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Abstract

Abstract

Multiphase flows, where two or even three fluidswil simultaneously in a pipe are
becoming increasingly important in industry. Altlgbumuch research has been done
to measure the phase flow rates of two-phase flesusg a Venturi meter, accurate
flow rate measurements of two phase flows in valtiand horizontal pipes at
different flow regimes using a Venturi meter remelnsive.

In water continuous multiphase flow, the electricahductance technique has proven
attractive for many industrial applications. In geaster two phase flows, the

electrical conductance technique can be used tsuneghe gas volume fraction. The
electrical conductance is typically measured bysimgsa known electrical current

through the flow and then measure the voltage tetveen two electrodes in the

pipe. Once the current and the voltage drop araimdd, the conductance (or

resistance) of the mixture, which depends on tlsevgiume fraction in the water, can

then be calculated.

The principal aim of the research described in thissis was to develop a novel
conductance multiphase flow meter which is capalbleneasuring the gas and the
water flow rates in vertical annular flows and kortal stratified gas water two
phase flows.

This thesis investigates the homogenous and separ@tertical annular and
horizontal stratified) gas-water two phase flowsotlgh Venturi meters. In bubbly
(approximately homogenous) two phase flow, the ensial Venturi meter (non-
conductance Venturi) was used in conjunction witt Flow Density Meter, FDM

(which is capable of measuring the gas volume ifsacit the inlet of the Venturi) to
measure the mixture flow rate using the homogeflousmodel. Since the separated
flow in a Venturi meter is highly complex and thepécation of the homogenous
flow model could not be expected to lead to highlgcurate results, a novel
conductance multiphase flow meter, which consi$tthe Conductance Inlet Void
Fraction Meter, CIVFM (that is capable of measurihg gas volume fraction at the
inlet of the Venturi) and the Conductance Multigh&enturi Meter, CMVM (that is

capable of measuring the gas volume fraction attkineat of the Venturi) was

designed and manufactured allowing the new sephrfiéde&y model to be used to
determine the gas and the water flow rates.

A new model for separated flows has been invesithalhis model was used to
calculate the phase flow rates of water and gassflim a horizontal stratified flow.
This model was also modified to be used in a vartannular flow. The new
separated flow model is based on the measuremeaheajas volume fraction at the
inlet and the throat of the Venturi meter rathemthelying on prior knowledge of the
mass flow qualityx. Online measurement afis difficult and not practical in nearly
all multiphase flow applications. The advantageh&# new model described in this
thesis over the previous models available in ttezdture is that the new model does
not require prior knowledge of the mass flow quyalithich makes the measurement
technique described in this thesis more practical.
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Nomenclature

Acronyms
CCCM Conductance Cross Correlation Meter
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GVF Gas Volume Fraction
v Current-to-Voltage
SCRE Segmental Conductive Ring Electrode
Symbols
A Cross sectional area
A Steven constant; equation (2.60)
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Cag.st Gas discharge coefficient in a stratified gas-wat® phase flow
Cegwg Gas discharge coefficient in annular (wet gasyflo
Cawst Water discharge coefficient in a stratified gagew&wo phase flow
Covwg Water discharge coefficient in annular (wet gésyf
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ste

Fr
fq

m, pipe

T

G «

mix

> - 5 =

©

3 3

'U_o:
Py

Steven constant; equation (2.63)

Average diameter between the inlet (vertical pgogj the throat of the
Venturi

A single phase friction factor

Froude number

Rotation frequency in a turbine flow meter

Frictional pressure loss term across a vertiqa pi

Frictional pressure loss (from inlet to the throhtthe Venturi)
Acceleration of gravity

Conductance of the mixture

Water level

Heights defined in Figure 3-6

Heights defined in Figure 3-6

Pressure tapping separation in a vertical pipe

Pressure tapping separation in a universal Vetibga
Heights defined in Figure 3-6

The intensity of a homogenous medium

Intensity of the beam at the detector when the @gull of gas

The intensity of the beam at the detector wherptpe is full of liquid

Initial radiation intensity

Flow coefficient (including the respective prodwitthe velocity of
approach, the discharge coefficient and the nedmsipn factor)
Distance between two sensors (Figure 2-12)

Relative molecular mass of the air

Mass flow rate

Total mass flow rate

de Leeuw number (Equations (2.52) and (2.53))

Over-reading factor

Static pressure
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P Pressure ratio (Equation (3-37))

Q Volumetric flow rate

Quc Water volume flow rate at the gas core

R Radius (Figure 5-5))

r Specific gas constant

Ry () Cross-correlation function

S Slip ratio

S, Conductance of the mixture

S, Ratio of the slip velocity (throat to inlet)

U Average fluid velocity

U Velocity

U, Homogenous superficial velocity

U, Average homogenous velocity between inlet andthmeat of the
Venturi

u Single phase (water) velocity

Ui cor liquid film velocity by cross-correlation technigu

\ Dc output voltage

Voar Dc output voltage from a Variable Area Flowmeter.

Vs Superficial gas velocity, Figure 1-2.

Vg, Superficial liquid velocity, Figure 1-2.

X Mass flow quality

Xirod Modified Lockhart-Martinelli parameter

DP Differential pressure drop

DR, Differential pressure drop in a homogenous flow

DR, Magnitude of the hydrostatic head loss betweernrile¢ and the throat
of the CMVM in annular (wet gas) flow

DR, Two phase pressure drop
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Qm,hom

9,wg

My, wg

emw‘total‘wg

© Q

w o g

a
Lhom DPhom =0

a
1,hom DP

pipe=0

Percentage error in the predicted mixture volumdw rate
Percentage error in the predicted gas mass flavimaa wet gas flow
Percentage error in the predicted liquid film m#ew rate in a wet

gas flow

Percentage error in the predicted total water nflass rate in a wet

gas flow

Percentage error in the predicted gas mass fltimaa stratified flow
Percentage error in the predicted water mass faie in a stratified
flow

Total attenuation coefficient per unit of lengthttee fluid

Gas volume fraction

Variable time delay in cross-correlation technique
Time shift between the maximum similarities in the® measurement
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Fluid density

Angle of inclination from vertical

Specific heat ratio (adiabatic index)

Mean gas volume fraction (Equation (3-68))
Water film thickness

Conductivity
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Inlet gas volume fraction in a homogenous two phdw
whenDR,_. = 0

hom

Inlet gas volume fraction in a homogenous two phdw

whenD| =0

pipe
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Subscripts

o o9 N P

Chisholm
deLeeuw
f

g

g,st

gl

g2
1,sim,ann
2,sim,ann
1,sim,st
2,sim,st
gl,st
g2,st
gl,wg
g2,wg
hom

I

Lin

m
Murdock
0

pipe

rod

ref

S

S&L

SW

inlet of the Venturi in separated flow model
throat of the Venturi in separated flow model
Upstream position in a vertical pipe (Figure 3-2)
Downstream position in a vertical pipe (Figurg)3-
Chisholm correlation

de Leeuw correlation

liquid (water) film

gas phase

gas in stratified gas water flow

gas at inlet of the Venturi

gas at throat of the Venturi

simulating annular flow at the inlet of CMVM
simulating annular flow at the throat of CMVM
simulating stratified flow at the inlet of CMVM
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gas at the throat of the Venturi in wet gas flow
Homogenous

liquid phase

Lin correlation

mixture

Murdock correlation

Oil phase

Pipeline.

nylon rod

reference

superficial

Smith and Leang correlation

Superficial water
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sg Superficial gas

st stratified flow

TP two phase

w water phase

w(g wet gas
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Chapter 1: Introduction

Introduction

1.1 Introduction

The primary objective of the research describethis thesis was to develop a novel
multiphase flow meter which, when combined with rappiate flow models would
be capable of measuring the gas and the water ffw@s in separated annular and
stratified two phase flows. Measurement of the gad the water flow rates in
multiphase flow plays an important role in the aijas, chemical and nuclear

industries.

In a multiphase flow, different components (e.gs gad water) flow simultaneously
in a pipe. Measurements of multiphase flow havenb@@mmonly accomplished by
means of a test separator which separates the pffaseexample, gas and water in
two phase flows, and gas, water and oil in thregsptlows) and then single phase
flow meters can be used separately to measurdaiverte of each component (see

Figure 1-1). This is the traditional solution emy#d in multiphase flow applications.

In many applications, well designed test separatarsachieve accuracies of +10%
of the individual phases flow rates [1]. Althoudtetseparation technique is accurate,
it is expensive and not practical in many sub-sgplieations because it requires
considerable space for the equipment and faciliNeslerveen (1989) [2] showed that
a saving of up to $30 million would be achievedhi¢ bulk separator on an offshore
platform was replaced by a multiphase flow meteor Bnshore applications,

removing a separator could save up to $600,000.
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SPF=Single Phase Flowmeter
gas flow
‘ ]:[ Separator @ oil flow

oil-water-gas
water flow

flow
Figure 1-1: Traditional solution to the problem of metering multiphase flows

The phase separation technique has the followmgdtions:

(1) It is difficult to install on an offshore applicah where the base of a
separator must be mounted on the sea bed (sulastantk and effort is
needed).

(i) It takes a considerable time to test the oil or wad compared with a
multiphase flow meter. The response time of a s#pamay be hours
while for a multiphase flow meter it may be minuf2s

(i)  Maintenance work is quite difficult especially inlssea applications.

(iv) Itis a very expensive technique.

As a result of the above limitations of the phaspasation technique in multiphase
flow applications, in-line multiphase flow meteng ancreasingly being designed for
use in multiphase flow measurement applications.thisname suggests, “in-line”
measurement techniques replace the test separadotha measurement of phase
fractions, and phase flow rates is performed diyedotthe multiphase flow pipeline
[3-5]. In-line measurement of the flow rate compatseof the multiphase flow is the

goal of the current work.
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The advantages of employing in-line multiphase flometers over the phase

separation technique in multiphase flow applicatiare;

()

(ii)

(iii)

(iv)
(v)

(vi)

Multiphase flow meters (MPFMs) are more suitabler foffshore
applications because a MPFM is more compact artdeligthan a test
separator.

Instantaneous and continuous measurement of thsepfractions and
phase flow rates can be achieved using multiphlase rneters. This is
very important in detecting the variations in theape fractions and the
phase flow rates, especially, from unstable wells.

Less materials, equipment and human (oversight,nter@ance, etc)
resources are needed [6].

MPFMs can work under different pressure and tentperaanges.
MPFMs can be used to obtain well test data morediapthan
conventional test separators [7].

MPFMs are cheaper than test separators.

To justify the above claims, in-line multiphaseviloneters must satisfy the following

criteria in terms of their design, accuracy, manatece and life, see Table 1-1, [8].

Table 1-1: Desirable parameters of the multiphasddw meters

Range Accuracy Life time Maintenance cost

0-100 % of 5% or less per At least 10
phase phase years

Reasonable

The criteria for selection of the multiphase floweters such as, accuracy,

consistency, reliability and track record have besgussed in detail by [7,8].

Since the novel multiphase flow meter investigatethis thesis is used in multiphase

flows, it is necessary to briefly describe the pbtysgoverning multiphase flows

including the definition of multiphase flows, thaggliquid flow patterns and the wet
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gas flows. This is done in Section 1.2. Section ibt8Boduces specific areas of
multiphase flows and the need for measuring mudtgehflow properties. Following
this the aim of the current research is preserged Section 1.4). Finally, the layout

of the thesis is given to help readers keep trd¢keowork presented in this thesis.

1.2 Multiphase Flows

1.2.1 What are multiphase flows

Generally speakingnultiphase flowis a term used to describe a combination of two
or more phases flowing simultaneously in a pipee Tdrmphasegenerally refers to a
flow component rather than a state of matter. Faangle, gas-water flow is
classified as a two phase flow (since two compaarg present in the flow, namely;
the gas and the water) while oil-water-gas flowclasssified as a three phase flow.
Each phase can be defined in terms of the two mpamameters: (i) the mean
fractional volume occupied by each phase whiclersied the meamolume fraction
and (ii) the mean velocity of each phase. Thussilma of the volume fractions is
unity. If the phases are well mixed and the velesibf all of the phases are equal
then the mixture can be treatedhasnogenous flowSeparated flows where each
phase flows separately with its own velocity andré¢his little or no mixing of the

phases. Examples of such flows are stratified amdilar flows [9,10].

Although multiphase flows can take many forms idustrial applications, the term

multiphase flowin this thesis generally refers ¢@as-liquidtwo phase flow, or to be

specific, it refers toair-water two phase flow. The major flow regimes found in
vertical and horizontal gas-liquid flows are delsed in Section 1.2.2.

1.2.2 Gas-liquid flow patterns

The major flow regimes found in ‘vertical upwardidh‘horizontal’ gas-liquid two
phase flows are shown in Figures 1-2 and 1-3.
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Figure 1-2: Flow regimes in vertical gas-liquid uplows[11]

In vertical gas-liquid flows, at low gas flow ratethe bubble flow regime
predominates (see Figure 1-2). As the gas flow nmateeases, collisions between
bubbles will occur [12]. During these collisionsjlibles will coalesce, forming large
gas bubbles (slugs). Small bubbles may be distthaihroughout the liquid phase
between slugs. A further increase in the gas flate causes the slugs to distort and
break up to form the churn/froth flow regime. Whbe gas flow rate is large enough
to support a liquid film at the wall of the pipeeththe annular flow regime occurs in
which a gas core flows at the centre of the pipéh wome entrained liquid droplets

while liquid film flows at the pipe wall.
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Figure 1-3: Flow regimes in horizontal gas-liquid fows [11]

Unlike the vertical flow regimes, the gas-watemfleegimes in a horizontal pipe are
affected by gravity which causes the gas phasdoiw &t the upper side of the
horizontal pipe (see Figure-1.3). At low gas floates, the flow regime called bubbly
flow again predominates. When the gas flow ratereiases, the bubbles again
coalesce to give rise to the plug flow regime. As gas flow rate increases further,
the plugs coalesce to form a smooth continuoug J@yeing rise to the stratified flow
regime where the gas phase flows at the top opipe and the liquid flows in the
bottom portion of the pipe. In real industrial |ithe gas-liquid interface in a stratified
flow may not always be smooth, ripples may appeathe interface between the
phases. If these ripples increase in amplitudetdlirgcreases in the gas flow rate then
the flow regime moves from stratified flow to theawy flow regime. A further
increase in the gas flow rate causes large wavesdar which may hit the top of the
pipe producing slug flow (see Figure 1-3). Anndlaw in a horizontal pipe occurs at
very high gas flow rates in which a gas core flatghe centre of the pipe and a
liquid film at the wall of the pipe. Some entrainkglid droplets may occur within
the gas core [13,14]. As can be seen from FiguBe the liquid film in the annular
flow regime is thicker at the bottom of the piparithat at the top. This is due to the

effects of gravity.
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In the current research, the flow regimes that vetoelied in gas-water flows were
the “vertical bubbly” flow regime, “vertical annulaflow regime and “horizontal

stratified” flow regime. It should be noted thaethertical bubbly air-water two phase
flows studied in this thesis were approximately bgenous (i.e. the average
properties on the scale of a few bubble diametezsevapproximately the same
everywhere in the flow). Therefore, whenever thadess come across the term
“homogenous flow” throughout this thesis, it refesssertical bubbly two phase flow,

allowing the homogenous flow model described inéa3 to be used.

1.2.2.1Wet gas flows

The term Wet gas flow has many definitions in the literature. Some egshers
define a wet gas flow in terms of the gas volunaetion. Steven (2002) [15], for
example, defines thavet gasflow’ as the flow with gas volume fraction greater than
95%. Others [16,17] state that the gas volume ibacin wet gas flow should be
greater than 90%. Some authors define wet gas fiomerms of the Lockhart-
Martinelli parametery, the ratio of the frictional pressure drop whee liquid phase
flows alone to the frictional pressure drop whea glas phase flows alone in the pipe
[18-20]. Mehdizadeh and Williamson (2004) [18] died ‘wet gas flow’ into three

types as shown in Table 1-2.

Table 1-2: Types of wet gas [18]

Type of
Wet Gas Lockhart- Typical Applications
Martinelli
parameter, X
Type 1 wet gas measurement represergasuremer
Type 1 systems at production wellheads, unprocessed gas
X £0.025 pipelines separators, allocation points, and well
facilities. Liquid measurement is necessary to make
correction foimproved gas measurements.
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Type 2 wet gas-metering systems cover higher liqujd
flow ranges so that the users often require more

accurate gas and liquid flow rates. Applicationdude
Type 2 0.025 <X 0.30 | the flow stream at the productiarellhead, co-mingled
flow line, or well test applications.

Type 3 meter must make an oil, gas and water rate
Type 3 X>0.30 determination at relatively high GVF > 80%r0.3.

Typical application is gas condensate wells andiga$
wells.

-4

In general [17], wet gas flow'is defined as a gas flow which contains some diqui
The liquid volume fraction may vary between one l@ggion and another, though
generally, the gas volume fraction should be gretitan 90%. More information

about wet gas flows and wet gas flow meters cafodned, for example, in [21-26].

1.3 Existence of multiphase flows and the need for measng their properties

Two phase or even three phase flows are commonilydfon industry. The purpose
of this section is merely to show the range of aneawhich the current research

could be applicable. The main industries and figtiere multiphase flows exist are;

Oil and gas industry
Chemical industry

The relevant applications for multiphase flows @escribed below.

1.3.1 Oil and gas industry

The fluids extracted from oil wells are found asnature of liquid and gaseous
hydrocarbons. In other words, the fluid producemimfran oil well is a mixture of
natural gas and oil but, in many applications, waelso present. Solid components
(e.g. sand) may also be present in the mixturetiphdse flows can be also found in
natural gas gathering (from wellheads) and bothores and offshore transmission
pipelines. The term gathering refers to the trartgpmcess of the gas stream from its

source (e.g. wellhead) to the processing facilipltiphase flows are found in all
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stages of the oil-gas production. These stagedrdliag, extracting and also refining
(the drilling and extracting operations are desilater in this section). Therefore,

various multiphase flow configurations may occutha oil and gas production.

At this point, it is worthwhile to understand thenflamentals of an oil-gas-water
production well. Fossil fuels are, essentially, mdtbm the fossilized remains of
plants, animals and microorganisms that lived onléi of years ago. The question
now is how do these living organisms turn into idjwr gaseous hydrocarbon
mixtures?

There are many different theories which exist tectibe the formation of oil and
natural gas under the ground. The most widely dedetheory states that when the
remains of plants and animals or any other orgaraterials are compressed under
the earth at very high pressure for a long timédligns of years), fossil fuels are
formed. With the passage of time, mineral depdsitsied on top of the organisms
and effectively buried them under rock. The pressurd temperature then increased.
For these conditions, and possibly other unknowstofa, organic materials broke
down into fossil fuels.

Some people think that the oil under the eartloisé in pools of liquid oil. In fact,
oil reservoirs are made up of layers of porous,msedtary rock with a denser,
impermeable layer of rock on top which trap theamit the gas (see Figure 1-4). Oil
marinades into the porous rocks making them saddéte a wet sponge [27]. Water

may also exist underneath the oil in the oil resirv

Oil and gas migrate
from the source
rock to the reservc—
rock and are
trapped beneath tl

cap rock =

Impervious cap rock
/

Organic rich source
| rock exposed to heat
and pressure

Figure 1-4: Conventional oil reservoir
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To extract the oil from an oil reservoir, an oil limmust be drilled. This process is

called ‘drilling process’ and is illustrated below.

A drilling mud is a fluid which is pumped into thveell during the oil well drilling
process. The purpose of pumping this fluid intowe# during the drilling operation
is to lift the drilling cuttings, which accumulage the bottom of the well, up to the

well bore (see Figure 1-5).

L] L]
o * Flow of drilling
®0 o® mud down the
Flow of drilling : : hole (it is a
mud and drilling ® ® mixture of
cuttings to the 0: ®e water, clay and
surface A/,,/ other chemical
T T materials)
.. ..
L] b o L]
L] @
@ ]
o [
@ L]
o'. :o
A o Cutting tool
°. o| —
@ L]
@ L]

Figure 1-5: Schematic diagram of the oil well driling process

Once the drilling operation is finished, oil carethbe extracted using one of the oil
extraction techniques. There are many techniqued usoil extraction, and the two

most common are described below [27].
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(i) Oil pump extraction

Once the drilling process is completed (see Figus® the drilling rig is removed and
a pump is placed on the well head as shown in Eige6. The principle of operation
of this system is that an electric motor whichlscpd on the ground surface drives a
gear box that moves a lever (pitman arm) whichasnected to the polishing rod
through the walking beam. Any movement on the levidrmove the polishing rod
up and down (see Figure 1-6). The polishing roalttiached to a sucker rod, which is
attached to a pump (placed underground). The parpbshis pump is to lower the

pressure above the oil and so allow the oil todveefd up through the well head.

Counter\

balance

Motor

=]

Sucker rod

U UOUI| V00

Cement

TR

M
Ui E

Pump

Qil sand

Figure 1-6: Oil pump extraction technique
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(i) Thermally enhanced oil recovery method (TEOR)

In some cases, the oil is too heavy to flow upwleli. To overcome this problem
another well can be drilled adjacent to the proidmctvell, and through which steam
under high pressure is injected into the second (g8eke Figure 1.7). Injection of
steam into the reservoir also creates high pressureh helps push the oil up the

well [27,28].

Steam injector

15
Q
+—
®©
=
+—
o
e

Figure 1-7: TEOR method

It should be noted that during the oil extractialmgesses, gas and water may be

present in the flow. To measure the individual ghflew rates in such flows,
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measurement of the multiphase flow properties (#g.mean volume fraction and

the mean velocity of each phase) in the oil andigdsstry is necessary.

1.3.2 Chemical industry

Multiphase flows occur in many chemical procesdaschemical processes that
involve gas-liquid reactions, the contact betwedrases has to be sufficient to
achieve optimal performance [29]. Gas-liquid twagh flows can be found in many
chemical reactions such as chlorination, oxidaéind aerobic fermentation reactions.
To achieve optimal performance in chemical proces#gch involve such reactions,
an accurate measurement of the mass transfer fateeotwo phases and the

interfacial area per unit volume must be perforrf8€j.

One of the most important devices in the chemicadustry which involves
multiphase flow is the bubble column reactor. Beblgblumn reactors provide
several advantages in terms of design and operatven other reactors such as,
excellent heat and mass transfer rate charactsrif3il,32], high thermal stability,
lack of mechanical moving parts, high durability thle catalyst material, online
flexibility for catalyst addition/withdrawal durinthe process, little maintenance and

low operational costs.

In bubble column reactors, the gas volume fractmrpble characteristics, local and
mean heat transfer characteristics and mass trastsdeacteristics are all important in
design and operation of the bubble columns. Thezefmeasurements of multiphase
flow parameters are important in order to achiepéinmal performance in bubble

column reactors [33-38].
The other two types of multiphase reactors aralitheid bed reactor and fixed or

packed trickle bed reactor. A comprehensive desoripf these types of reactors can
be found in [39-46].
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1.4 Aims of the present work

The main aim of the research described in thisgshego develop new techniques for
accurate phase flow rate measurement in separatedaa and stratified flows. The

intention is to design a novel multiphase flow metdich is capable of measuring
the gas and the water flow rates in two phase, ivggte, water continuous, vertical
annular flows and horizontal stratified flows. Atluer aim is to investigate the use of
the Universal Venturi Tube (UVT) in bubbly (appromately homogenous) gas-water
two phase flows. The objectives, providing the 8ohuto achieve the aims, are

outlined below.

Objectives

1. To investigate a mathematical flow model for bubb{gpproximately
homogenous) gas-water two phase flows through a,ywvadicting the mixture

(homogenous) flow rate.

2. To develop an integrated system comprising the @wd the flow density meter,
allowing the homogenous flow model to be used tem@ne the mixture flow

rate in bubbly (approximately homogenous) gas-waterphase flows.

3. To develop a novel mathematical flow model for safed horizontal stratified
gas-water two phase flows through a Venturi maiegdicting the gas and the

water flow rates.

4. To investigate a new mathematical flow model fogpasated vertical (wet gas)
flows through a Venturi meter, predicting the gad the water flow rates.

5. To design a novel conductance multiphase flow methbowing the separated
annular and stratified flow models (which will bevestigated to achieve the
objectives (3) and (4) above) to be used to detezrthe gas and the water flow

rates.
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6. To calibrate the conductance multiphase flow matesimulated annular and
stratified flows.

1.5 Thesis Overview

The underlying theme of the work described in thisis is that of the use of Venturi
meters in bubbly, stratified and annular gas-water phase flows. This section gives

the reader a brief description of the contentsachesubsequent chapter of this thesis.

CHAPTER 2 This chapter describes previous relevant rese@dekyview of
existing techniques for measuring multiphase flows
presented. The correlations that are used in cdlogl two
phase flow rates using Venturi meters and orifitaegs (i.e.
Murdock, Chisholm, Smith and Leang, Lin, de Leeumd a

Steven correlations) are also discussed in thipteha

CHAPTER 3 This chapter describes the mathematical modellihgthe
Venturi meter in bubbly (that are assumed to be@pmately
homogenous), stratified and annular two phase flowss
chapter introduces a homogenous gas-water two pthase
model through a UVT (non-conductance Venturi). Avelo
stratified and annular flow model which depends the
measurement of the gas volume fraction at the iatet the

throat of the Venturi is described.

CHAPTER 4 The design and construction of the flow densityenet/VT,
the conductance multiphase flow meter (Conductaimbet
Void Fraction Meter, CIVFM, and Conductance Mulisle
Venturi Meter, CMVM) is described in this chapt&éhe UVT
is used in conjunction with the flow density meterstudy the

homogenous two phase flow while the conductancdipmalse
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CHAPTER 5

CHAPTER 6

CHAPTER 7

flow meter is used to study separated (verticalurnand

horizontal stratified) gas-water two phase flows.

In this chapter, the bench tests on the CIVFM dedGMVM

are performed. To simulate the film thickness (&edce the
liquid volume fraction) in annular flow through ar@uctance
multiphase flow meter different diameter nylon rodere
inserted through the CIVFM and the throat sectidntte

CMVM whilst the gap between the outer surface @& tiylon
rod and the inner surface of the pipe wall wasgdillvith water,
representing the water film in a real annular flewuation. For
simulated horizontal stratified flows, the conduca
multiphase flow meter was mounted horizontally amds
statically calibrated by varying the level of watdrthe inlet
and the throat of the Venturi. The height of watethe inlet of
the Venturi was then related to the inlet watemuwa fraction
while the water volume fraction at the throat af ¥enturi was
obtained from the height of the water at the thisettion of
the CMVM. Once the value of the water volume fractat a
given position in the Venturi was known the gasuvo
fraction could easily be found since the sum of ¢jas and

liquid volume fractions is always unity.

This chapter introduces the experimental apparans
procedures to carry out flow measurement of twosphHéows
using a Venturi meter in different horizontal areftical flow
regimes. The calibration procedures for the refegen

equipment are also described.
The results from the bubbly (approximately homogeaas-

water two phase flow experiments using the UVT toedflow

density meter are discussed.
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CHAPTER 8 This chapter discusses the results obtained frora th
conductance multiphase flow meter in annular gaemweavo
phase flows. An alternative technique of measutireyliquid

flow rate using wall conductance sensors is alsgemted.

CHAPTER 9 This chapter presents the experimental resultsirsdatafrom
the conductance multiphase flow meter in horizostedtified
gas-water two phase flows. Predicted gas and \ilaterrates
in a stratified gas-water two phase flow were otgdifrom the
conductance multiphase flow meter and compared with

reference gas and water flow rates.

CHAPTER 10 The conclusions of the thesis are presented irctiapter.

CHAPTER 11 This chapter presents recommendations and sugagstay

further work.
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Previous Relevant Research on Multiphase

Flow Measurement

Introduction

In industrial processes, the need for measurindlthe flow rate arises frequently.
Accurate and repeatable flow rate measurements n@eessary for process

development and control.

Differential pressure devices (e.g. orifice platel &enturi meter) have been widely
used as two phase flow meters and considerableetiead and experimental studies
have been published. The study of multiphase flovough Venturi and orifice

meters are described for example by; Murdock (1982), Chisholm (1967,1977)

[48,49], Smith and Leang (1975) [50], Lin (1982)1]5de Leeuw (1994,1997)

[52,53] and Steven (2002) [15].

In this chapter, a review of existing techniques fteasuring multiphase flows is
presented in Section 2.1. Following this, the prasicorrelations listed above with
their flow conditions, assumptions and limitati@re described (see Section 2.2).

It should be noted that the purpose of presentiregprevious correlations for the
differential pressure devices (Venturis and oriftates) in this chapter is mainly to
show that all of them depend on prior knowledgéhefmass flow qualityg, which is

defined as the ratio of the gas mass flow ratééotdtal mass flow rate. Therefore,
the study of the previous correlations describe8ection 2.2 is not intended to give

more details about how the gas and the water niassrétes are derived. For more
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details regarding the derivation of the gas andwhter mass flow rates presented in
Section 2.2, refer to the author’'s M.Sc. dissestafb4]. In fact, online measurement
of the mass flow qualityx, is difficult and not practical in nearly all miyhase flow
applications. Therefore, the presentation of theseelations in this chapter is to
assist the study and development of the new seqsafiiw model (see Chapter 3)
which depends on the measurement of the gas voftangon at the inlet and the
throat of the Venturi instead of relying on priardwledge of the mass flow quality,

X, as in previous correlations.

2.1 Areview of existing techniques for measuring mulphase flows

Existing multiphase flow measurement techniques lmarclassified into two main
categories; ‘invasive techniques’ and the ‘non-giva techniques’. The difference
between these two categories is that with an ineaschnique, the sensor is placed
(physically) in a direct contact with the fluid floto measure the flow parameters.
For a non-invasive technique, the sensing elemees dot directly interfere with the
flow. For example, a hot film anemometer is an giva technique while the

differential pressure technique in multiphase flasvslassified as non-invasive.

Measuring techniques for multiphase flow can beoaguished either locally or
globally. ‘Local measurement’ is a term used tocdég the measurement of a
specific parameter in a multiphase flow at a prieeef position (single point) in a
pipeline. ‘Global measurements’ give mean valueshef multiphase flow (e.g. the
mean volume fraction and the mean velocity and @éettte mean flow rate). For
example, the conductive needle probes in bubblyghase flow can be regarded as a
local measurement. The ultrasound attenuation rdeteoan example of global

measurement.
This section is not intended to describe all mbkige flow measurement techniques

available in the literature but only to highliglhtet most common principles used for
measuring the phase velocity and the phase fragtiorultiphase flow technologies.
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2.1.1 Phase fraction measurement

In general, most of the multiphase flow meters labée on the market today use one

of the following methods to measure the phase veltnaction.

2.1.1.1 Differential pressure technique

The differential pressure technique is a non-ink@séchnique and can be considered
as a global measurement. The differential pressatenique has proven attractive in
the measurement of volume fraction. It is simpleperation, easy to handle and low
cost. In a multiphase flow, differential presswgehniques can be used to measure the
mean volume fraction in vertical and inclined flovizifferential pressure techniques
may also provide information on the flow regimepesally, the slug flow regime
where the fluctuations in the pressure drop caedsdly indentified [55-57]. Detailed
information about the numerical techniques usednintiphase flows to study the

fluctuations in the differential pressure signah ¢ found in [58-61].

In the current research, the differential pressechnique is used to measure the gas
volume fractiona, .., in bubbly (approximately homogenous) gas-water phase

flows at the upstream section of the UVT. This teghe is discussed, in detail, in
Section 3.1.1.

In bubbly gas-water two phase flows, the gas voliraetion a,,,, obtained from

the differential pressure technique is given b (Section 3.1.1 for full derivations);
(OP,.+F

pipe m, pipe)

gh.cosq(r, - 1)

a:Lhom =

Equation (2.1)
where DP

vine IS the pressure drop across the pipe (between rigsyre tappings),

F

m, pipe

is the frictional pressure loss term between thesgure tappingsh,is the
pressure tapping separatiom,, and s, are the water and the gas densities
respectively,g is the acceleration of the gravity amdis the angle of inclination

from vertical.
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The flow density meter (FDM) which is based on dliféerential pressure technique
was designed as part of the current study to meakermean gas volume fraction at
the inlet of the UVT (see Chapter 4, Section 4rinfiore information).

2.1.1.2 Electrical conductance technique

Electrical conductance technique is used to meatheephase volume fraction in
water continuous, multiphase flows. This technitpas proven attractive for many
industrial applications due to its fast responsd eelative simplicity in operation.

Early work on this technique was proposed by Sfi§66) [62] and Olsen (1967)
[63] who studied the method and the design of sddets. Olsen (1967) [63] showed
that the ring electrodes were preferable for fifietd application rather than using
electrodes which interfered with the flow. Barneéale (1980) [14], Tsochatzidis et
al. (1992) [64], Zheng et al. (1992) [65], Foss898) [66] are some of the many

who used the conductance technique in multiphasestl

In multiphase flow applications, electrical condarate varies with concentration and
distribution of the phases. The electrical conductais typically measured by
passing a known electrical current through the feovd then measuring the voltage
drop between two electrodes in the pipe. Once thieet and the voltage drop are

obtained, the conductance (or resistance) of tixéun& can be calculated [67].

The conductance technique is the basis of the muresearch. In other words, the gas
volume fractions at the inlet and the throat of Wemturi in horizontal stratified gas-
water two phase flows and annular (wet gas) flovesenmeasured using two ring
electrodes flush mounted with the inner surfacehef Venturi inlet, and two ring
electrodes flush mounted with inner surface of leaturi throat (see Chapter 4 for
more details). The design and calibration of theeh@onductance multiphase flow

meter investigated in this thesis is describedletail, in Chapters 4, and 5.

The basic operation of the electrical conductarohriique in gas-water two phase

flows is that the conductance of the mixture degemthe gas volume fraction in the
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water. The conductance of the mixtuge, can be calculated using the circuit shown

in Figure 2-1 (see also the full diagram of thectlmnic circuit in Section 4.5).

Two ring Rio
electrode Go

/R\l
I mix Vou

Gmi><

Vo © ﬁ

Gaswater
flow

Figure 2-1: Fluid conductance circuit

From Figure 2-1, the output voltaye, can be written as;

R
Vout =- iVln
Rnix
Equation (2.2)

where R is the resistance of the mixture.

By definition the conductandg is the reciprocal of the resistance. Therefore,
Equation (2.2) can be re-written as;

Equation (2.3)

where G, is the conductance of the mixture.

The conductance decreases with increasing gas eoftawtion and increases with

increasing water volume fraction as shown in Figi#
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Figure 2-2: Variation of the conductance with gas iad water volume fractions

The choice of excitation frequency is very impottdoecause it can affect the
operation of the conductance sensor. At low fregig=) the conductance between
the electrodes is affected by a number of capa&cand resistive elements that arise at
the electrode-electrolyte interface. This is comipaeferred to the ‘double layer’
effect [33]. The excitation frequency should bebhenough to eliminate this double
layer effect [68]. Considerable studies have badvlighed to study the influence of
frequency of the signal on the measurement of thedectance system. It has
generally been concluded that frequencies of at I#8kHz should be used [69]. In
the current research, the amplitude and frequericth® excitation voltage were
2.12V p-p and 10kHz respectively.

2.1.1.3 Electrical capacitance technique

The first systematic study of the capacitance teghlen in multiphase flow
measurement was carried out by Abouelwafa et 8B@L[70]. Electrical capacitance
is a non-invasive technique and can be used faunvel fraction measurement in
multiphase flows only when the continuous phasenam-conducting (e.g. oil
continuous, oil-water two phase flow).

A typical capacitance system consists of two etelds (different configurations and
more than two sensors might be used, refer for pl@no [71]) placed on each side
of the flowing medium. The basic physics behinddhpacitance technique is that the
capacitance depends on the permittivity (dielecta€ the mixture between two
electrodes. The permittivity of the mixture varigh the amount of oil, gas and

water in the mixture.
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From Maxwell’'s equations [72], the formula which sdabes the relationship
between permittivity (also known as dielectric dams) of an oil-gas mixture and the
gas volume fractiom is given by;
_26,+¢,- 2alg, - €,)
Emo-a = % 2e +e +a(e - e)
(o] g (o] g

Equation (2.4)
where g, , , is the permittivity of the oil-gas mixtureg is the gas volume fraction,
&, is the permittivity of oil andg; is the permittivity of gas.

Maxwell’'s equation can also be used for oil-watewk. Equation (2.5a) gives the

relationship which expresses the permittivity of thl-water mixtureg, ., in terms
of the permittivity g, of the dispersed phase (water), the permittivefy of the

continuous phase (oil) and the volume fractipn of dispersed phase (water).

260 tE,- 2aw(eo - Ew)
em o-w = eO
' 2e, +e,+a,le - e,

Equation (2.5a)

In oil-water-gas mixtures, the formula which exgesthe permittivitye, of the oil-

water-gas mixture in terms of the permittivigy, of the liquid (oil and water), the

permittivity e, of the gas and the gas volume fracteris [73];

oo 2utE 2ale, - €,)
" “ 2Qiq + eg +a(eliq - eg)

Equation (2.5b)

It should be noted that, the capacitance technigjwsed only when the continuous
phase is non-conducting. However, if the continupliase is conducting (e.g. gas—
water two-phase flow), the Maxwell equation is givsy;

_2s5,d-a)
" a+?2
Equation (2.6)
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where s and s are the conductivities of the mixture and watespestively and

a is the gas volume fraction.

An extensive review of the electrical capacitareshhique in multiphase flows was
provided, for example, by Beek (1967) [74], Ramd &=ao0 (1973) [75], Shu et al.
(1982) [76] and May et al. (2008) [77].

2.1.1.4 Gamma ray attenuation

The gamma ray attenuation technique has been extgnsised to measure the
average gas and liquid volume fraction of gas-tigquvo phase flows [78]. The idea
behind this technique is that gamma rays are abdoab different rates by different
materials. The measurement of component ratiosuhiphase flow using gamma-
ray attenuation was first suggested by Abouelwathkendall (1980) [79].

A gamma-ray densitometer consists of a radioaciingce and a detector placed in a
way so that the beam of gamma rays passes thrbedtotv and is monitored on the
opposite side of the multiphase mixture. The amadinmadiation that is absorbed or
scattered by the fluid is a function of both thenglsy and the energy level of the

source (see Figure 2-3).

For a homogenous medium, the intengjtyf the received beam at the detector is
given by;
I =1,e"™

Equation (2.7)

wherely is the initial radiation intensity, is the total attenuation coefficient per unit

of length of the fluid and is the gamma ray path length through the medium.

Gamma ray beam

00l > L g

—~ o —~o0o o —~o O

Two phase flow

Figure 2-3: Gamma ray attenuation
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Petrick and Swanson (1958) [80] studied how th&idigion of the phases within the
flow effects the measurement of the void fractibm.this study, two hypothetical

flows were studied as described below.

() In_the first casethey proposed a hypothetical flow where the ptdse. gas and

liquid) are arranged in layers at right anglesh® tadiation beam as shown in Figure
2-4 ( see also Lucas (1987) [81]).

Figure 2-4: Gamma ray densitometer: A hypotheticaflow where the liquid and
gas phases are in Layers perpendicular to the radig@n beam

For the above case, the void fraction is given by;

Equation (2.8)
where | is the intensity of the received beam at the detea the presence of the

homogeneous mixturd,  is the intensity of the received beam at the detegith

liq
the pipe full of liquid only and ; is the intensity of the received beam at the detec

with the pipe full of gas only.

46



Chapter 2: Previous Relevant Research on Multiphase Mleasurement

(i) In_the second casehey considered a hypothetical flow where thespkaare

arranged in layers parallel to the beam as shovigure 2-5.

Figure 2-5: Gamma ray densitometer: A hypotheticaflow where the phases are
arranged in Layers parallel to the radiation beam

If the beam applied is horizontal to the fluid lesséhen the void fraction is given by;

Equation (2.9)

The Gamma-ray detector can be calibrated by perfayraistatic test on the known
single phase fluid. This can be achieved by isajatire multiphase flow meter first

and then performing a static single test measurenrea single phase flow.

One of the major limitations of the single beam gamray attenuation technique
described above is that the average void fracttomeéasured across a single pipe
diameter. In other words, the estimated value efubid fraction may not represent
the true value of the actual mean void fractiorhimitthe mixture. To overcome this

problem, dual or multiple energy gamma ray attdonamethods can be used. For
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more information on dual and multiple gamma ragraiation techniques refer for
example, to [80,82-87].

2.1.1.5 Quick closing valve technique

This technique is a common technique for measuhiagterage gas volume fraction
in gas-liquid two phase flows. The basic idea behind technique is that, by
simultaneously closing valves at either end oftdst section the gas and the liquid

can be trapped see Figure 2-6.

Figure 2-6: Quick closing valve technique

The mean gas volume fracti@n can then be calculated using;
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volumeof thegastrappedn thetestsection
total volumeof thetestsection(i.e.totalvolumesetween th valves)

Equation (2.10)

Once the mean gas volume fractianis obtained, the mean liquid volume fraction

a,, can be easily determined using;

a,, =1- a

Equation (2.11)

For more information about quick closing valve t@die, see for example, [88,89]

2.1.1.6 Electrical impedance tomography (EIT)

Electrical impedance tomography (EIT) is a non- in@sisualisation technique that
allows imaging of the distribution of electrical operties (e.g. capacitance and
resistance) of a multiphase flow within a mediung(@ pipe). The idea of EIT is to
reconstruct an image of a component based on #&sasplistribution of electrical

properties [90,91]. This enables the phase fractiofi® measured.

The main electrical properties measured with ElTrasestance and capacitance. The
electrical properties of multiphase flows will sggcthe type of the electrical
impedance tomography system. Therefore, if the nmedguoperty is resistance then
the electrical resistance tomography (ERT) is usadifothe measured property is
capacitance then the electrical capacitance torpbgras used (ECT). It should be
noted that ERT is appropriate for a conductive mh#ge mixture where the
continuous phase is a conductive phase while ECTsél un a non-conductive

multiphase mixture. More information regarding EBnde found in [92-97]

2.1.1.7 Sampling technique

One of the sampling techniques in a multiphase tiestinology is called ‘internal’ or

‘grab’ sampling. As the name indicates, internal gpab sampling is a process
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whereby part (a sample) of a multiphase flow isquically extracted from the main
stream in order to provide information on the cosipon of the main flow. This
technique is usually used in oil industry, where dil-gas-water flow is present, to
give information on the amount of water preserthmoil.

The idea behind this technique is that a tubulab@mith an orifice plate is inserted
inside the pipe. The orifice plate is used to homagethe flow. A valve is installed
on the sampling line which is opened for a shartetiat regular intervals. When
suction is applied to the tube, the small volumdwtl can be extracted periodically
into the collection vessel. The relative amountseath component can then be
measured. The composition of the entire flow in pefne is then determined by
taking the average value of these samples oveppppte periods of time.

The major limitation of this technique is that thewf must be homogenised since
only one single probe is used. In other words,viager and oil must be well mixed
upstream of the sampling probe otherwise signifiearor might occur. An extensive

review on this technique was given by [98,99].

Another sampling technique used in multiphase flewisokinetic sampling’. This
technique is used for extracting a sample from &ipmase flowing stream at the
same velocity as the fluid being sampled. The pwpdsusing this technique is to
obtain a sample which represents the actual logadposition of the bulk fluid in
multiphase flows. The sampling probe is smaller thhat used in the ‘grab’
sampling. Again, the major limitation of this tediure is that the fluid needs to be
homogenised. For non-homogenous two phase flowss, ptiases have different

velocities and the use of isokinetic sampling inhsoases is difficult [100-103].

2.1.2 Phase velocity measurement
2.1.2.1 Venturi meter

A Venturi is basically designed to be used in alginphase flow. The use of a
Venturi meter in a single phase flow is well undeosl and described in 1SO
5167:2003. However, the equations described by $&@dard for the Venturi in a

single phase flow cannot be directly applied totipbhse flows without correction.
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Considerable theoretical and experimental studase heen published to describe
mathematical models of Venturi meters in multiphie® applications including its
use in vertical and horizontal flows. The study afitiphase flow through contraction
meters are described for example by, [47,104,486%107,51,108-
112,52,53,113,15,114-116].

Venturi meters are often used to measure the \‘glotithe multiphase flow. The
Venturi meter, see Figure 2-7, consists of an epstr section (a), a convergent
section (b), a throat section (c), a divergentisadfd) and an outlet section (e). The
principle of operation of the Venturi meter is thie fluid entering the Venturi is
accelerated to a higher velocity as the flow asedecreased. In other words, at the
throat, the pressure decreases to a minimum wherevelocity increases to a
maximum. If the area between an upstream sectidntla® throat section are well
designed, the relationship between the differemtraksure across the Venturi meter
and the velocity of the fluid (and hence the massine flow rate) can be expressed
in terms of Bernoulli's equation. It should be mbtéhat in multiphase flow
measurements, the relationship between the flosvanatl the pressure drop across the
Venturi meter is complex and not simple as in gEnghase flow and should include
the flow quality or the phase holdups.

The Venturi meter is essential to the current resedrwo Venturis were used in this
thesis. The first one was the Universal Venturi TUWET, which was used to study
the bubbly gas-water flows, and the second oneth@sonductance Venturi meter
which was used in vertical annular (wet gas) flamd horizontal stratified two phase
flows. For more information regarding the desigrd ahe flow model of these

Venturis, see Chapters 3 and 4.
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Two pressure taps

|—| I,_;.l
) | | | | | |
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Figure 2-7: A Venturi meter
2.1.2.2 Acoustic pulse technique

Acoustic techniques are widely used in multiphdse fipplications. The principle of
operation of this technique is that an acoustic@us sent through the fluid between
two transducers placed on either side of the pgpshawn in Figure 2-8. First of all,
the pulse is sent from the downstream transductretepstream transducer and then
from the upstream transducer to the downstreansdraser. The travel time of the
pulse in both directions is a function of the flawlocity. This technique is also

known as pulse and return method.

Figure 2-8: Principle of acoustic technique for mesuring the velocity of the
flow[99]

This technique is usually used in homogenous floweretthe velocities of the phases
in the mixture are equal. For more information regay this technique, see
[117,118].
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2.1.2.3 Ultrasonic flow meter

Ultrasound waves are sound waves with a frequerglyeh than the upper limit of

human hearing. The basic idea behind ultrasonicntgaks is that the required
information about the measured medium can be daddalyy using the reflection,

absorption, and scattering effects of the mediunthenincident ultrasonic waves.
The ultrasonic signals are transmitted and recetwadg a number of transducers.
The transducers convert an electrical signal (veltpglse) into acoustic signal and
vice-versa. Figure 2-9 shows a schematic diagram @admmon configuration of the

ultrasonic flow meter.

The ultrasonic flow meters are highly accurate, fasponse, suitable for a wide

range of fluids. In addition, there are no mechalmaeoving parts.

Figure 2-9: A schematic diagram of a commonly usecdonfiguration for an
ultrasonic flow meter

In order to determine the fluid velocity the following assumptions are made; (i) the
acoustic path lengthd is constant. (ii) the speed of sourds constant. The acoustic
distance which is travelled by the ultrasonic bezm be expressed as;

d=—

sing
Equation (2.12)
The velocityu, of the ultrasonic beam along the downstream (fatm T1 to R1)
and the velocityu, of ultrasonic beam along the upstream path (fr@tdlrR2) are

respectively expressed as;
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u, =c+U cosg
Equation (2.13)
and;
u, =c- U cosy
Equation (2.14)
whereU is the fluid velocity andy is the angle shown in Figure 2-9.

For more information regarding this technique, rébegf119-121].

2.1.2.4 Turbine flow meters

A turbine flow meter is one of the most importanstruments used in the process
industries for the measurement of liquid flow ra&eturbine flow meter consists of a

multi-bladed rotor mounted on free running bearingsually two sets of bearings are
used, one upstream and one downstream of the dotiypical turbine flow meter is

shown in Figure 2-10.

DOWNSTRE AM
OEFLECTOR
PICK - OFF |
CoIL

ROTOR UNIT

DOWNSTREAM
SPACER

/,f' UPSTREAM
DEFLECTOR

PLATFORM

SIZES Bin AND LARGER

Figure 2-10: Layout of a typical turbine flow meter
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The kinetic energy of the flowing liquids turns tietor. For an ideal linear turbine
flow meter, the angular speed of the rotor is propoal to the mean liquid velocity

U through the turbine meter. Therefore,

fturbine = kturbineU
Equation (2.15)

where f is the frequency in revolutions per secobds the mean liquid velocity

turbine

in ms* and k.. iS the constant of proportionality.

The volumetric flow rate is given by;
Q=AU
Equation (2.16)

where Ais the ‘effective’ cross sectional area of the melmeter.

Combining Equations (2.15) and (2.16) gives;
fiurbine = KQ
Equation (2.17)
where K is the meter constant (or K-factor) and is given by

=X
A

Equation (2.18)

It should be noted thaK also represents the number of rotor revolutions yretr

volume of liquid passing through the turbine floveter.

A pick-up coil is mounted in the casing of the inbflow meter so that each time a
specific rotor blade passes the coil, an outpuseid produced. These output pulses
are transmitted to a frequency counter and/orisaiglfrom which the instantaneous
liquid flow rate and/or totalised liquid flow care lWleduced, using Equation (2.17). It
should be noted that some turbine flow meters hmele-ups which are sensitive to

all of the rotor blades, whilst other turbine meteave more than one pick-up.
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Many attempts have been made to use turbine flotensien two-phase flows. There

are several models describing the turbine velodity,.. in a two phase flow. For

example, Rouhani (1964, 1974) [122,123] derived aeh for the turbine velocity

U as follows;

turbine

r (-a)
ro a
r. @-a)

S+-L
re a

S+

Ure =Y,

turbine —

Equation (2.19)
where U is the liquid velocity,Sis the slip ratio,7 and rgare the liquid and gas

densities respectively aralis the gas volume fraction.
Aya (1975) [124] modified the Rouhani model to abta

U, |s+ &3
U _ re a

turbine —
1+ 7 @-a)
rg a

Equation (2.20)
The Rouhani and Aya models are based on the analytie different forces acting
on the turbine blades. The assumptions that weres raga] a steady state flow, a flat

velocity profile and a flat void fraction profile.

One of the major limitations of using a turbinewloneter in two phase flows is that
for intermittent flow conditions, changes in angutaomentum of the rotor and the
fluid rotating within the rotor will occur. Therefeyrthe speed of the rotation does not
truly represent the instantaneous value of the rflassn a turbine flow meter [99].
Considerable theoretical and experimental studiage hbeen published on the
behaviour of the turbine flow meters in two phadew$, see for example;
[125,126,124,127-129].
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2.1.2.5 Vortex shedding meters

Vortex shedding flow meters are widely used for sueimg the liquid flow rate in a
single phase flow. In common with the turbine flometer discussed in Section
2.1.2.4, vortex shedding meters produce a frequehay is proportional to the
volumetric flow rate. Unlike the turbine flow metbowever, the vortex shedding
flow meter relies on the oscillation of a portiohtbe fluid, not on the motion of a

mechanical element as in turbine flow meters.

Vortex shedding is a natural phenomenon which arigden any (long) two
dimensional body (e.g. 2-D bluff body) is placedairross-flow. Therefore, when a
bluff body is placed in a rapidly moving flow streat produces a disturbance called
‘vortex shedding’ which is dependent on the fluelocity and the properties of the
fluid. Under certain conditions (e.g. an adversespure gradient or the presence of
sharp discontinuities), the boundary layers canasgp flow from the two
dimensional body to form two free shear layers (Begire 2-11). The free shear
layers then roll up into vortices, alternately, @ither side of the body and are shed
into the wake. The vortices thus shed proceed doeanstin a staggered procession

known as a Karman vortex street.

The frequencyf, at which the vortices in the Karman vortex stygets a fixed point

in the wake is proportional to the fluid velocity, for a wide range of values of

ortex?

fluid velocity. For a vortex shedding meter, inipepflow, a meter constark

vortex IS

given by;

Kvortex = L
Q

Equation (2.21)

whereQ is the fluid volumetric flow rate@ = AU

vortex) '

The meter constankK can also be expressed in terms of Strouhal nunmber,

vortex
