, but insulatddom, a ©nducting holder, seEigure 214. Current is
sourced at the needle electrode and the conducting casing (which dosersond
electrode) iarthed. If the probe tip is immersed in a+4oomducting medium current

does not flow. If the probe tip is immersed in a conducting medium current flows. The
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measured potential difference across the two electrodes is low if the probe is
immersed in the awlucting phase and high if the probe is immersed in the non
conducting phase. It is thus quite simple, theoretically, to measure the relative time
that the probe is immersed in each phasehamteto estimate the volume fractiarf
eachphase(Lucas et al 2004) This technique has been extendedotmain bubble
velocities by mounting two needle electrodes axially separated, andcoroskting

the two signals. Crossorrelation applied to flow measurent is described in Section
2.11

Conductive casing

Insulation

\ //Nee dle electrode

¥

Figure2-14: General representation of a penetration type conductivity probe tip
(Lucas et al., 2004)

Obviously this technique cannot be applied directly to sdigqisd flow
measurement. However researchers have inastighe disturbance to flows caused
by the presence of local probestwo-phaseflow fields, the properties of electrical
fields in two-phaseflows, the optimal probe parameters for croesrelation flow
measurement, and also methods of constructing jmobes. This research could be
applicable to the current investigation and therefore it is briefly reported here.

Ceccio and George (1996ave reported finding consideralnisturbance of the flow

by local probes, and Jones andli2gle (1976 and Mour and Marvillet (1996have
reviewed penetration type local probe taguoes. Cartellier and Achard (199%ave
presented an assessment of the relative accuracies of local disperse phase volume
fraction measurement using a wide variety of local penetratiolbes. As errors in all

local probe measurements will be introduced by probe intrusion, the latter is an
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interesting reference. Probes are reported as having relative accuracies of between
+5% and +20% which suggests that this type of probe could acthievaccuracy

needed for useful industrial application.

Many of the probes reptad used only single sensors (Vigneaux, et al., 1988; Clark et
al, 1992) Angeli and Hewitt (1996jeported the use of a probe 0.86mm in diameter

in a pipe 25.4mmn diameter Sheng and Irons (1991¢ported the use of a 1.5mm
diameter probe in a model of a large steel making ladle. Teyssddail, (1998)
reported more detailed tests on a 1mm diameter probe used in a 19mm pipe. They
varied the sharpness of the probe tip Whethanged the distance between the needle
electrode and the earthed casing, and discovered that with a large electrode separation
the probe gave an artificially high reading when positioned near the pipe wall. They
concluded that the large electrode sefiamecaused the electric field around the probe

to penetrate further into the flow and this allowed the pipe wall to affect the field and
therefore alter the reading.

The literature also contains reports of penetration probes witlséwsors, designed

to estimate the local dispersed phase velocity using-c@sslation. However these
velocity estimates arsompared withreferencemeasurement see Lucas et. al., (2005).
Thang and Davis (197%¢ported using a 1.6mm diameter probe in a 50mm diameter
pipe with an axial distance between the two sensdrabout 5Smm. Van der Welle
(1985)reported using a dual sensor probe with a sensor separation of 20mm although
the other dimensions of the probe were gigen. Revankar and Ish(i1993) reported

the use ofa probe 0.7mm in diameter in a 5mm diameter pipe with an axial distance
between the sensors of 4mm. Serizawal.,(1975)used a 1.8mm diameter probe in

a 60mm diameter pipe with an axial distance between the sensors of 5mm. Some
authorssuch as Cast@liBranco and Schwerdtfeger (1994) and Sun et al., (189&)
reported using a dual sensor probe where the probe diameter is much the same
magnitude as the sensor separation. CasBetinco and Schwerdtfeger (19945ed a
1.8mm diameter penetration prolgth a 2mm sensor separation, for measuring large
bubble plumesn casting ladles. Sun et al., (1998ported the use of a sensor

separation of 2mm although tbeerall diameter of the device was not given.

Gunn and AlDoori (1985)investigated the eft# of intrusive probes on the flow field
by photographing the flow around the probe. They used two 4mm diameter probes
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separated by an axial thsice of 11mm. The experimentgre carried out in a 15mm
deep slot so that the probe was visible to the camiesadl times. Their conclusions
were that bubbles in the flow were deformed as they struck the probe. However they
concluded that the overall flow was not affected by the probe.

In conclusion, probes with diameters of between 0.7mm and 4mm have bedayused
researchers in this field. The ratio of probe diameter to pipe diameter varied between
0.03 and 0.14, suggesting a range of opinion on the iddalof probepipe diameter

to minimise flow disturbance. The sensor separations used in these deviegs vari
from 2mm to 11mm, with no authors reporting substantial errors in their velocity
estimates. Tis literature review suggests that although probes affect those bubbles
which they actually penetrate, they do not affect the overall flow .fieidally, the
majority of the probes examined had been constructed by bonding the components
together with an epoxy resin. This gave the necessary strength whilst also insulating
the components from each other.

2.6.4.2Local conductivity probes for solidgjuid flows

Comparedto the research carried out into penetration probes for-fiid flows,
little has been done involving localmauctivity measurement probes f&wlidsliquid
flows. Possibly because in soliiguid applications the probe cannot penetrate the

particles, it is usually designed to measure the conductivity of the mixtIurrne,, ina

small volume around itself. A known electrical currant,is established between two
electrodes and the potential differen&g, is then measured either between these two

electrodes, or between two other electrodes in the vicinity.

The conductivity of a two phase mixture is a function of the electrical conductivity of
each phase and the relative volume fractminsach phase. If th@eonductivity of each

of the two phases and of the mixture is known, the dispgrisase volume fraction

can be estimated. Many relationships have been developed to give this estimate
(MacTaggart R.S. et.al (1993)

NasrEl-Din et al(1985)developed a 4.8mm diameter probe for use in these types of

pipe flows. The probe used a four electrode configuration with current injected

EHWZHHQ WZR 3ILHOG” HOHFWURGHY DQG WKH UHVXOWLC
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WZR 3VHQVH’ seeGdife\VB215.RISikg\his configuration the author claimed

that electrechemical effects were eliminated. He also claimed that this configuration
eliminated variations in the conductivity reading due to varying mixture velocity. The
3ILHOG” HOHBW WDRJEHHDW Rl WKH FDVLQJ ZKLOVW WKH 3VHQ\
RI PP GLDPHWHU ZLUH 7KH WZR 3VHQVH" HOHFWUR
components were bonded together, and insulated from each other, with an epoxy

resin.

Field

Electro de\
L‘%:l\ Sense

Electrodes

Figure2-15: Local conductivity probe of Nadtl-Din et al (1985)

Using this probe NagEl-Din et altook measurements in a 50mm diameter pipe, and
obtained profiles of the solids volume fraction across the pipe. Whilst the results were
not validated against any reference measurements, some factors were noted which
could be applicable to the present investigation: the conductivity measurement varied
with the orientation of the probe relative to the pipe wall, and as the particle diameter
increased above the separation of the sense electrodes the probe began to

underestimate the solids volume fraction.

The wall effectmentioned aboveas also been noted by Teyssedbal (1988) and

such results are not surprising given the asymmetradaire of the probe design. As

the conductivity of the liquid varies wittemperature it is also not surprising that
variations in measured values were observed as the temperature of the system
changes. No explanatiomas given for the obseration thatas he particle diameter
increasedhere wasdrop in measuredolids volume fraction close to the pipe wall

but itwas suggested thathie taken as a guide for the design of this type of probe.

MacTaggaret al(1993)extended the work of Naétl-Din et al(1985)by developing
a probe for measuring the solids volume fraction in a tank containing a-kqlias

mixture. The probe design had strong similarities with that of-E&&in: the probe
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was 4.8mm in diameter, used a four electrode measurementTexhii DQG WKH 3VHQV}
electrodes were 1mm apart. Using this device profiles of local solids volume fraction

were made for a large mixing vessel. As might be expected most of the conclusions

reached were siitar to those of Nasgl-Din (1985) MacTaggart alsoeeported a wall

effect, that the solids volume fraction estimate varied depending on which field

electrode was facing the wall, and it was concluded that the area of the field electrode

closest to the wall had an effect on the measurement. No explafatidns was

given, it was merely presented as a guideline for the design of this type of probe.

Asakuraet al (1992)reported a probe that did not use a four electrode measurement
technique. It was claimed that the 3mm diameter probe could be used darenea
solids velocity as well as solids volume fraction. However, few details of the device,
or the measurement technique, were given. The probe possesseditlyehaped
electrodes formed from 0.3mm diameter evarranged as shown in Figurel®.
Adjacent electrodewereseparated by 10mm.

Electrodes

e,

>

Figure2-16: The local conductivity probe of Asakura et al (1992)

The most obvious measurement technique for use with this device would be to inject
current from tle centre electrode to each of the outer electrodes. This would result in
two measurable potential differences which could be eros®lated to give a solids
velocity estimate. The signal from either of these fa®nsors might also be used to

give a sadds volume fraction measurement. Using this device Asaktied(1992)
measured profiles of solids volume fraction and solids velocity across a 51mm
diameter pipe. However the measurements were not tested against any reference

devices nor was there anysdussion of possible errors.

A six electrode probevasdeveloped by Xieet al (1998)to measure the velocity of a

flow of blood, which can be considered a solidsid flow. While details of the
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dimensions of this device were not reported, its genendligtoation is shown in
Figure 217.

Electrodes

>

:. L

Figure2-17: The local conductivity probe of Xie et al (1998)

Xie etal (1998) claimed that by establishing an alternating current across the
outermost electrode paiand measuring the resulting potentidfetences as shown

in Figure 217, measurement of the resistivibf the blood could be madieowever a

number of assumptions were made in order to justify this, in particular that the
resistivity was proportionabtthe velocity of the blood due to the changing alignment

RI WKH EORRG FHOOV 5HVXOWY ZHUH UHIHUUHG DJDLQ
clearly such an effect would not be present in the investigations proposed for this

project.

2.6.4.3Sixelectrode local pobe for soliddiquid flow

Lucas et.a(1999)designed and built a silectrode conductivity probef diameter
4mmwhich can be used in solidgater pipe flow(see Figure 2.8).

4mm 15 mm
= ( I | I I I I
Direction
FE S S S5 Sy B
L__JL__JQ__.J
Sensor Sensor Sensor
A C B

Figure2-18: Six-electroek local probe of Lucas al (1999)
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This probe was used in conjunction with a computer controlled traversing mechanism,
to obtain the distributions of the local solids volume fraction and the local solids axial
velocity both in vertical upwards and inclinesblidswater flows. Inserting an
intrusive measuring device into the pipeline is generally not acceptable with
multiphase flows containing solids since it will be liable to damage by abrasion, and
blockages may build up around it. So it was decided thab# unsuitable for this
investigation. The results obtained by Lucas and his colleagues were obtained using
an obtrusive technique but will help to confirm the results obtained by the author of

this thesis

2.6.4.4Electrical Impedance Tomography Systems

Electrical Resistance Tomograph§ERT), also known as Electrical Impedance
Tomography(EIT), is a technique that uses conduction currents for imaging the
structure of the solidsquid flow (Hua Li et.al (2008)Wang, M.et.al (2009, Wu, Y.

et.al (2005) E Franslet et.al (2002and Wang, M. et.al (1999From a number of
electrodes, a d.c drigh frequency electrical current is injected into the flow and the
resulting potential distribution is measured. The larger the number of sources and
receivers thénigher e spatial resolution of thenage produced. From the measured
data, a computemodel of the electrical conductivitglistribution is foundfrom

which, to within some predetermined tolerance, fiiese volume fraction can be
found ERT measurements do na&quire a probe that intrudes into the flow, all the

electrodes are mounted around the insidhe flow pipe, see Figure-29.
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Figure2-19: Dual plane Electrical Resistance Tomography system

The ERT dewe in Figure 219 had 16 stainless steel electrodes spaced equidistantly
around the internal circumference of an 80m diameter pipe in eantogblanes.

Each electrode measured 5mm in the axial direction and 10mm circumferentially. For
watercontinuous mitiphase flows, for which the dispersed phase is-camducting,

the pipe is surrounded by a number of electrodes which are in contact with the water.
Current is successively injected between pairs of electrodes and voltages
measurements are made betwedhewo electrode pairs see Figure-2D. The

relationship between conductivit§ and potential 3 is

"3 0 2-12

Figure2-20: Single plan Electrical Resistance Tomography system
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It is possible to determine the conductivity distribution in the flow esgssion from

the measured boundary voltagdor a conducting continuous phased non
conducting dispersed phasket local dispersed phase volume fraction can be
determined from theneasuredocal conductivity using:

2w 2l 213
Im 21y

The flow crosssection is dividednto P p S L [ HNONé&surement configurations are

used to obtain N boundary voltage measuremenitere typicallyN=P)

For small ' V
ﬂ-j : Slja:k‘ (] « 1 2-14

where §; i is a normalised sensitivity coefficient relating changes in‘th®jindary

voltage measurement to changes in the conductivity iif"thiel. The minus sign is
present in Equation-24 becaus&oundary voltage measurement will reduce as pixel
conductivity increases:ollowing the example of Lucas et.al (1998yjuation 214 is

re-written in matrix form so that it can be solved by standard software packages.

3@ 3@1wu 215

Hence
1@ S@%3 2-16

where n is an iteration number® 1(is the conductivity matrix,8 ' is thesensitivity

matrixand ¥ 3iis the potential difference matrix.

The above matrix equatias solvediteratively, each step towards the solution being

obtained using the conjugate gradients method. For eachotesanew set of values

for 81 are found because the sensitivity coefficierﬁisj are affected by the

FRQGXFWLYLW\ GLVWULEXWLRQ pVRIW ILHOGYT HIIHFW

step see Lucas et.al (1999hese are substitudeback into the original equation to

10z
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give a new S matrix (S is updated) and the process is repeated. The process stops
either after a specified number of iterations (not used here) ar thieechange in the

value of Biis sufficiently small and cowergence is reachedhe dispersed phase

volumefraction in each pixel is then calculated.

Balasubrammanianm an unpublished thesis (2008/20®&sreported on a somewhat
similar investigation to this research but using EIT to investiget@n velocity of oH

water mixtures and volume fractians of two-phase oil and water flows in a pipe of
circular crosssection. Of particular interest here is the comparison
Balasubrammaniarmade between the values obtained using EIT and his reference

values.

Balasubrammaniameasured thenean volume fractioof oil for constant flow rates
(water 3.5nYh and oil 1.0rYh) in an 80mm ID pipe inclined af, 015, 3¢, 45" and

60° to the verticalHe used a dpell to provide a reference meas _'ref in order to

compare with the results obtained using an EIT systém16 electrodes. EIT His

results appear in Table2

Table2-2: Volume Fraction Values at Different imgations obtained by
Balasubrammaniarf2008/2009)

o Mean volume Mean volume
(angle of fractionof oil fraction of oil
inclinqtionto using EIT, ™ using dpcell, % error
vertica) EIT =
‘ref

0 0.0%8 0.1837 -69%
15 0.0517 0.1134 -54%
30 0.0408 0.0978 -58%
45 0.0489 0.0771 -36%
60 0.0858 0.0473 81%

It can be seen that there is a considerable difference between the reference mean

volume fraction, . and the measuredean vdume fraction using the Elsystem,

ref’

EIT
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Balasubrammaniar(2008/2009 himselfconcluded that his results clearevealed a
problem with his ET system: in particular he emphasised that theme fraction
values found by HI do not follow the accepted pattern. That his resultsas the

angle of inclination to the vertical steadily increases, the value.rF first

decreases, then increasBalasubrammaniarooncluded that this is a quite different

trend from thatnormally observedwvhereby ref steadi decreasewvith increasing

inclination. He also commented on thevmlus differences in values Ofref , iIs and
"EIT
However, before commenting on the meadumalues of . . and . itis

worthwhile observing that the volume fraction distributions across the pipe, obtained
by Balasubrammaniapbehaved in an apparently strange manner. If the pipe were
divided by a vertial line passing through the centre of the pipe one would expect the
volume fraction distribution to be symmetrical about that line. With the EIT
measurements this was the case only fotrDall other flow conditions investigated

by Balasubrammaniarthe oil appeared either well to the left or to the right of the
vertical line. Nor did the volume fraction distribution obtained by EIT always show
the lighter oil to be in the top half of the pipe. Referring to the values of the mean
volume fraction that isctually calculated two comments are necessary. Comparing
BalasubrammaniafiV UHVXOWYV IRU WKH YROXPH IUDFWLRQ GLV'
EIT for an angle of inclination of 30 even allowing for the obvious error in
symmetry (the oil flow appears ingtbottom half of the pipe on the right hand side)
there are clear differencestiv values measured using the dgll, which give the
pattern that would be expgied, see Figure-21 andFigure 222. This puts a question
mark over the image reconstructionfta@re Note that this software used by
Balasubrammaniarwas supplied by a commercial vendor of EIT systewtso also

supplied the hardware used Bglasubrammaniam
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Figure2-21: Volume fraction distributn at30° inclination as found by EIT,
water 3.5m%hr and oil 1.5m%hr.
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Figure2-22: Reference volume fraction distribution3ff inclinationas obtained
by local probewater 3.51*hr and oil 1.5m%hr

Another point needso be included here. Quite apdrom distribution of volume
fraction over the crossection there is the question of the actual values measured by
the EIT. In some distributions thBalasubrammaniarabtained (the one for°Gs the
most obvious) thenaximummeasured value of the local volume fract{ioinom the
EIT) is well below theaveragevalue obtained by the dgell. That is the EIT method
seriously underestimates the actual volume fracBatasubrammaniardid compare
his results with the volume fraction distribution obtained by Lucas and

Panagiotopoulog2009) using dual sensor probes (Figure2 and 224) and
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reported that while those authors found a volume fraction which was more or less
constant over the pipe cressdion he found a bell shaped pattern with a vaeifined
maximum on the pipe centtme. This puts asecondquestion mark over the image
reconstruction softwarelt is known that e complicated and advanced digital
signalling procesag software inherenin the EIT system can lead to inaccurate
estimates of the local solids volume tian as has been noted previoudlyFransolet

et.al (2002).

0.03
0.02
0.01

Qil volume fraction obtained by EIT

Figure2-23: Volume fraction as a function of radial distarfican centre of pipe
measured using EIT system for reference oil fraction 0.15, Bélesubrammaniam
(2008/2009)

mean oil volume fraction = 0.187 (squares)
mean oil volume fraction = 0.205 (diamonds)
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Figure2-24: Volume fraction as a function of radial distance from centre of pipe,
after Lucas and Panagiotopoulos (2009)
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Balasubrammaniarmalso reports the measured velocity of bubbles obtained using a
crosscorrelationtechnique.The crosscorrelograms are just what would be expected.
Assuming the same volume flow rates as used for the meggshdrvolume fractions
would expect a minimum bubble velocity of about 0,23ifiee mean flow of the oil
water mixture). The velocitieBalasubrammaniameports, about 0.36rts are what

one would expect in an inclined pipdere the bubbketravel muchdster

Balasubrammaniamttempted to measure the mean flow velocitgdUacross the

pipe crosssection using a crosDrrelation technique where the planes of the
electrodes were 30mm apart. Simultaneously he calculated the mean flow velocity
(Up) by dividing the total volume flow rate by the cressctional area of the pipe.

Generally he found that the smaller the angle of inclination the less good the
correlation. For a flow rate of 6.5¢h of water and 2.0fh of oil the correlograms

for inclinationsof 0° and 60 areshown in Figures-25 and 226 respectively

The first thing that is obvious is that fot idclination the trace shows a signal with a
lot of background noise (broader peak) while the trace for tha6lination shows a
very narrowpeak. The second very noticeable point is that the magnitude of the
correlation coefficient at inclination of & about ten times as great as the other (in
some cases the ratio was thifitye). This tends to indicate that the disturbances in the

flow preserved their identities much better for a pipe that was not vertical.

As would be expected theravas greater agreement between the mean velocities
determined for sharper peaks of larger amplitudes and the mean velocity found from
the total volume flowrate. This was true even though flow patterns are less

symmetrical for more horizontal pipes.
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Figure2-25: (a) Correlogram for pipe &f to vertical: water 6.5n°hr and oil
2.0m*hr hr, averaged time d&y 0.0959 sec, calculated mean flow velocity, 0.313
ms?, reference flow velocity 0.47Ms*
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Figure2-26: (b) Correlogram for pipe &0° to vertical:water 6.5m*hr and oil
2.0m%hr hr, averaged time dey 0.0625ec, calalated mean flow velocity, 0.480
ms?, reference flow velocity 0.47®s”
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A rather strange feature of the mean velocities can be seen when the measured results
for Ucc are plotted against the calculated values War(Figure 227). For each
inclination of the pipeUcc is plotted against pJand for each set of points the best fit
straight line has a slope about 0#0.7. Thus it appears that for small inclinations
(pipe nearly vertical) the correlation device is more accurate fofltawrates, while

for the larger inclinations this device is more accurate for faster flows.

Balasubrammaniardoes not comment on this and an explanation does not spring to

mind.
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Figure2-27. Mean velocityobtained by crossorrelation verses mean velocity
calculated from total volume flow rate divided by crssstional area of pipe.

In the present study the proposed ICC system is intended to overcome the
disadvantages of the duyallne ERT system includina major disadvantages of the

ERT system its high initial and maintenance costs.
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2.7  Conductivity measurement device

Apart from its usen two-phase flow, electrical measurement condugtiids been

used in a variety of other fields. It was decided thaearch carried out in these other
areas could be applicable to the present investigation as it was important to identify
any other fields in which the current research could be applied. Theretaiefa
review of conductivity measurement in other feeldas carried out and is presented

below.

2.7.1 Electrolyte conductivity measurement devices

The area of application most closely related to-plase flow measurement is the
measurement of the conductivity of electrolytes and other liquids. Volamschi
al.(1992) have reported the use of a two electrode solid state instrument used for
measuring pH but there appear to have been considerable -eleetnical effects and

drifting of measurements with thevice(Volanschi et al.,(199%)

Ncube et al.(1991) reported the use of a two electrode probe with one electrode
having an area 0.001nfrand the other having an area 500mifhey claimed that

this caused the measurement to be localised at the small electrode. However they
reported substantial drift over timusing this system which Na&i-Din et al.(1985)

and Volanschiet al., (1992) have suggested is caused by electrtemical effects

which could be negateay using a four electrode system.

2.8 Comments on conductivity methods

Local conductivity probes that rasure local values of solids volume fraction and
solids velocity are reported in the literature. These devices appear to be relatively
inexpensive, and their simple and robust construction allows them to be made with a
variety of different geometries foifterent industrial applications. The probes varied

in diameter from 3mm to 4.8mm giving ratios of probe diameter to pipe diameter of
between 0.06 and 0.1.

The major disadvantage of these devices is that they are intrusive, despite the opinions
of Gunnand Al-Doori (1985) which suggeshat such effectarenegligible. Inserting
an intrusive measuring device into the pipeline is generally not acceptable with solids
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water flows since it will be liable to damage by abrasion, particularly in diball
pipes,and blockages may build up around it Consequently, recent advances in water
solids measurements based on-mdrusive techniques amgenerally given priority,
in paricular optical, ultrasound, nuclear, conductivity and electrostatic transducers.

This thesis concentrates on namtrusive conductivity measurement.

2.9 Relating mixture conductivity to the solids volume fraction

Estimating the local solids volume fractiong by measuring the local mixture

conductivity J.m is a relatively simple and economical method which can yield

accurate results. The method relms the fact that the electrical conductivity of a
solidsliquid mixture depends on the conductivity and the relative volume of each of
the phases. In the proged investigation the liquid, water, is conductive whilst the

solids assumed to have a conductivity of zero. Therefore.gsi;ncreaseslm will

fall.

In order to obtain an accurate estimate.gfit is necessary to accurately relate it to
lm' Many expressions have been developed for teiationship, of which
Maxwell's [1873] was onef the earliest, see EquationlZ. A review of these
relationships is given byNasrEI-Din et al.(1985) and also in MacTaggast al.,

(1993) Experimental testing of some of their relationships has begmted by De
La Rue andobias (1959)

m w5
In 21, Sk 2%,

2-17

Here .g is thelocal solidsvolume fraction. 1 ., 1, and 1. are the conductivities

of the mixture, the continuous phase (water), and the disgephase (solids)
respectively 0D [ZH O O §finghify Bis@un®¢ Lthat the particles are evenly sized
spheres and that they are in an ordered arrangement at a low volume fraction. This
low volume fraction condition allowed Maxwell to assume that the electrical field
around any one particle was unaffectedybany other particles. In the current
investigationthe assumption is made thag is effectively zero. Therefd H OD[ZHOOYV
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relationship reduces tequation 218.

m W g P

NasrEIl-Din et al(1985) and De La Rue and Tobias (1989prtedthat a number of

other researchers hauadependentlydeveloped theoretical relationships theduce

to this simplified form of M§ZHO OV UHTub&v URQPNd0d Sleale and

Nader as ngorted by Nasgil-Din et al (1985)KDYH GHPRQVWUDWHG WKDW
relationship accurately fits experimental data for solids volume fractions up to 0.55

and de la Rue and Tobias (1998ve reported experimental work by a number of
researchersW KDW FRQILUP WKDW OD[ZHOOfTVY UHODWLRQVKLS F

Bruggeman(1935) in deriving Equation 29 H[WHQGHG OD[ZHOOTfV UHODYV
solid spheres of random size and distribution, andhgequatiorshould apply to

mixtures with solids volume dictions approaching 1.

1
81m -3 1 2-19

2.10 Crosscorrelation flow velocity measurement

As a solid particle passes apstream sensor it causes a momentary change in its
output signal. Theamne particle therravels to adownstream sensor and causes a
similar change in the output signal as it passes. The time delay between these changes
in output signal will bepproximately equal to the tintaken for the particle to travel

the distancédetween the sensorghis is inversely proportiondb the particlemean
velocity. To calculate the solidmeanvelocity, the time lag between the changes in
output signal measured at the upstream and downstream sensors must be found. This

is done by crossorrelation.

Crosscorrelation can be considered as the process of matching two signals as a
function of the time delalpetween theniBeck.M.S. et.al (1987) Consider two time

signals x(t) from upstream sensor Xnd y(t) from the downgeam sensor Y. The

crosscorrelation functionRXy( M of x(t) and y(t) is defined in Equation-20. If
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the signals are unrelatefdyy () O for DOO YDOXHV RI 2 +RZHYHU D YH

property of the crossorrelation function is that ik(t) and y(t) are the output signals

of a crosscorrelation flow meter Ryy (1 will have a maximum vale when

w 2p ,where %is equal to the time taken fqrarticlesto travelfrom the first to

second sensor

1T
TofTO

In Equation 220 T is the time period over which the signatt) and y(t) are

sampled. Note T must be greater than the time taken for the particle to pass between

the sensors.

Because the crosmrrelation functionRyy ( ) has a maximum value whe2 %
the mean transit time of particles in the flow to pastsveen sensors X and szcan

be found by determining the value &at which Ryy (Dl is at maximum. In a

uniform two phase flow where all disperses particles travel with veIMBythen
since ?p L/VIO where L is the distance between sensors X and Y, the particle

velocity Vp can e calculatd. Unfortunately researchers have demonstrated that in

vertically upward, bubbly flows, the characteristic flow velocity obtained using
impedance crossorrelation techniques does not correspond to either the velocity of
the continuous phase ahe velocity of the discontinuous phase. Rather, it
corresponds to the propagation velocity of naturally occurring void fraction waves

also known as kinematic waves,the flowsee Beck et.al (1987)
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Figure2-28. Schematic diagram of crossrrelation flow meter Beck et.al (1987).

Nevertheless, Lucas et.al (200has also shown that it is possible to use impedance
crosscorrelation techniques to measure the velocity of Taylor bubbles in the slug
flow regime and but that by using the conventional camselation technique it is

not possible to measure the velocity of the liquid phaghe slug regime. Lucas et.al
(1997) has also demonstrated however, for that bubbly flows, the mean velocities of

thedispersed and continuous phases can be derived from the kinematic wave velocity.

In crosscorrelation flow measurement two linked design parameters of the device are
critical. These are the axial separation of the two sendorsard the sampling

frequency of the devicefs. When computing the cros®rrelation function the
accuracy of the estimate of the time delay associated with the peak of the cross

correlation function is approximately equal tbl/ r G where /2 fi Thus the
p
S

higher the sampling frequenci/s, the greater the accuracy with whic% IS
measured. However% will reduce asL reducs, so the smallghe value ofL the

greater will be the errdo a given value ofs. In this way the accuracy of the cress
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correlation velocity estimate is dependent on bbthand fs' This relationship is

discussed inetail byBeck et.al (1987)

Generally, when deciding upon the value for a compromise betweanaintaining

the simlarity of the flowpatterns between the upstreanmd downstrearsensorsand

the accuracy ofresolution of measurement of the transit time will have to be made.
The smaller the separation the greater the similarity of the signals obtained from the
two sensorsand the easier it is to obtain a distinct and obvious maxirfam

ny( M. On the other hand, the relatively slow process of data acquisition, and

possible interference of the electrical fields between the two sensor arrays requires a
longer distanceé . Both the similarity of sigals and the dynamic behaviour of the
system must be considered.

However, n general termgiven that what is required islaw-cost nortintrusive
device it appears obvious that a crossrelation technique shoulde used to
determine the particle vatdy. Such a method has the added advantages that it is
readily understandable and reasonably easy to applgrefore, the speed of data

collection plays a dominant role in the use of cromselation algorithm.

2.11 Conclusiomsfrom the literature review

As described in Chapter 1, the aim of this investigation is to measure the local solids

volume fraction and the local axial solids velogity and ug respectively, in upward

solidsliquid flows in pipes inclined atdifferent angles to the vertical. In this
investigation measuremerase intended to bmade at § 15’ and 30 to the vertical
and itis intended to use these measurementalculate the solids volumetric flow

rate and area averaged values of sléids volume fraction and the axial solids

velocity, Qs meas -smeas and Us meas respectively, see Chapter 6 for the

experimental detailslt is expected that thengill be a dynamic balancand aflow

will be established where the tirageraged local solids volume fraction shows a
variation across the pipetURP D KLJK YDOXH D Wi mMUEHHow® Ralll U VL GH
at the upper side of the pipe. Naturally, the timweraged axial velocity profile for

solids carried in multiphase flow in an inclined pipe will be correspondingly

complex with anaxial solids velocity in the forward direction at the upper side of the
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inclined pipe and smaller axial solids velocdy the bottom with the possibility of

reverseflow adjacent to the lower face of the pipe

At present, there are few commercially available devices for measuring the local
solids volume fraction and velocity distributions in wedetids flows in inclined

pipes. These devices includRT, however thamethodpresently suffers from a
number of drawbacks. It is relatively costly in terms of the equipment itself, the high
quality technical support required and the computing time necessary to adequately
process the necessary information. The greater amcuexjuired the greater the
number of electrodes required, but the accompanying processing goes up as the
square of the number of electrodes. Thus a 16 electrodes arrangement has 104
possible combinations while an eight electrode arrangement has only 20
combinations. While daptop PC running Windowand equippedvith 2 serial ports

may beused to control the ERT systethe data sets needadgenerate conductivity
imagesrequiressophisticatednversion software. A fully ® imaging techniquesi
presentlyimpractical on a PCthe computer processing power required for detailed
resolution of iApipe velocities and distributions is still outside the capabilities of even

modern PCs.

ERT is unable to measure the flow rate of the continuous phase andurrétst form

has difficulties in presenting an absolute valS®me have argued that tloaly
measure of data quality is the degree to which reciprocal measureayeaes
Reciprocal measurements are measurements in which the transmitter electrodes and
thereceiver electrodes have been interchanglds the electrode geometry remains

the same. Ideally, reciprocal measurements should be ideitedr more rigorous

calibrationand referencing techniques are required.

In addition, the algorithms requiretb interpret the measured voltages into a
description of, say, solids fraction in a flow are complex so that different algorithms
can give slightly different results, and the resolution will be limited by the spatial
smoothing necessary in the imaging aitpon. In addition, the flow patterns produced
are a function of electrode position, so +algnment will introduce systematic errors

in addition to any random errors. The clarity and definition of the patterns will be a
related to electrode size and tiaet that they have to be positioned at the boundary
(pipe wall) of the flow. Thus the resolution will be sharpest in the region of the pipe
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wall and in the centre may be limited to 8%% of the pipe diameter for smaller

numbers of electrodes.

Neverthéess accurate determination of the mean values of Ibo#t solids volume
fraction and the local axial solids velocitgquire local measurements to be made
inside the pipe at a sufficiently large number of locations on the given pipe cross
section, thisis particularly true for inclinedléws where particle velocity and local
solids volume fraction can be highly skewed. This will require a-intosive
method.The above review of the literature shothiat the only nosintrusive devices
thatcan givereliable resultarelaser methods azonductancebrrelation techniques
Laser equipment is not readily available, is relatively expensiveuahkely to be
acceptale for industrial applicationnot to mention thabn-site flows are highly
likely to containoils and so beopaque. Conductance methods combined with €ross
correlation techniques lookvery promising and with the present rate at which
processing power is increasing it is to be hopes that certaiprikéem associated

with dualplane ERT caisubgantially reduced

On the basis of the literature review and industrial constraints on the project it is
proposed that the measurement system to be adopted will be similar to previous ERT
systems used for online monitoring of solidsvater flows. Impedcance Cross
Correlation (ICC) is a device similar in principle ERThe experimental results
obtained from this system will be compared with the ERT results obtained by Lucas
et al., (1998) and a sklectrode local probe obtained by Lucas et al., (2000¢. T

design of the ICC device will be given in the next chapter.
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Chapter 3 INSTRUMENT DESIGN AND
CONSTRUCTION

This chapter describes the measurement principles, design considerations and
construction of the Impedance CrogSorrelation flow meter. The aeductance
measurement electronic circuit that was designed and constructed is explained. The
chapter also describes the design and construction of the electrode selection
circuitry controlled by computer via a LABJACK data acquisition and control unit.
Software was successfully developed to control the selection of the electrode
configurations for the two electrode arrays (A and B).
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3.1 Basic measurement method

As mentioned in Chapter 2, measurements of conductivity have previously been
sucessfullyused in a wide variety of applicatiots multiphase flow measurement

(Wei F et.al , 1998)Of course, to measure ttecal lids volume fraction.g by

measuring the local mixture conductivitgzm the reldionship between.g and lm

must be knownIn a solidswater flow, with which this project is concerned, the

liquid is assumed conducting and its conductivity]i\%. Thesolids are assumed to

be composed of insulating materialith an electrical conductivityof zera The

measured local conductivitylm , of a region of the flowxwhich is known or

assumeglto contain a representative concentration of the solids particlesthen be

used to make an estimate of the local solids volume fractignusing the simplified

formof OD[ZHO O TV (Maxxel W.CRIB73) for conductivity of mixtures, see
Section 2.9:

o Cw Pm 31
I 2T

The concept behind the electrical conductivity technique istligetonductivity of a
two phase mixture depends on the volume fraction of the disperse phase, the
conductivity of the multiphase fld decreasing with increasing solids volume

fraction.

To measureug, the local axial solids velocity, fluctuations in the local mixture

changes in conductivity which occur as solid particles pass each of two axially

separated condugtty sensors, are detected amdsscorrelated, see Section 2.10

3.2  Design considerations of the Impedance Gi@sgelation flow
meter for multicomponent flow measurement

In this project, the ICC consists of two electrode arrays attached to the infaeesu
of the pipe carrying themo-phase flow, (see Figure13. In each electrode array there
are eight stainless steel electrodes mounted equidistantly around the internal

circumference of the pipe. The electronic circuitry was such that any electrode or
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combination of electrodes in an array could be selected to be (i) excited by a 10kHz
excitation voltage(V"), or (i) be earthed(E), RU LLL XVHG BDUDVKIYLUW X
measuremeniVe). For example, if it was desired to measure the solids Vielacity

only at the uppeside of an inclined pipe, the electrodes which were at the upper side

of the pipe were used. It is considered that this arrangement is novel and has not been

used before for multiphase flow measurement of solids in liquids. To prote€@Ghe

and provide additional shielding from electronic interference it was enclosed within

an earthed stainless steel cover as shown in Fig8(a)3

Array B

Unused electrode

Array H! 50mm

80mm

Figure3-1: Schematic diagram of the Impedance GiGssgelation device
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The essential principle of the instrument is that the electrodes in a given array, on the
inner surface of the pipe carrying the multiphase flow, are used to introduce an
electric current into the solidgater mixture. An inverting amplér is used to
measure the mixture conductance (and hence the mixture conductivity) at specific
locations inthe flow cross section at arsA and B, from which the solids volume
fraction at these locations can be calculat€doss correlation of conductzm
measurements at corresponding locationthénflow cross section at arsayA and B
enaltes the solids velocity at thekeations to be determined.

3.3 Construction of the ICC device

In order to make the necessary measurements using the flow loop syasikzble at
the University of Huddersfield, for multiphaflew testing, the instrument had be
designed with the following factors in mind:

™ To achieve the required cressrrelationin order to determine the velocity of
the flow, two separate electrodaraysmust be usedsee Figure 3)L Two
arrays are sufficient but a third array was also constructed in case it was found
necessary to alter the axial separation of the arrays. The possible axial array
separationsL that could beachieved using the ICC device that was
constructed are 30 mm, 20mm and 50mm (see FigdneaBhough the value
of L that was used in the present investigation was always 50mm.

™ For highly nonuniform solids distributions, to measute solids velocity and
volume fraction profiles in each part of the pipe, each of the two electrode
arrays consisted of eight electrodes mounted around the pipe. The internal
circumference of the pipe was 80 mm so the eight electrodes will be some
31mm agrt +centre to centre. This is considered a sufficient distance for two
reasons, firstly the electrodes are sufficiently far apart for there to be adequate
space around each electrode. This ensures that the electrical connections to
one electrode do notnterfere with the connections to a neighbouring
electrode. Secondly the electrodes are close enough together to give an
adequately detailed picture of the flow in the pipe.
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™ To select the optimuraxial separatiori. between the two ettrode arrays a
survey of previous work was carried olX. Denet al.(2001)found that for
an 80mm diameter pipe the optimum distaricebetween the two electrodes
arrays for the purpose of determining the flow velocity by eoosselation
should be 50mm centre to centre, see Figure 3.1. He obtained that result by
experimentally varying the distance between two electrode arrays

incrementally and observing which separation gave the best results.

™ u&U-RWMDONY EHWZHH Qe at&ysl had Iobekeldnih&ted.U R

™ To determine the detailed profiles of and ug, it was necessary to determine

the optimum duration of data acquisition from each electrode configuration.
The LABJACK data acquisitin card which was used could acquire data from
multiple channels at a rate of 1 kHz per channel for considerably longer than
60 seconds, but 60 seconds was considered to be sufficient for the purposes of

the experiments.

™ To determine the detailed proflef .5 and ug it was necessary to ensure

that the positions of each of the eight electrodes in each array was properly
identified and clearly matched to the relevant channel of the electronic

circuitry.

™ For eachelectrode configuration data was acquired from both the ICC and
reference measurement devices and the results compared. This is discussed in

the next chapter.

3.4 ICCdesignand construction

The mechanical system of the ICC consistethefsleeve (flangena ICC casing) the

flow tube (pipe element and O rings) and the electrode assesabli,able 3.
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Table3-1: ICC components list

Component Component Tvpe Number Component Comment
designation P yp of items Material
Flange BS4504 DN80 2 PVC 3inch
Sleeve ] _ 210mm OD
ICC casing Tubular 1 Stainless steel 115mm ID
310mm long
110mm OD
Pipe element Tubular 1 Pe&k 80mm ID
p29 ULQ M9 4 Rubber Thickness 2mm
Electroces E6013 24 Stainless steel
Electrode Bolts M8 24 Stainless steel
sl Cable terminals 3.2mmID 16 Copper
Washers M6 24 Stainless steel
Nuts M8 48 Stainless steel
3.5 Assembly drawing

Figures 32 to 34 show the ICC meter, drawn using Solidkks software

Tty

-:,:d

Figure3-2: ICC body design

N _ ‘(" rings .
yf s Peck flow tube with
7 % electrodes attached
/ﬁ ai 7 Amay B
{ g
/ 1 Unused electrode
T 7k array Connectors to
. Ay A electrodes
| L |
e
- i
iR - SIS ”ﬁ | ‘0 rings
.-
#21
() (b)
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Figure 32 (a) shows the dimensions of the cresstion of the device. FigureZ3(b)

shows the three arrays of electrodes. In each array, there are eight electrodes around

the circumfereoe of the pipe. Array C was nosed in the present investigation. The

IRXU p27 ULQJV ZLWK WZR DW WKH WRS DQ@b&ZR DW WK|
into the stainless steel casing. Flanges were fitted to the ends of the stainless steel

casing to enable it to be mountetbithe flow loop.

Figure 33 (a) shows the casing of the device. It was made of a stainless steel, and was
used to protect thinner structure of the ICC, which is common practice in industry.
Figure 33 (b) shows how the electrodes were mounted in the flow tube wall. At the
inner surface of the flow tube wall the electrodes were in contact with the multiphase
mixture. At the oter surface of the flow tube wall were connectors enabling the

electrodes to be connected to the relevant electronic circuitry.

ICC body

Stainless steel
casing

Stainless steel

() (b)
Figure3-3: ICC body and casing
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Quter diameter of the flow tube Peek flow tube

Groove in the flow tube

Washer/ Cable terminal

Electrical wire

Inner diameter of flow tube

Washer

Rolt Electrode

Figure3-4: Electrode assembly
Figure 34 shows the pipe prepared for an electrode, with a hole drilled through the
pipe for the electrical connection and a grooveinuhe face of theipe to take the
electrode, and also ghows the array ith the electrodes in plac&igure 35 (a)
shows an individual array without the electrodes and Figtbgl8 shows the array

with the electrodes in place.

(a) Cross section of ICC device without (b) Cross section of ICC deviedth
electrodesin place electrodes in place

Figure3-5: Electrode array
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P

@ Nut Electrical @ Washer

connector

@ Electrode assembly Electrode and All parts assembly
Bolt groove

Figure3-6: Electrode assembly

Figures 33, 34, 3-5, 3-6 and 38 show details of the electrodes and their pos#ian
theICC. Each array of eight electrodes was arranged crosssectional plane of the
pipe. As can be seen a hole is drilled through the tube wall and on the inner face a
groove is ctito take the rectangular stainless steel electrode which had dimensions of
2.3mm circumferentially x 2mm longitudinally x 0.4mm radially. The electrodes had
a long pin on the back that passed through the wall of the pipe enclosed in an
insulating sleeveThe top of the pin was threaded and the copper wires carrying the
excitation or measurement signals were attachatigqin, see Figure-8, using a
washer and double nut arrangement which was used to mechanically hold the
electrode firmly in place and @rip the wires. Figure-3 (a) shows an array without
electrodesand Figure & (b) shows the array with electrodes in place.

Output data were simultaneously acquired from both elecodgs A and BAfter
reconstruction these measurements give lpofiof the conductivity distribution
within the flow crosssection at the axial positions of the electrode arrays. The level of
detail given by each profile is a function of the number and position of the active

electrodes in each array.
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-

S0mm

L

80mm

Figure3-7: Arrangement of electrode array on the pipe

——Electrode Array B

Electrode Array A
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Note that, before its use the flow loop the ICC flow metas subject to aeries of

bench tests, bottatic and dynamic. These are described in the next chapter.

3.6  Conductanceircuit design

The schematidiagram, Figure -8, shows the main components of the circuit for
measuring the conductance of the multipé mixture at each the two electradeys.
It is made up of six main stage®ss channels for both arrays A and B are the same it

is only necessary to describe one in detail.

. Channel B
‘ VeB Differential
0 DG 403/B \ amplifier
R0 LP filter HP filter
- e —
; SW-1
VT, w-3
10kHz b i} —
excitationT m
souree Sl GG
ral S 2ero adjust
82 circutt
[ 1
15W-1
LH,—
'rsw-fl_
5
M ' .
BaY DG 403/ ; ’ |

Figure3-9: Schematic diagim of the conductance measurement circuit
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y : 4 =
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g : ! j AR 1.5 Sl 3
r - \
| -
2
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Figure3-10: Photo of the conductance measurement circuit

In Figure 39, the XR-2206 is a monolithic function generatoiintegrated circuit
(working in a similaimanner to a 555 timecapableof producing high qualitypulse
waveforms of higkstability and accuracy. The output waveforms can be both
amplitude and frequency modulatbg an externally supplied voltage. Frequenty
operation can be selected externalier a rage of 0.01Hz to more than 1MHZ he
excitation signaV* was a sine wave of frequency 10kHz of amplitude 2V peak to
peak.The purpose of usintpe XR-2206 is to ensure that the electrodes inmay A

and theV" electrodes in may B were conectedalternatelyto the excitation source.
This meant that arrays A and B were never active at the same time and salkross
was prevented between the two arrays. The switching frequency was 100kHz and the
excitation signal applied to thé" electrodess 10 kHz and this resulted the signals
shown in Figure 4.1 being applied to the¢" electrodes in arrays A and B.dan be
seen from Figure -31 that whenarray A is active aray B is not, so crosdalk

between the two arrayseliminated.

The swtching mechanism is controlled by the X206 (seehttp://www.jaycar.com
(accesed 04/03/10)for detailg which is a generator with two states: low (0) and high

(1). Since the ICC has two electrode arrays A Bndhere are two corresponding

12¢
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electronic circuits, channels A and B. Each channel has an analogue BBH403
controlled by the XR2206 (seehttp://www.intersil.com(access 04/03/1Gpr detaik)

to enable switdng between the two channels. Both channels are connected to an
excitation signal (V), to channel A via switch 4 (SW) which 5 connected to
electrodes inmay A. The same signal &lsoconnected to channel B via switch 3

(SW-3) whichis connected tolectrodes in aay B.

For channel A, switches SW and SW4 in the DG 403/A are normally open but a
high state signal from the XR206 will close both This will result in the 10kHz
measurement sign®” beingconnectd to theelectrode set S (the set belectrodes

in array A connected to Y andthe measurement circuit being connected to the
electrode sefau (the set of electrodes inray A connected tthe input of inverting

amplifier Ve a) via the conductive fluid

Channel B is completely isolatdrom channel A because of the sequencing of the
signals by the XR2206. For channel BswitchesSW-2 and SW3 in the DG 403/B

are normally opembut a lowstatesignal from the XR2206 will close bothThis will
result in thel0kHz measurement signd™ being conneoctd to theelectrode set g

(the set of electrodes inray B connected to Y) andthe measurement circuit being
connected to the electrode Sgi (the set of electrodes @rray B connected tdhe
input of inverting amplifierVeg) via the caductive fluid At this stage channel A is
completely isolated from chann@lbecause of the opposite stafets switches.

Array B |

Arrair A

Figure3-11: Excitation signals applied to th& electrodes of each array
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The differential amplifiertakes the differencbetween its two input signals,,\and

V3, amplifies the difference, and outputs it ag ¥igure 39. In the current work a
technique has been developedrtaximis the sensitivityf the system to changes in
conductivities measured by arrays A and B. In the rteghnique the transmitted
signalwas treated using thaitial signal fedinto the system to isolate a signal that
represents only the disturband® do this, a copyof the excitation signal is fed into
the system (¥ ) and is adjusted in level to match that of the measured signal being
fed into the differential amplifier (Ma) when only water is present. Thesult isthat
signal V4 will have anamplitudeonly when the measurecbnductivity changes
from the conductivity of water and has zéoo very small)amplitudeat other times
Similarly for aray B. This allowed theuseof a high gain amplifier without getting
saturated. Accordingly, a signal with high sensitivity and high amplitude that fully

represents the disturbanceasattained

In each channel the voltage, Wasfed into an AD630 integrated circuit which was
configured as a precision rectifier, see Figu& Fhe main effect of this stage was to
perform full wave rectification on voltagV, and output the result asVThis signal,
Vs, was then fed into bbw pass Butterworth filtewith cutoff frequency of 200Hz
This frequency wasletermined by iteratiorDifferent frequenciesvere tried and the
best result foundThis removed the gh frequency carrier wave content from the
signal to give a DC output voltag¥gs. The voltage Vg is proportional toV, as in

Equation 32 where ks the gain of the circuit:

VG = kV4 3-2

The voltage ¥ was fed into ehigh pass filtetto remove the DC components which
are unnecessary for cresgrrelation. The zero adjustment allows the DC offset of
Ve g to be adjusted. During the setting procedure, the zero adjust was used to set
the output voltagd/ss to zero when air only was ggent in the pipe and hence the

mixture conductivity (:l.m) was effectively zero. For each array separately the output

from the high pass filter was used to measure the fluctuating conductance between the
V" set of electrodes and. setof electrodes. ¥aand \, gwere the voltages used for
crosscorrelation velocity measurement{¥is also known as O/P GH and \; g as

O/P CHB). Vg wasused to measure the memnductancdéetween gand S.
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S; represent an electrode, set of éectrodes irarray B that is to be connected to the
excitation source. Sis an electrode oset of electrodes inriay B that is to be
connected tothe virtual earth of the inverting amplifierMeg). S represent an
electrode, orset of electrodes inr@y A that is to be connected to the excitation
source. gis an electrode oset of electrodes inriay A that is to be connected to the

virtual earth oftheinverting amplifier {/e,a).

3.7 Electrode selectioand assignment

This section sbws how specifielectrodes inmay B (say)are connected together to
form set $ which is connected to/*, and how electrodes inarray B (say)are
connected together form set $ which isconnected together ¥.,s ( see Figure 3
9). It also describesolw the remainingelectrodes inay B are connected to ground.

A similar arrangement was used for sefsusd S for array A.

Consider array B: one group of electrods is connected to Sand hence to/”,

another electrode group is connected f@®l hence t& g Another electrode group

is connected to ground.

Forthenf @1 " P H O H F Wway B GvHethe® it 3 connected t0,,SS; or

ground is determined usirthree analogue switches (denotéd\ ., BB, and CC,,

see Figure 42). The input signals tAA,, BBy, and CC,, which determine whether

the electrode is connected tq, & or ground, come from Q, Q.mand Q. in

latches L, L, and Lg respectively $eeFigure 312). In turn the outpst Q;.m, Q-mand

Qsm are set sequentially using one @ight electrodepotential signal from the

LABJACK data acquisition + control unit aritiree LQGHSHQGHQW upY/DWFK H
signals from the LABJACK.

For_array A: The principle of opetion is the same as forray B, the only

difference is that one electrode group is @ed to $and hence t&*, the second
electrode group is connected tq@ &d hence td/ea. Another electrode group is

connected to ground.

For the nf’ P H O H FWaWAR ®hetherQt iB connected t03,SS, or
ground is determined usirtr eeanalogue switches (denotB®d,, EE, andFF,, see
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Figure 312). The input signals tBDn, EE;, and FR, which determine whether the

electrode is connected t@,&, or ground, come from £, Qs.mand Q. in latches

L;, Ly and Ls respectively geeFigure 3-12). In turn the output £, Qs.mand Q.

are set sequentially using oneaiht electrode potential signal from the LABJACK

data acquisition + control unit aritdree LQGHSHQGHQW upuY/DWFK HQDEOHT
the LABJACK.

3.7.1 Electronic switching circtifor arrays A and B

The electronic circuit was designed to be able to select any electrodes from a given
array (A or B) and connect them to excitati®fi Y, measurement (Y or to earth )

in the corresponding channel (A or B) of the conductance measntecircuit (see
Figure3.9).

Both array A and may B were used to determine the electrical impedance
/conductivity of the multiphase flovigut when array A was activetray B was not,

and vice versarhe excitation signaV/* was applied to an electite or set electrodes

(Sg) in array A and the conductance was measured. The measured value would change
with changes in the volume fraction of the dispersed phase. Then an exactly similar
electrode aangement would be activated irray B. The gynals take from the two

arrays could then be cressrrelated to find the time it took for the solids to travel

from one array to the next.

In Figure 312, the electrode selection circuithere are eight main electronic
components:

™  The pulse generator, XR206 (seehttp://www.jaycar.cor(accessed 04/03/10)
for detailg, which is used to switch betwearrays A and B and can be seen in

the top left hand corner.

™ An analogue switch, AD403 (for more detaisee for detals
http://www.intersil.com(accessd 04/03/10), indicated as GG connects ®
the input \L g of the inverting amplifier in channel B, also see Figw@. 3n

addition the analogue switch GG connecig&®the exdiation signal (V+).
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™  An analogue switch, AD403 (for more détaee http://www.intersil.com
(accessd 04/03/10), indicated as HH connects, $ the input \{a of the
inverting amplifier in channel A, also see Figug9. Analogue switch HH also

connected $to the excitation signaM().

™  The six74AC573chipsin Figure 312, are three latches; o Ls, for Array B
and three latches, 4L to Ls for aray A, (for more detail see
http://lwww.datasheetcatalog.oraccessd 04/03/10). Each latch is activated
separately bythree independent latch signals from the LABJACK data
acquisition and control unfsee Figure 32).

™  Three analogue switches, AABB, and CG, for each electrode inraay B and
DDn, EE, and FR, for each electrode inray A, detils of which are given in
http://lwww.intersil.com(accesed 04/03/10)

It should be noted that Figu®12 shows only electrode 1 inray B, so analogue
switches AA, BB; and CG are show connected for electrode 1 irray B. In fact,
the three analogue switches AA BB, and CG, can be set to connect émy of the
m™" electrodsin array B, as required. Similarly titree analogue swithes DD, EE
and FR can be connectetbr electrode 1 inarray A. In fact, the three analogue
switchesDDy,, EE,, andFFy, can be set to connectamy of them™ electrods in aray

A, as requiredThe electrode potential selection signals from the LABJA&K
shown for electrode ih array A andarray B. In fact LJ1 to LJ8 are used to select the

potential for electrodel to 8 respectively for both array A andag B.
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Figure3-12: A schematic diagram dhe electrode selection cinit(for electrode 1 formay A& B)

13¢



INSTRUMENT DESIGN AND CONSTRUCTION
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Figure3-13: A photo of the electrode selection circuit for array A

Signal from the LABIACK
A

TRy e

To the electronic circuit

Figure3-14: Block diagram of the experimental setup
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3.7.2 Principle of operation

The circuit used a dedicated MATLAB code. A PC was used to communicate with the
LABJACK to set the desired electrode configuration for both arrays A and B.
Fourteen signals were sent from the LI¥ECK to both arrays. Note that farray A,

three 74AC573 chps were required and each pin of this chip is fed with eight defined
signals and one latch signal.similar arrangement was in place faray B. The latch

output response to the received sigihgbended upon the state of the Latch Enabled
input (LE) or pin 11. Each electrode in the ICC meter has an input from each of the
three latches. The selection of the electrode configurations is operated by the analogue
switches D403 (see Figure-32). The output of this circuit is connected to the
conductance circuit (see Figure9B which was di