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Abstract

Abstract
Multiphase flows, where two or even three fluids flow simultaneously in a pipe are
becoming increasingly important in industry. Although much research has been done
to measure the phase flow rates of two-phase flows using a Venturi meter, accurate
flow rate measurements of two phase flows in vertical and horizontal pipes at
different flow regimes using a Venturi meter remain elusive.
In water continuous multiphase flow, the electrical conductance technique has proven
attractive for many industrial applications. In gas-water two phase flows, the
electrical conductance technique can be used to measure the gas volume fraction. The
electrical conductance is typically measured by passing a known electrical current
through the flow and then measure the voltage drop between two electrodes in the
pipe. Once the current and the voltage drop are obtained, the conductance (or
resistance) of the mixture, which depends on the gas volume fraction in the water, can
then be calculated.
The principal aim of the research described in this thesis was to develop a novel
conductance multiphase flow meter which is capable of measuring the gas and the
water flow rates in vertical annular flows and horizontal stratified gas water two
phase flows.
This thesis investigates the homogenous and separated (vertical annular and
horizontal stratified) gas-water two phase flows through Venturi meters. In bubbly
(approximately homogenous) two phase flow, the universal Venturi meter (nonconductance Venturi) was used in conjunction with the Flow Density Meter, FDM
(which is capable of measuring the gas volume fraction at the inlet of the Venturi) to
measure the mixture flow rate using the homogenous flow model. Since the separated
flow in a Venturi meter is highly complex and the application of the homogenous
flow model could not be expected to lead to highly accurate results, a novel
conductance multiphase flow meter, which consists of the Conductance Inlet Void
Fraction Meter, CIVFM (that is capable of measuring the gas volume fraction at the
inlet of the Venturi) and the Conductance Multiphase Venturi Meter, CMVM (that is
capable of measuring the gas volume fraction at the throat of the Venturi) was
designed and manufactured allowing the new separated flow model to be used to
determine the gas and the water flow rates.
A new model for separated flows has been investigated. This model was used to
calculate the phase flow rates of water and gas flows in a horizontal stratified flow.
This model was also modified to be used in a vertical annular flow. The new
separated flow model is based on the measurement of the gas volume fraction at the
inlet and the throat of the Venturi meter rather than relying on prior knowledge of the
mass flow quality x. Online measurement of x is difficult and not practical in nearly
all multiphase flow applications. The advantage of the new model described in this
thesis over the previous models available in the literature is that the new model does
not require prior knowledge of the mass flow quality which makes the measurement
technique described in this thesis more practical.
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Nomenclature
Acronyms
CCCM

Conductance Cross Correlation Meter

CIVFM

Conductance Inlet Void Fraction Meter

CMVM

Conductance Multiphase Venturi Meter

cos

Cosine

DLFLS

Digital Liquid Film Level Sensor

dp

Differential Pressure

GVF

Gas Volume Fraction

I/V

Current-to-Voltage

SCRE

Segmental Conductive Ring Electrode

Symbols

A

Cross sectional area

Aste

Steven constant; equation (2.60)

At

Area at the contraction

(BF )

Blockage factor

Bste

Steven constant; equation (2.61)

C

Chisholm constant (Equation (2.40))

CLeeuw

Modified Chisholm parameter defined by de Leeuw (Equation (2.55))

Cste

Steven constant; equation (2.62)

Cd , hom

Homogenous mixture discharge coefficient

Cdg , st

Gas discharge coefficient in a stratified gas-water two phase flow

Cdg , wg

Gas discharge coefficient in annular (wet gas) flow

Cdw, st

Water discharge coefficient in a stratified gas-water two phase flow

Cdw, wg

Water discharge coefficient in annular (wet gas) flow

D

Diameter
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Dste

Steven constant; equation (2.63)

D*

Average diameter between the inlet (vertical pipe) and the throat of the
Venturi

f

A single phase friction factor

Fr

Froude number

fq

Rotation frequency in a turbine flow meter

Fm, pipe

Frictional pressure loss term across a vertical pipe

Fmv

Frictional pressure loss (from inlet to the throat of the Venturi)

g

Acceleration of gravity

Gmix

Conductance of the mixture

h

Water level

hc

Heights defined in Figure 3-6

hi

Heights defined in Figure 3-6

hp

Pressure tapping separation in a vertical pipe

ht

Pressure tapping separation in a universal Venturi tube

htt

Heights defined in Figure 3-6

I

The intensity of a homogenous medium

I gas

Intensity of the beam at the detector when the pipe is full of gas

I liq

The intensity of the beam at the detector when the pipe is full of liquid

I0

Initial radiation intensity

k

Flow coefficient (including the respective product of the velocity of
approach, the discharge coefficient and the net expansion factor)

L

Distance between two sensors (Figure 2-12)

Mm

Relative molecular mass of the air

m&

Mass flow rate

m& T

Total mass flow rate

n

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

O.R

Over-reading factor

P

Static pressure
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P̂

Pressure ratio (Equation (3-37))

Q

Volumetric flow rate

Qw, c

Water volume flow rate at the gas core

R

Radius (Figure 5-5))

r

Specific gas constant

Rxy (τ )

Cross-correlation function

S

Slip ratio

Sm

Conductance of the mixture

S st

Ratio of the slip velocity (throat to inlet)

U

Average fluid velocity

U

Velocity

Uh

Homogenous superficial velocity

U h*

Average homogenous velocity between inlet and the throat of the
Venturi

u
U f , corr

Single phase (water) velocity
liquid film velocity by cross-correlation technique

V

Dc output voltage

VVAF

Dc output voltage from a Variable Area Flowmeter.

V SG

Superficial gas velocity, Figure 1-2.

V SL

Superficial liquid velocity, Figure 1-2.

x

Mass flow quality

X mod

Modified Lockhart-Martinelli parameter

∆P

Differential pressure drop

∆Phom

Differential pressure drop in a homogenous flow

∆PH

Magnitude of the hydrostatic head loss between the inlet and the throat
of the CMVM in annular (wet gas) flow

∆PTP

Two phase pressure drop
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Greek symbols

εQ

Percentage error in the predicted mixture volumetric flow rate

m , hom

ε m&

g , wg

ε m&

w , wg

Percentage error in the predicted gas mass flow rate in a wet gas flow
Percentage error in the predicted liquid film mass flow rate in a wet
gas flow

ε m&

Percentage error in the predicted total water mass flow rate in a wet

w ,total , wg

gas flow

ε m&

g , st

ε m&

g , st

Percentage error in the predicted gas mass flow rate in a stratified flow
Percentage error in the predicted water mass flow rate in a stratified
flow

µ

Total attenuation coefficient per unit of length of the fluid

α

Gas volume fraction

τ

Variable time delay in cross-correlation technique

τp

Time shift between the maximum similarities in the two measurement
signals

ρ

Fluid density

θ

Angle of inclination from vertical

γ

Specific heat ratio (adiabatic index)

α

Mean gas volume fraction (Equation (3-68))

δ

Water film thickness

σ

Conductivity

θ st

Angle of stratified flow defined by (Figure 5-9))

α1, hom ∆P

hom

=0

Inlet gas volume fraction in a homogenous two phase flow
when ∆Phom = 0

α1,hom ∆P

pipe =0

Inlet gas volume fraction in a homogenous two phase flow
when ∆Ppipe = 0
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Subscripts
1

inlet of the Venturi in separated flow model

2

throat of the Venturi in separated flow model

a

Upstream position in a vertical pipe (Figure 3-2)

b

Downstream position in a vertical pipe (Figure 3-2)

Chisholm

Chisholm correlation

deLeeuw

de Leeuw correlation

f

liquid (water) film

g

gas phase

g,st

gas in stratified gas water flow

g1

gas at inlet of the Venturi

g2

gas at throat of the Venturi

1,sim,ann

simulating annular flow at the inlet of CMVM

2,sim,ann

simulating annular flow at the throat of CMVM

1,sim,st

simulating stratified flow at the inlet of CMVM

2,sim,st

simulating stratified flow at the throat of CMVM

g1,st

gas phase at the Venturi inlet in a stratified flow

g2,st

gas phase at the Venturi throat in a stratified flow

g1,wg

gas at the inlet of the Venturi in wet gas flow

g2,wg

gas at the throat of the Venturi in wet gas flow

hom

Homogenous

l

liquid phase

Lin

Lin correlation

m

mixture

Murdock

Murdock correlation

o

Oil phase

pipe

Pipeline.

rod

nylon rod

ref

reference

s

superficial

S&L

Smith and Leang correlation

sw

Superficial water
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sg

Superficial gas

st

stratified flow

TP

two phase

w

water phase

wg

wet gas

w,wg

water film in wet gas flow

wc

water at the gas core

w,total

total water (i.e. film+core)

w1,st

water phase at the Venturi inlet in a stratified flow

w2,st

water phase at the Venturi throat in a stratified flow
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Chapter 1
Introduction
1.1 Introduction

The primary objective of the research described in this thesis was to develop a novel
multiphase flow meter which, when combined with appropriate flow models would
be capable of measuring the gas and the water flow rates in separated annular and
stratified two phase flows. Measurement of the gas and the water flow rates in
multiphase flow plays an important role in the oil, gas, chemical and nuclear
industries.
In a multiphase flow, different components (e.g. gas and water) flow simultaneously
in a pipe. Measurements of multiphase flow have been commonly accomplished by
means of a test separator which separates the phases (for example, gas and water in
two phase flows, and gas, water and oil in three phase flows) and then single phase
flow meters can be used separately to measure the flow rate of each component (see
Figure 1-1). This is the traditional solution employed in multiphase flow applications.
In many applications, well designed test separators can achieve accuracies of ±10%
of the individual phases flow rates [1]. Although the separation technique is accurate,
it is expensive and not practical in many sub-sea applications because it requires
considerable space for the equipment and facilities. Nederveen (1989) [2] showed that
a saving of up to $30 million would be achieved if the bulk separator on an offshore
platform was replaced by a multiphase flow meter. For onshore applications,
removing a separator could save up to $600,000.
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SPF=Single Phase Flowmeter

SPF

gas flow

SPF

Separator

oil flow

oil-water-gas
flow
SPF

water flow

Figure 1-1: Traditional solution to the problem of metering multiphase flows
The phase separation technique has the following limitations:
(i)

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

(ii)

It takes a considerable time to test the oil or gas well compared with a
multiphase flow meter. The response time of a separator may be hours
while for a multiphase flow meter it may be minutes [2].

(iii)

Maintenance work is quite difficult especially in sub-sea applications.

(iv)

It is a very expensive technique.

As a result of the above limitations of the phase separation technique in multiphase
flow applications, in-line multiphase flow meters are increasingly being designed for
use in multiphase flow measurement applications. As the name suggests, “in-line”
measurement techniques replace the test separator and the measurement of phase
fractions, and phase flow rates is performed directly in the multiphase flow pipeline
[3-5]. In-line measurement of the flow rate components of the multiphase flow is the
goal of the current work.
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The advantages of employing in-line multiphase flow meters over the phase
separation technique in multiphase flow applications are;
(i)

Multiphase flow meters (MPFMs) are more suitable for offshore
applications because a MPFM is more compact and lighter than a test
separator.

(ii)

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

(iii)

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

(iv)

MPFMs can work under different pressure and temperature ranges.

(v)

MPFMs can be used to obtain well test data more rapidly than
conventional test separators [7].

(vi)

MPFMs are cheaper than test separators.

To justify the above claims, in-line multiphase flow meters must satisfy the following
criteria in terms of their design, accuracy, maintenance and life, see Table 1-1, [8].

Table 1-1: Desirable parameters of the multiphase flow meters
Range

Accuracy

Life time

0-100 % of

5% or less per

At least 10

phase

phase

years

Maintenance cost
Reasonable

The criteria for selection of the multiphase flow meters such as, accuracy,
consistency, reliability and track record have been discussed in detail by [7,8].
Since the novel multiphase flow meter investigated in this thesis is used in multiphase
flows, it is necessary to briefly describe the physics governing multiphase flows
including the definition of multiphase flows, the gas-liquid flow patterns and the wet
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gas flows. This is done in Section 1.2. Section 1.3 introduces specific areas of
multiphase flows and the need for measuring multiphase flow properties. Following
this the aim of the current research is presented (see Section 1.4). Finally, the layout
of the thesis is given to help readers keep track of the work presented in this thesis.

1.2 Multiphase Flows
1.2.1

What are multiphase flows

Generally speaking, multiphase flow is a term used to describe a combination of two
or more phases flowing simultaneously in a pipe. The term phase generally refers to a
flow component rather than a state of matter. For example, gas-water flow is
classified as a two phase flow (since two components are present in the flow, namely;
the gas and the water) while oil-water-gas flow is classified as a three phase flow.
Each phase can be defined in terms of the two main parameters: (i) the mean
fractional volume occupied by each phase which is termed the mean volume fraction,
and (ii) the mean velocity of each phase. Thus the sum of the volume fractions is
unity. If the phases are well mixed and the velocities of all of the phases are equal
then the mixture can be treated as homogenous flow. Separated flow is where each
phase flows separately with its own velocity and there is little or no mixing of the
phases. Examples of such flows are stratified and annular flows [9,10].
Although multiphase flows can take many forms in industrial applications, the term

multiphase flow in this thesis generally refers to gas-liquid two phase flow, or to be
specific, it refers to air-water two phase flow. The major flow regimes found in
vertical and horizontal gas-liquid flows are described in Section 1.2.2.

1.2.2

Gas-liquid flow patterns

The major flow regimes found in ‘vertical upward’ and ‘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 upflows [11]
In vertical gas-liquid flows, at low gas flow rates, the bubble flow regime
predominates (see Figure 1-2). As the gas flow rate increases, collisions between
bubbles will occur [12]. During these collisions, bubbles will coalesce, forming large
gas bubbles (slugs). Small bubbles may be distributed throughout the liquid phase
between slugs. A further increase in the gas flow rate causes the slugs to distort and
break up to form the churn/froth flow regime. When the gas flow rate is large enough
to support a liquid film at the wall of the pipe then the annular flow regime occurs in
which a gas core flows at the centre of the pipe with some entrained liquid droplets
while liquid film flows at the pipe wall.
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Figure 1-3: Flow regimes in horizontal gas-liquid flows [11]
Unlike the vertical flow regimes, the gas-water flow regimes in a horizontal pipe are
affected by gravity which causes the gas phase to flow at the upper side of the
horizontal pipe (see Figure-1.3). At low gas flow rates, the flow regime called bubbly
flow again predominates. When the gas flow rate increases, the bubbles again
coalesce to give rise to the plug flow regime. As the gas flow rate increases further,
the plugs coalesce to form a smooth continuous layer, giving rise to the stratified flow
regime where the gas phase flows at the top of the pipe and the liquid flows in the
bottom portion of the pipe. In real industrial life, the gas-liquid interface in a stratified
flow may not always be smooth, ripples may appear on the interface between the
phases. If these ripples increase in amplitude due to increases in the gas flow rate then
the flow regime moves from stratified flow to the wavy flow regime. A further
increase in the gas flow rate causes large waves to occur which may hit the top of the
pipe producing slug flow (see Figure 1-3). Annular flow in a horizontal pipe occurs at
very high gas flow rates in which a gas core flows at the centre of the pipe and a
liquid film at the wall of the pipe. Some entrained liquid droplets may occur within
the gas core [13,14]. As can be seen from Figure 1-3, the liquid film in the annular
flow regime is thicker at the bottom of the pipe than that at the top. This is due to the
effects of gravity.
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In the current research, the flow regimes that were studied in gas-water flows were
the “vertical bubbly” flow regime, “vertical annular” flow regime and “horizontal
stratified” flow regime. It should be noted that the vertical bubbly air-water two phase
flows studied in this thesis were approximately homogenous (i.e. the average
properties on the scale of a few bubble diameters were approximately the same
everywhere in the flow). Therefore, whenever the readers come across the term
“homogenous flow” throughout this thesis, it refers to vertical bubbly two phase flow,
allowing the homogenous flow model described in Chapter 3 to be used.

1.2.2.1 Wet gas flows
The term ‘wet gas flow’ has many definitions in the literature. Some researchers
define a wet gas flow in terms of the gas volume fraction. Steven (2002) [15], for
example, defines the ‘wet gas flow’ as the flow with gas volume fraction greater than
95%. Others [16,17] state that the gas volume fraction in wet gas flow should be
greater than 90%. Some authors define wet gas flows in terms of the LockhartMartinelli parameter, X, the ratio of the frictional pressure drop when the liquid phase
flows alone to the frictional pressure drop when the gas phase flows alone in the pipe
[18-20]. Mehdizadeh and Williamson (2004) [18] divided ‘wet gas flow’ into three
types as shown in Table 1-2.

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

LockhartMartinelli
parameter, X

Type 1

X ≤ 0.025

Typical Applications

Type 1 wet gas measurement represents measurement
systems at production wellheads, unprocessed gas
pipelines, separators, allocation points, and well test
facilities. Liquid measurement is necessary to make
correction for improved gas measurements.
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Type 2

0.025 < X ≤ 0.30

Type 3

X > 0.30

Type 2 wet gas-metering systems cover higher liquid
flow ranges so that the users often require more
accurate gas and liquid flow rates. Applications include
the flow stream at the production wellhead, co-mingled
flow line, or well test applications.
Type 3 meter must make an oil, gas and water rate
determination at relatively high GVF > 80% or X≥0.3.
Typical application is gas condensate wells and gas lift
wells.

In general [17], ‘wet gas flow’ is defined as a gas flow which contains some liquid.
The liquid volume fraction may vary between one application and another, though
generally, the gas volume fraction should be greater than 90%. More information
about wet gas flows and wet gas flow meters can be found, for example, in [21-26].

1.3 Existence of multiphase flows and the need for measuring their properties
Two phase or even three phase flows are commonly found in industry. The purpose
of this section is merely to show the range of areas in which the current research
could be applicable. The main industries and fields where multiphase flows exist are;

 Oil and gas industry
 Chemical industry
The relevant applications for multiphase flows are described below.

1.3.1

Oil and gas industry

The fluids extracted from oil wells are found as a mixture of liquid and gaseous
hydrocarbons. In other words, the fluid produced from an oil well is a mixture of
natural gas and oil but, in many applications, water is also present. Solid components
(e.g. sand) may also be present in the mixture. Multiphase flows can be also found in
natural gas gathering (from wellheads) and both onshore and offshore transmission
pipelines. The term gathering refers to the transport process of the gas stream from its
source (e.g. wellhead) to the processing facility. Multiphase flows are found in all
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stages of the oil-gas production. These stages are drilling, extracting and also refining
(the drilling and extracting operations are described later in this section). Therefore,
various multiphase flow configurations may occur in the oil and gas production.
At this point, it is worthwhile to understand the fundamentals of an oil-gas-water
production well. Fossil fuels are, essentially, made from the fossilized remains of
plants, animals and microorganisms that lived millions of years ago. The question
now is how do these living organisms turn into liquid or gaseous hydrocarbon
mixtures?
There are many different theories which exist to describe the formation of oil and
natural gas under the ground. The most widely accepted theory states that when the
remains of plants and animals or any other organic materials are compressed under
the earth at very high pressure for a long time (millions of years), fossil fuels are
formed. With the passage of time, mineral deposits formed on top of the organisms
and effectively buried them under rock. The pressure and temperature then increased.
For these conditions, and possibly other unknown factors, organic materials broke
down into fossil fuels.
Some people think that the oil under the earth is found in pools of liquid oil. In fact,
oil reservoirs are made up of layers of porous, sedimentary rock with a denser,
impermeable layer of rock on top which trap the oil and the gas (see Figure 1-4). Oil
marinades into the porous rocks making them saturated like a wet sponge [27]. Water
may also exist underneath the oil in the oil reservoir.

Oil and gas migrate
from the source
rock to the reservoir
rock and are
trapped beneath the
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 well must be drilled. This process is
called ‘drilling process’ and is illustrated below.
A drilling mud is a fluid which is pumped into the well during the oil well drilling
process. The purpose of pumping this fluid into the well during the drilling operation
is to lift the drilling cuttings, which accumulate at the bottom of the well, up to the
well bore (see Figure 1-5).

Flow of drilling
mud down the
hole (it is a
mixture of
water, clay and
other chemical
materials)

Flow of drilling
mud and drilling
cuttings to the
surface

Cutting tool

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

Once the drilling operation is finished, oil can then be extracted using one of the oil
extraction techniques. There are many techniques used in oil extraction, and the two
most common are described below [27].

30

Chapter 1: Introduction

(i) Oil pump extraction
Once the drilling process is completed (see Figure 1-5) the drilling rig is removed and
a pump is placed on the well head as shown in Figure 1-6. The principle of operation
of this system is that an electric motor which is placed on the ground surface drives a
gear box that moves a lever (pitman arm) which is connected to the polishing rod
through the walking beam. Any movement on the lever will move the polishing rod
up and down (see Figure 1-6). The polishing rod is attached to a sucker rod, which is
attached to a pump (placed underground). The purpose of this pump is to lower the
pressure above the oil and so allow the oil to be forced up through the well head.

Figure 1-6: Oil pump extraction technique
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(ii) Thermally enhanced oil recovery method (TEOR)
In some cases, the oil is too heavy to flow up the well. To overcome this problem
another well can be drilled adjacent to the production well, and through which steam
under high pressure is injected into the second well (see Figure 1.7). Injection of
steam into the reservoir also creates high pressure which helps push the oil up the
well [27,28].

oil flow

Steam injector

steam

hot water

shale

oil
shale

Figure 1-7: TEOR method
It should be noted that during the oil extraction processes, gas and water may be
present in the flow. To measure the individual phase flow rates in such flows,
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measurement of the multiphase flow properties (e.g. the mean volume fraction and
the mean velocity of each phase) in the oil and gas industry is necessary.

1.3.2

Chemical industry

Multiphase flows occur in many chemical processes. In chemical processes that
involve gas-liquid reactions, the contact between phases has to be sufficient to
achieve optimal performance [29]. Gas-liquid two phase flows can be found in many
chemical reactions such as chlorination, oxidation and aerobic fermentation reactions.
To achieve optimal performance in chemical processes which involve such reactions,
an accurate measurement of the mass transfer rate of the two phases and the
interfacial area per unit volume must be performed [30].
One of the most important devices in the chemical industry which involves
multiphase flow is the bubble column reactor. Bubble column reactors provide
several advantages in terms of design and operation over other reactors such as,
excellent heat and mass transfer rate characteristics [31,32], high thermal stability,
lack of mechanical moving parts, high durability of the catalyst material, online
flexibility for catalyst addition/withdrawal during the process, little maintenance and
low operational costs.
In bubble column reactors, the gas volume fraction, bubble characteristics, local and
mean heat transfer characteristics and mass transfer characteristics are all important in
design and operation of the bubble columns. Therefore, measurements of multiphase
flow parameters are important in order to achieve optimal performance in bubble
column reactors [33-38].
The other two types of multiphase reactors are fluidized bed reactor and fixed or
packed trickle bed reactor. A comprehensive description of 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 this thesis is to develop new techniques for
accurate phase flow rate measurement in separated annular and stratified flows. The
intention is to design a novel multiphase flow meter which is capable of measuring
the gas and the water flow rates in two phase, water-gas, water continuous, vertical
annular flows and horizontal stratified flows. A further aim is to investigate the use of
the Universal Venturi Tube (UVT) in bubbly (approximately homogenous) gas-water
two phase flows. The objectives, providing the solution to achieve the aims, are
outlined below.

Objectives
1. To investigate a mathematical flow model for bubbly (approximately
homogenous) gas-water two phase flows through a UVT, predicting the mixture
(homogenous) flow rate.
2. To develop an integrated system comprising the UVT and the flow density meter,
allowing the homogenous flow model to be used to determine the mixture flow
rate in bubbly (approximately homogenous) gas-water two phase flows.
3. To develop a novel mathematical flow model for separated horizontal stratified
gas-water two phase flows through a Venturi meter, predicting the gas and the
water flow rates.
4. To investigate a new mathematical flow model for separated vertical (wet gas)
flows through a Venturi meter, predicting the gas and the water flow rates.
5. To design a novel conductance multiphase flow meter, allowing the separated
annular and stratified flow models (which will be investigated to achieve the
objectives (3) and (4) above) to be used to determine the gas and the water flow
rates.
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6. To calibrate the conductance multiphase flow meter in simulated annular and
stratified flows.

1.5 Thesis Overview

The underlying theme of the work described in this thesis is that of the use of Venturi
meters in bubbly, stratified and annular gas-water two phase flows. This section gives
the reader a brief description of the contents of each subsequent chapter of this thesis.

CHAPTER 2

This chapter describes previous relevant research. A review of
existing techniques for measuring multiphase flows is
presented. The correlations that are used in calculating two
phase flow rates using Venturi meters and orifice plates (i.e.
Murdock, Chisholm, Smith and Leang, Lin, de Leeuw and
Steven correlations) are also discussed in this chapter.

CHAPTER 3

This chapter describes the mathematical modelling of the
Venturi meter in bubbly (that are assumed to be approximately
homogenous), stratified and annular two phase flows. This
chapter introduces a homogenous gas-water two phase flow
model through a UVT (non-conductance Venturi). A novel
stratified and annular flow model which depends on the
measurement of the gas volume fraction at the inlet and the
throat of the Venturi is described.

CHAPTER 4

The design and construction of the flow density meter, UVT,
the conductance multiphase flow meter (Conductance Inlet
Void Fraction Meter, CIVFM, and Conductance Multiphase
Venturi Meter, CMVM) is described in this chapter. The UVT
is used in conjunction with the flow density meter to study the
homogenous two phase flow while the conductance multiphase
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flow meter is used to study separated (vertical annular and
horizontal stratified) gas-water two phase flows.

CHAPTER 5

In this chapter, the bench tests on the CIVFM and the CMVM
are performed. To simulate the film thickness (and hence the
liquid volume fraction) in annular flow through a conductance
multiphase flow meter different diameter nylon rods were
inserted through the CIVFM and the throat section of the
CMVM whilst the gap between the outer surface of the nylon
rod and the inner surface of the pipe wall was filled with water,
representing the water film in a real annular flow situation. For
simulated

horizontal

stratified

flows,

the

conductance

multiphase flow meter was mounted horizontally and was
statically calibrated by varying the level of water at the inlet
and the throat of the Venturi. The height of water at the inlet of
the Venturi was then related to the inlet water volume fraction
while the water volume fraction at the throat of the Venturi was
obtained from the height of the water at the throat section of
the CMVM. Once the value of the water volume fraction at a
given position in the Venturi was known the gas volume
fraction could easily be found since the sum of the gas and
liquid volume fractions is always unity.

CHAPTER 6

This chapter introduces the experimental apparatus and
procedures to carry out flow measurement of two phase flows
using a Venturi meter in different horizontal and vertical flow
regimes. The calibration procedures for the reference
equipment are also described.

CHAPTER 7

The results from the bubbly (approximately homogenous) gaswater two phase flow experiments using the UVT and the flow
density meter are discussed.

36

Chapter 1: Introduction

CHAPTER 8

This chapter discusses the results obtained from the
conductance multiphase flow meter in annular gas-water two
phase flows. An alternative technique of measuring the liquid
flow rate using wall conductance sensors is also presented.

CHAPTER 9

This chapter presents the experimental results obtained from
the conductance multiphase flow meter in horizontal stratified
gas-water two phase flows. Predicted gas and water flow rates
in a stratified gas-water two phase flow were obtained from the
conductance multiphase flow meter and compared with
reference gas and water flow rates.

CHAPTER 10

The conclusions of the thesis are presented in this chapter.

CHAPTER 11

This chapter presents recommendations and suggestions for
further work.
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Chapter 2
Previous Relevant Research on Multiphase
Flow Measurement

Introduction
In industrial processes, the need for measuring the fluid flow rate arises frequently.
Accurate and repeatable flow rate measurements are necessary for process
development and control.
Differential pressure devices (e.g. orifice plate and Venturi meter) have been widely
used as two phase flow meters and considerable theoretical and experimental studies
have been published. The study of multiphase flow through Venturi and orifice
meters are described for example by; Murdock (1962) [47], Chisholm (1967,1977)
[48,49], Smith and Leang (1975) [50], Lin (1982) [51], de Leeuw (1994,1997)
[52,53] and Steven (2002) [15].
In this chapter, a review of existing techniques for measuring multiphase flows is
presented in Section 2.1. Following this, the previous correlations listed above with
their flow conditions, assumptions and limitations are described (see Section 2.2).
It should be noted that the purpose of presenting the previous correlations for the
differential pressure devices (Venturis and orifice plates) in this chapter is mainly to
show that all of them depend on prior knowledge of the mass flow quality, x, which is
defined as the ratio of the gas mass flow rate to the total mass flow rate. Therefore,
the study of the previous correlations described in Section 2.2 is not intended to give
more details about how the gas and the water mass flow rates are derived. For more
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details regarding the derivation of the gas and the water mass flow rates presented in
Section 2.2, refer to the author’s M.Sc. dissertation [54]. In fact, online measurement
of the mass flow quality, x, is difficult and not practical in nearly all multiphase flow
applications. Therefore, the presentation of these correlations in this chapter is to
assist the study and development of the new separated flow model (see Chapter 3)
which depends on the measurement of the gas volume fraction at the inlet and the
throat of the Venturi instead of relying on prior knowledge of the mass flow quality,

x, as in previous correlations.

2.1 A review of existing techniques for measuring multiphase flows
Existing multiphase flow measurement techniques can be classified into two main
categories; ‘invasive techniques’ and the ‘non-invasive techniques’. The difference
between these two categories is that with an invasive technique, the sensor is placed
(physically) in a direct contact with the fluid flow to measure the flow parameters.
For a non-invasive technique, the sensing element does not directly interfere with the
flow. For example, a hot film anemometer is an invasive technique while the
differential pressure technique in multiphase flows is classified as non-invasive.
Measuring techniques for multiphase flow can be accomplished either locally or
globally. ‘Local measurement’ is a term used to describe the measurement of a
specific parameter in a multiphase flow at a predefined position (single point) in a
pipeline. ‘Global measurements’ give mean values of the multiphase flow (e.g. the
mean volume fraction and the mean velocity and hence, the mean flow rate). For
example, the conductive needle probes in bubbly two phase flow can be regarded as a
local measurement. The ultrasound attenuation method is an example of global
measurement.
This section is not intended to describe all multiphase flow measurement techniques
available in the literature but only to highlight the most common principles used for
measuring the phase velocity and the phase fraction in multiphase flow technologies.
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2.1.1

Phase fraction measurement

In general, most of the multiphase flow meters available on the market today use one
of the following methods to measure the phase volume fraction.

2.1.1.1

Differential pressure technique

The differential pressure technique is a non-invasive technique and can be considered
as a global measurement. The differential pressure technique has proven attractive in
the measurement of volume fraction. It is simple in operation, easy to handle and low
cost. In a multiphase flow, differential pressure techniques can be used to measure the
mean volume fraction in vertical and inclined flows. Differential pressure techniques
may also provide information on the flow regime, especially, the slug flow regime
where the fluctuations in the pressure drop can be easily indentified [55-57]. Detailed
information about the numerical techniques used in multiphase flows to study the
fluctuations in the differential pressure signal can be found in [58-61].
In the current research, the differential pressure technique is used to measure the gas
volume fraction α1, hom in bubbly (approximately homogenous) gas-water two phase
flows at the upstream section of the UVT. This technique is discussed, in detail, in
Section 3.1.1.
In bubbly gas-water two phase flows, the gas volume fraction α1, hom obtained from
the differential pressure technique is given by (see Section 3.1.1 for full derivations);
α1, hom =

(∆P

pipe

+ Fm , pipe )

ghP cos θ(ρ w − ρ g )

Equation (2.1)
where ∆Ppipe is the pressure drop across the pipe (between the pressure tappings),

Fm, pipe is the frictional pressure loss term between the pressure tappings, hp is the
pressure tapping separation, ρ w and ρ g are the water and the gas densities
respectively, g is the acceleration of the gravity and θ is the angle of inclination
from vertical.
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The flow density meter (FDM) which is based on the differential pressure technique
was designed as part of the current study to measure the mean gas volume fraction at
the inlet of the UVT (see Chapter 4, Section 4.1 for more information).

2.1.1.2

Electrical conductance technique

Electrical conductance technique is used to measure the phase volume fraction in
water continuous, multiphase flows. This technique has proven attractive for many
industrial applications due to its fast response and relative simplicity in operation.
Early work on this technique was proposed by Spigt (1966) [62] and Olsen (1967)
[63] who studied the method and the design of electrodes. Olsen (1967) [63] showed
that the ring electrodes were preferable for fixed field application rather than using
electrodes which interfered with the flow. Barnea et al. (1980) [14], Tsochatzidis et
al. (1992) [64], Zheng et al. (1992) [65], Fossa (1998) [66] are some of the many
who used the conductance technique in multiphase flows.
In multiphase flow applications, electrical conductance varies with concentration and
distribution of the phases. The electrical conductance is typically measured by
passing a known electrical current through the flow and then measuring the voltage
drop between two electrodes in the pipe. Once the current and the voltage drop are
obtained, the conductance (or resistance) of the mixture can be calculated [67].
The conductance technique is the basis of the current research. In other words, the gas
volume fractions at the inlet and the throat of the Venturi in horizontal stratified gaswater two phase flows and annular (wet gas) flows were measured using two ring
electrodes flush mounted with the inner surface of the Venturi inlet, and two ring
electrodes flush mounted with inner surface of the Venturi throat (see Chapter 4 for
more details). The design and calibration of the novel conductance multiphase flow
meter investigated in this thesis is described, in detail, in Chapters 4, and 5.
The basic operation of the electrical conductance technique in gas-water two phase
flows is that the conductance of the mixture depends on the gas volume fraction in the
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water. The conductance of the mixture Gmix can be calculated using the circuit shown
in Figure 2-1 (see also the full diagram of the electronic circuit in Section 4.5).

Rfb

Two ring
electrodes

Gfb

Rmix

-

Gmix

Vout

+

Vin
Gas-water
flow

Figure 2-1: Fluid conductance circuit
From Figure 2-1, the output voltage Vout can be written as;

Vout = −

R fb
Vin
Rmix
Equation (2.2)

where Rmix is the resistance of the mixture.
By definition the conductance G is the reciprocal of the resistance. Therefore,
Equation (2.2) can be re-written as;

Vout = −

Gmix
Vin
G fb
Equation (2.3)

where Gmix is the conductance of the mixture.
The conductance decreases with increasing gas volume fraction and increases with
increasing water volume fraction as shown in Figure 2-2.
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Figure 2-2: Variation of the conductance with gas and water volume fractions
The choice of excitation frequency is very important because it can affect the
operation of the conductance sensor. At low frequencies, the conductance between
the electrodes is affected by a number of capacitive and resistive elements that arise at
the electrode-electrolyte interface. This is commonly referred to the ‘double layer’
effect [33]. The excitation frequency should be high enough to eliminate this double
layer effect [68]. Considerable studies have been published to study the influence of
frequency of the signal on the measurement of the conductance system. It has
generally been concluded that frequencies of at least 10kHz should be used [69]. In
the current research, the amplitude and frequency of the excitation voltage were
2.12V p-p and 10kHz respectively.

2.1.1.3

Electrical capacitance technique

The first systematic study of the capacitance technique in multiphase flow
measurement was carried out by Abouelwafa et al. (1980) [70]. Electrical capacitance
is a non-invasive technique and can be used for volume fraction measurement in
multiphase flows only when the continuous phase is non-conducting (e.g. oil
continuous, oil-water two phase flow).
A typical capacitance system consists of two electrodes (different configurations and
more than two sensors might be used, refer for example, to [71]) placed on each side
of the flowing medium. The basic physics behind the capacitance technique is that the
capacitance depends on the permittivity (dielectric) of the mixture between two
electrodes. The permittivity of the mixture varies with the amount of oil, gas and
water in the mixture.
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From Maxwell’s equations [72], the formula which describes the relationship
between permittivity (also known as dielectric constant) of an oil-gas mixture and the
gas volume fraction α is given by;

ε m,o − g = ε o

2ε o + ε g − 2α (ε o − ε g )
2ε o + ε g + α (ε o − ε g )

Equation (2.4)
where ε m , o − g is the permittivity of the oil-gas mixture, α is the gas volume fraction,

ε o is the permittivity of oil and ε g is the permittivity of gas.
Maxwell’s equation can also be used for oil-water flows. Equation (2.5a) gives the
relationship which expresses the permittivity of the oil-water mixture ε m , o − w in terms
of the permittivity ε w of the dispersed phase (water), the permittivity ε o of the
continuous phase (oil) and the volume fraction α w of dispersed phase (water).

ε m,o − w = ε o

2ε o + ε w − 2α w (ε o − ε w )
2ε o + ε w + α w (ε o − ε w )

Equation (2.5a)
In oil-water-gas mixtures, the formula which expresses the permittivity ε m of the oilwater-gas mixture in terms of the permittivity ε liq of the liquid (oil and water), the
permittivity ε g of the gas and the gas volume fraction α is [73];

ε m = ε liq

2ε liq + ε g − 2α (ε liq − ε g )
2ε liq + ε g + α (ε liq − ε g )

Equation (2.5b)
It should be noted that, the capacitance technique is used only when the continuous
phase is non-conducting. However, if the continuous phase is conducting (e.g. gas–
water two-phase flow), the Maxwell equation is given by;

σm =

2σ w (1 − α )
α +2

Equation (2.6)
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where σ m and σ w are the conductivities of the mixture and water respectively and

α is the gas volume fraction.
An extensive review of the electrical capacitance technique in multiphase flows was
provided, for example, by Beek (1967) [74], Ramu and Rao (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 extensively used to measure the
average gas and liquid volume fraction of gas-liquid two phase flows [78]. The idea
behind this technique is that gamma rays are absorbed at different rates by different
materials. The measurement of component ratios in multiphase flow using gammaray attenuation was first suggested by Abouelwafa and Kendall (1980) [79].
A gamma-ray densitometer consists of a radioactive source and a detector placed in a
way so that the beam of gamma rays passes through the flow and is monitored on the
opposite side of the multiphase mixture. The amount of radiation that is absorbed or
scattered by the fluid is a function of both the density and the energy level of the
source (see Figure 2-3).
For a homogenous medium, the intensity I, of the received beam at the detector is
given by;
I = I 0e − µz

Equation (2.7)
where I0 is the initial radiation intensity, µ is the total attenuation coefficient per unit
of length of the fluid and z is the gamma ray path length through the medium.

Gamma ray beam

I0

I

Two phase flow

Figure 2-3: Gamma ray attenuation
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Petrick and Swanson (1958) [80] studied how the distribution of the phases within the
flow effects the measurement of the void fraction. In this study, two hypothetical
flows were studied as described below.

(i) In the first case, they proposed a hypothetical flow where the phases (i.e. gas and
liquid) are arranged in layers at right angles to the radiation beam as shown in Figure
2-4 ( see also Lucas (1987) [81]).

Figure 2-4: Gamma ray densitometer: A hypothetical flow where the liquid and
gas phases are in Layers perpendicular to the radiation beam
For the above case, the void fraction is given by;

 I 

ln
I 
liq 

α=
I 
ln g 
I 
 liq 
Equation (2.8)
where I is the intensity of the received beam at the detector in the presence of the
homogeneous mixture, I liq is the intensity of the received beam at the detector with
the pipe full of liquid only and I g is the intensity of the received beam at the detector
with the pipe full of gas only.
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(ii) In the second case, they considered a hypothetical flow where the phases are
arranged in layers parallel to the beam as shown in Figure 2-5.

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

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

α=

I − I liq
Ig − I liq

Equation (2.9)
The Gamma-ray detector can be calibrated by performing a static test on the known
single phase fluid. This can be achieved by isolating the multiphase flow meter first
and then performing a static single test measurement on a single phase flow.
One of the major limitations of the single beam gamma ray attenuation technique
described above is that the average void fraction is measured across a single pipe
diameter. In other words, the estimated value of the void fraction may not represent
the true value of the actual mean void fraction within the mixture. To overcome this
problem, dual or multiple energy gamma ray attenuation methods can be used. For
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more information on dual and multiple gamma ray attenuation techniques refer for
example, to [80,82-87].

2.1.1.5

Quick closing valve technique

This technique is a common technique for measuring the average gas volume fraction
in gas-liquid two phase flows. The basic idea behind this technique is that, by
simultaneously closing valves at either end of the test section the gas and the liquid
can be trapped see Figure 2-6.

Figure 2-6: Quick closing valve technique
The mean gas volume fraction α can then be calculated using;
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volume of the gas trapped in the test section

α =

 total volume of the test section (i.e.total volumes between the valves) 
Equation (2.10)
Once the mean gas volume fraction α is obtained, the mean liquid volume fraction

α liq can be easily determined using;
α liq = 1 − α
Equation (2.11)
For more information about quick closing valve technique, see for example, [88,89]

2.1.1.6

Electrical impedance tomography (EIT)

Electrical impedance tomography (EIT) is a non- invasive visualisation technique that
allows imaging of the distribution of electrical properties (e.g. capacitance and
resistance) of a multiphase flow within a medium (e.g. a pipe). The idea of EIT is to
reconstruct an image of a component based on its spatial distribution of electrical
properties [90,91]. This enables the phase fractions to be measured.
The main electrical properties measured with EIT are resistance and capacitance. The
electrical properties of multiphase flows will specify the type of the electrical
impedance tomography system. Therefore, if the measured property is resistance then
the electrical resistance tomography (ERT) is used but if the measured property is
capacitance then the electrical capacitance tomography is used (ECT). It should be
noted that ERT is appropriate for a conductive multiphase mixture where the
continuous phase is a conductive phase while ECT is used in a non-conductive
multiphase mixture. More information regarding EIT can be found in [92-97]

2.1.1.7

Sampling technique

One of the sampling techniques in a multiphase flow technology is called ‘internal’ or
‘grab’ sampling. As the name indicates, internal or grab sampling is a process
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whereby part (a sample) of a multiphase flow is periodically extracted from the main
stream in order to provide information on the composition of the main flow. This
technique is usually used in oil industry, where the oil-gas-water flow is present, to
give information on the amount of water present in the oil.
The idea behind this technique is that a tubular probe with an orifice plate is inserted
inside the pipe. The orifice plate is used to homogenise the flow. A valve is installed
on the sampling line which is opened for a short time at regular intervals. When
suction is applied to the tube, the small volume of fluid can be extracted periodically
into the collection vessel. The relative amounts of each component can then be
measured. The composition of the entire flow in a pipeline is then determined by
taking the average value of these samples over appropriate periods of time.
The major limitation of this technique is that the flow must be homogenised since
only one single probe is used. In other words, the water and oil must be well mixed
upstream of the sampling probe otherwise significant error might occur. An extensive
review on this technique was given by [98,99].
Another sampling technique used in multiphase flow is ‘Isokinetic sampling’. This
technique is used for extracting a sample from a multiphase flowing stream at the
same velocity as the fluid being sampled. The purpose of using this technique is to
obtain a sample which represents the actual local composition of the bulk fluid in
multiphase flows. The sampling probe is smaller than that used in the ‘grab’
sampling. Again, the major limitation of this technique is that the fluid needs to be
homogenised. For non-homogenous two phase flows, the phases have different
velocities and the use of isokinetic sampling in such cases 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 a single phase flow. The use of a
Venturi meter in a single phase flow is well understood and described in ISO
5167:2003. However, the equations described by ISO standard for the Venturi in a
single phase flow cannot be directly applied to multiphase flows without correction.
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Considerable theoretical and experimental studies have been published to describe
mathematical models of Venturi meters in multiphase flow applications including its
use in vertical and horizontal flows. The study of multiphase flow through contraction
meters

are

described

for

example

by;

[47,104,48-50,105-107,51,108-

112,52,53,113,15,114-116].
Venturi meters are often used to measure the velocity of the multiphase flow. The
Venturi meter, see Figure 2-7, consists of an upstream section (a), a convergent
section (b), a throat section (c), a divergent section (d) and an outlet section (e). The
principle of operation of the Venturi meter is that the fluid entering the Venturi is
accelerated to a higher velocity as the flow area is decreased. In other words, at the
throat, the pressure decreases to a minimum where the velocity increases to a
maximum. If the area between an upstream section and the throat section are well
designed, the relationship between the differential pressure across the Venturi meter
and the velocity of the fluid (and hence the mass/volume flow rate) can be expressed
in terms of Bernoulli's equation. It should be noted that in multiphase flow
measurements, the relationship between the flow rate and the pressure drop across the
Venturi meter is complex and not simple as in single phase flow and should include
the flow quality or the phase holdups.
The Venturi meter is essential to the current research. Two Venturis were used in this
thesis. The first one was the Universal Venturi Tube, UVT, which was used to study
the bubbly gas-water flows, and the second one was the conductance Venturi meter
which was used in vertical annular (wet gas) flows and horizontal stratified two phase
flows. For more information regarding the design and the flow model of these
Venturis, see Chapters 3 and 4.
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Two pressure taps

(a)

(b) (c)

(d)

(e)

Figure 2-7: A Venturi meter
2.1.2.2

Acoustic pulse technique

Acoustic techniques are widely used in multiphase flow applications. The principle of
operation of this technique is that an acoustic pulse is sent through the fluid between
two transducers placed on either side of the pipe as shown in Figure 2-8. First of all,
the pulse is sent from the downstream transducer to the upstream transducer and then
from the upstream transducer to the downstream transducer. The travel time of the
pulse in both directions is a function of the flow velocity. This technique is also
known as pulse and return method.

Figure 2-8: Principle of acoustic technique for measuring the velocity of the
flow[99]
This technique is usually used in homogenous flow where the velocities of the phases
in the mixture are equal. For more information regarding this technique, see
[117,118].
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2.1.2.3

Ultrasonic flow meter

Ultrasound waves are sound waves with a frequency higher than the upper limit of
human hearing. The basic idea behind ultrasonic techniques is that the required
information about the measured medium can be obtained by using the reflection,
absorption, and scattering effects of the medium on the incident ultrasonic waves.
The ultrasonic signals are transmitted and received using a number of transducers.
The transducers convert an electrical signal (voltage pulse) into acoustic signal and
vice-versa. Figure 2-9 shows a schematic diagram of a common configuration of the
ultrasonic flow meter.
The ultrasonic flow meters are highly accurate, fast response, suitable for a wide
range of fluids. In addition, there are no mechanical moving parts.

Figure 2-9: A schematic diagram of a commonly used configuration for an
ultrasonic flow meter
In order to determine the fluid velocity U the following assumptions are made; (i) the
acoustic path length, d is constant. (ii) the speed of sound, c is constant. The acoustic
distance which is travelled by the ultrasonic beam can be expressed as;
d=

D
sin θ

Equation (2.12)
The velocity ud of the ultrasonic beam along the downstream path (from T1 to R1)
and the velocity uu of ultrasonic beam along the upstream path (from T2 to R2) are
respectively expressed as;
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ud = c + U cos θ

Equation (2.13)
and;
uu = c − U cosθ

Equation (2.14)
where U is the fluid velocity and θ is the angle shown in Figure 2-9.
For more information regarding this technique, refer to [119-121].

2.1.2.4

Turbine flow meters

A turbine flow meter is one of the most important instruments used in the process
industries for the measurement of liquid flow rate. A turbine flow meter consists of a
multi-bladed rotor mounted on free running bearings. Usually two sets of bearings are
used, one upstream and one downstream of the rotor. A typical turbine flow meter is
shown in Figure 2-10.

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

f turbine = kturbineU

Equation (2.15)
where f turbine is the frequency in revolutions per second, U is the mean liquid velocity
in ms-1 and kturbine is the constant of proportionality.
The volumetric flow rate Q is given by;
Q = AU

Equation (2.16)
where A is the ‘effective’ cross sectional area of the turbine meter.
Combining Equations (2.15) and (2.16) gives;
f turbine = KQ

Equation (2.17)
where K is the meter constant (or K-factor) and is given by;
K=

k
A

Equation (2.18)
It should be noted that K also represents the number of rotor revolutions per unit
volume of liquid passing through the turbine flow meter.
A pick-up coil is mounted in the casing of the turbine flow meter so that each time a
specific rotor blade passes the coil, an output pulse is produced. These output pulses
are transmitted to a frequency counter and/or totaliser, from which the instantaneous
liquid flow rate and/or totalised liquid flow can be deduced, using Equation (2.17). It
should be noted that some turbine flow meters have pick-ups which are sensitive to
all of the rotor blades, whilst other turbine meters have more than one pick-up.
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Many attempts have been made to use turbine flow meters in two-phase flows. There
are several models describing the turbine velocity, U turbine in a two phase flow. For
example, Rouhani (1964, 1974) [122,123] derived a model for the turbine velocity
U turbine as follows;

U turbine

 2 ρ L (1 − α ) 
 S +

ρ
α
G

= UL 

ρ L (1 − α ) 
 S +

ρG α 

Equation (2.19)

where U L is the liquid velocity, S is the slip ratio, ρ L and ρG are the liquid and gas
densities respectively and α is the gas volume fraction.
Aya (1975) [124] modified the Rouhani model to obtain;

ρ L (1 − α )
ρG α
ρ (1 − α )
1+ L
ρG α

UL S +
U turbine =

Equation (2.20)
The Rouhani and Aya models are based on the analysis of the different forces acting
on the turbine blades. The assumptions that were made are; a steady state flow, a flat
velocity profile and a flat void fraction profile.
One of the major limitations of using a turbine flow meter in two phase flows is that
for intermittent flow conditions, changes in angular momentum of the rotor and the
fluid rotating within the rotor will occur. Therefore, the speed of the rotation does not
truly represent the instantaneous value of the mass flux in a turbine flow meter [99].
Considerable theoretical and experimental studies have been published on the
behaviour of the turbine flow meters in two phase flows, 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 measuring the liquid flow rate in a
single phase flow. In common with the turbine flow meter discussed in Section
2.1.2.4, vortex shedding meters produce a frequency that is proportional to the
volumetric flow rate. Unlike the turbine flow meter however, the vortex shedding
flow meter relies on the oscillation of a portion of the fluid, not on the motion of a
mechanical element as in turbine flow meters.
Vortex shedding is a natural phenomenon which arises when any (long) two
dimensional body (e.g. 2-D bluff body) is placed in a cross-flow. Therefore, when a
bluff body is placed in a rapidly moving flow stream it produces a disturbance called
‘vortex shedding’ which is dependent on the fluid velocity and the properties of the
fluid. Under certain conditions (e.g. an adverse pressure gradient or the presence of
sharp discontinuities), the boundary layers can separate flow from the two
dimensional body to form two free shear layers (see Figure 2-11). The free shear
layers then roll up into vortices, alternately, on either side of the body and are shed
into the wake. The vortices thus shed proceed downstream in a staggered procession
known as a Karman vortex street.
The frequency f v at which the vortices in the Karman vortex street pass a fixed point
in the wake is proportional to the fluid velocity U vortex , for a wide range of values of
fluid velocity. For a vortex shedding meter, in a pipe flow, a meter constant K vortex is
given by;
K vortex =

fv
Q

Equation (2.21)
where Q is the fluid volumetric flow rate ( Q = AU vortex ).

The meter constant K vortex can also be expressed in terms of Strouhal number, St
using;
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K vortex =

St
WA

Equation (2.22)
where W is the bluff body base width and A is the effective cross-sectional area of the
vortex shedding meter. St in Equation (2.22) is given by;

St =

fv W
U vortex

Equation (2.23)
The volumetric flow rate Q through the vortex shedding meter is given by;
Q=

Re µ A
ρD

Equation (2.24)
where Re is the pipe Reynolds number, µ is the viscosity of the fluid and D is the
pipe internal diameter.

2-D Bluff body

Developing Vortex

Karman Vortex Street

W

Flow

Free shear
layer

Vortex about
to be shed

Figure 2-11: A schematic diagram of Vortex shedding
Vortex shedding meters are also used in two phase flows, but here the operation of
the vortex shedding flow meter is complex because the frequency of shedding is
strongly dependent on the gas void fraction. Foussat and Hulin (1983) [130] studied
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the conditions in which vortex shedding flow meter can be used in two phase flows.
They concluded that at higher gas void fractions and low velocities, the
implementation of vortex shedding techniques becomes very difficult. They
recommend that the gas void fraction should be less than 10% and the velocity should
be higher than 0.45ms-1.
It should be also noted that, in two phase flows, whilst the meter constant K vortex is
approximately constant over a wide range of flow rates, its value can change with the
fluid volumetric flow rate, Q . Also the repeatability of the vortex shedding meters in
two phase flows is not quite as good as that of turbine flow meters. These facts have
implications for the level of accuracy that can be expected from vortex shedding
meters in multiphase flow applications. More details on the use of vortex shedding
flow meters in two phase flows can be found in [131-133].

2.1.2.6

Cross correlation technique

A fluid velocity in a pipe can be measured using cross-correlation techniques and
signal processing methods (see Figure 2-12). A full review of the cross-correlation
flow meters is given by [134]. The idea behind the cross-correlation technique is that
some properties of the flow are measured by two identical sensors separated by a
known distance. As the flow passes between the two sensors the output signal pattern
x(t) from the first sensor will be repeated after a short period of time (dt) at the
second sensor y(t). The time lag between y(t) and x(t) corresponds to the time taken
for discontinuities in the flow to travel between sensor (x) and sensor (y). A crosscorrelation algorithm is then applied to x(t) and y(t). These signals are compared to
find the time elapsed between the maximum similarities in the two signals. This time
shift corresponds to the time it takes the flow to travel from sensor (x) to sensor (y). If
the distance between the sensors is known then the velocity of the flow can easily be
determined.
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L

Flow

Sensor x

Sensor y

x(t)

y(t)
Time delay

Crosscorrelation
routine

x(t-τ)

Multiplier

Average

Rxy(τ)

Figure 2-12: A schematic diagram of a Cross-correlation flow meter
The sensing (detecting) techniques where the cross-correlation method is often used
are (for example); electrical impedance techniques [135,136], optical probes [137],
ultrasound sensors [138] and X-or-gamma ray densitometers [139,140].
The cross-correlation function, Rxy (τ ) of two random signals, x(t ) and y (t ) can be
mathematically expressed as;
T

1
x(t − τ ). y (t ) dt
T →∞ T ∫
0

Rxy (τ ) = lim

Equation (2.25)
where τ is variable time delay and T is time period over which the signals x(t ) and
y (t ) are sampled.
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The cross-correlation function, Rxy (τ ) is plotted as a function of τ . The maximum
value (peak) of Rxy (τ ) will occur at τ = τ p (where τ p is the time shift between the
maximum similarities in the two measurement signals). Thus τ p can be measured by
obtaining the value of τ which gives a maximum value of Rxy (τ ) . Since the distance
between two sensors, L is known, the average fluid velocity, U can be expressed as;

U =

L

τp
Equation (2.26)

For more information on multiphase flow metering techniques including phase
fraction measurement methods (such as; neutron absorption and scattering, infrared,
ultrasound, and others) and the phase velocity measurement methods (such as; laser
doppler anemometry (LDA), positive displacement meter, magnetic flow meter and
others), refer to [18,19,99,69].

2.2 Previous models on Venturis and Orifice meters used for multiphase flow
measurement
As mentioned earlier, the purpose of studying the previous models for the Venturi
and orifice meters in this section is to show the dependency of these correlations on
the mass flow quality, x. Therefore, this section is not intended to give more details
about the derivation of these models. For more details about the derivation of the
models, refer to the author’s M.Sc. dissertation [54].
The previous models for Venturi and orifice meters presented in this section include;
Murdock (1962) [47], Chisholm (1967,1977) [48,49], Smith and Leang (1975) [50],
Lin (1982) [51], de Leeuw (1994,1997) [52,53] and Steven (2002) [15]. At the end of
this section it will be seen that all of the above correlations, which play an important
role in the literature, depend on the mass flow quality, x. In practice, online
measurement of x is difficult and not practical in nearly all multiphase flow
applications. This demonstrates the need for investigating a new model which is not
dependent on the mass flow quality x. This new model is one of the main objectives
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in the current research and is described, in detail, in the next chapter (specifically, in
Section 3.2).

2.2.1

Murdock correlation

2.2.1.1

Summary of Murdock correlation

Murdock (1962) [47] carried out a study on the general case of two phase flow
through an orifice plate meter which was not restricted to only wet gas flows.
Murdock developed a rational equation modifying the single phase equation by
introducing an experimental constant (correction factor). He considers a two phase
flow to be a separated flow (stratified flow) and he computed the total mass flow rate
using an experimentally obtained constant (constant=1.26 ) and assumed that the
quality of the mixture was known. He stated that the two phase flow might be
computed with a tolerance of 1.5 percent.
The correction factor in Murdock correlation was a function of the modified version
of Lockhart-Martinelli parameter defined as the ratio of the superficial flows
momentum pressure drops and not the friction pressure drops as in the original
definition of Lockhart-Martinelli parameter. The modified Lockhart-Martinelli
parameter X mod was given by;

X mod =

∆Pw  m& w  k g  ρ g  1 − x  k g  ρ g
 
=
=
 
∆Pg  m& g  k w  ρ w  x  k w  ρ w

Equation (2.27)
where ∆P is the pressure drop, m& is the mass flow rate, k is the flow coefficient
(including the respective product of the velocity of approach, the discharge
coefficient and the net expansion factor), ρ is the density and x is the mass flow
quality. The subscripts w and g refer to the water and gas phases flowing alone
respectively.
The gas mass flow rate in Murdock correlation is given by;

m& g =

At k g 2∆PTP ρ g
1 + 1.26

1 − x kg
x kw

ρg
ρw

(m& g ) apparent

=

1 + 1.26

1 − x kg
x kw

ρg
ρw
Equation (2.28)
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where x is the mass flow quality, At is the area at the constriction, ∆PTP is the two
phase pressure drop and (m& g ) apparent is the gas mass flow rate under two phase
differential pressure [ (m& g ) apparent = At k g 2∆PTP ρ g ) ]

Equation (2.28) can be written in terms of modified Lockhart-Martinelli parameter
when Equation (2.27) is substituted into Equation (2.28);

m& g =

(m& g ) apparent
1 + 1.26 X mod
Equation (2.29)

When the Venturi is used in water-gas annular flows the measured differential
pressure ∆PTP will be higher than if the flow was gas phase alone, ∆Pg [141]. If this
additional pressure drop is not corrected for then it will lead to an over-reading of the
gas mass flow rate, O.RMurdock (see Equation (2.30)).
O.RMurdock =

(m& g ) apparent
=
(m& g )

∆PTP
= 1 + 1.26 X mod
∆Pg

Equation (2.30)
where (m& g ) is the corrected gas mass flow rate.

It is well known that;

1 − x m& w
=
x
m& g
Equation (2.31)
The water mass flow rate m& w in the Murdock correlation can be obtained by
substituting Equations (2.31) into (2.28) and solving for m& w . Then;

m& w =

At k w 2∆PTP ρ w
.

k w mg
k g m.
w

ρw
+ 1.26
ρg

Equation (2.32)
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Equation (2.32) can be written in terms of modified Lockhart-Martinelli parameter by
substituting Equations (2.27) into (2.32);

m& w =

At k w 2∆PTP ρ w
1
1.26 +
X mod
Equation (2.33)

It is well known that the mass flow quality x is given by;

x=

m& g
m& T
Equation (2.34)

where m& T is the total mass flow rate.
Substituting Equations (2.34) into (2.28) and solving for m& T gives the total mass flow
rate in the Murdock correlation (see Equation (2.35)).

At k g 2∆PTP ρ g

m& T =

x + 1.26(1 − x)

kg
kw

ρg
ρw
Equation (2.35)

2.2.1.2

Conditions and assumptions of the Murdock correlation

The conditions and assumptions of Murdock correlation can be summarized as;
(i)

The model assumes zero interfacial shear stress.

(ii)

Orifice diameter (mm): 25.4, 31.7

(iii)

Pipe diameter (mm): 63.5, 102.

(iv)

The diameter ratio ( β ): 0.25 and 0.5.

(v)

The standard taps locations of radius: (1D and 1/2D).

(vi)

The range of X mod ( X mod =

(vii)

The range of

∆Pw
): 0.41 – 0.25
∆Pg

ρw
: 3.9 – 34.7
ρg
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(viii) The minimum liquid Reynolds number: Re w = 50.
(ix)

The minimum gas Reynolds number: Re g = 10,000 , for more details, refer
to [47,54]

2.2.1.3

Limitations of Murdock correlation

(i) The Murdock correlation is based on prior knowledge of the mass flow
quality, x (prior knowledge of gas and liquid flow rates). Therefore,
measuring the mass flow quality online is difficult and not practical.
(ii) The Murdock correlation uses a simplified model of a two phase flow through
the constriction meter in which it assumes that there is no friction between the
phases. The friction influences can be neglected only when (i) the viscosities
of the phases are small and (ii) the slip ratio between phases is negligible. Due
to neglecting the influence of the friction between the phases, Agar and
Farchy (2002) [142] showed that the Murdock correlation is not expected to
give highly accurate results in wet gas flow applications.

2.2.2

Chisholm correlation

2.2.2.1

Summary of Chisholm correlation

The Chisholm correlation [48,49] is a function of pressure and the modified
Lockhart-Martinelli parameter, X mod . The flow is assumed stratified flow. Chisholm
uses the modified Lockhart-Martinelli parameter and the effect of interfacial shear
force between the phases is also considered. Chisholm studied a general two phase
flow through an orifice plate and then later modified his correlation for higher quality
conditions. Chisholm stated that when the modified Lockhart-Martinelli parameter
X mod > 1 , then the slip ratio, S, is given by;
1

 ρ 4
S = w
ρ 
 g
Equation (2.36)
and when X mod < 1 , the slip ratio is given by;
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1

 ρ 2
S =  w 
 ρh 

Equation (2.37)
where ρ h is the homogenous density.
The gas mass flow rate in Chisholm correlation is given by, (Steven, 2002);

m& g =

k g At 2∆PTP ρ g
2
1 + CX mod + X mod

=

k g At 2∆PTP ρ g
1

4


 ρ w 
1+ 
ρ 
 g 

1
 ρg  4 
2
+    X mod + X mod
 ρw  

Equation (2.38)

Equation (2.38) can be re-written in terms of the over-reading factor, O.RChisholm

O.RChisholm

(m& )
= g apparent =
(m& g )

1
1

4
4


ρ


∆PTP
 ρ

2
= 1 +  w  +  g   X mod + X mod


ρ
ρ
∆Pg
 g   w  

Equation (2.39)
The Chisholm constant C in Equation (2.38) is defined as;
C=

1
S

ρ
ρw
+S g
ρg
ρw

Equation (2.40)
where S is the velocity ratio (slip velocity) and is defined by Equations (2.36) or
(2.37).

2.2.2.2

Conditions and assumptions of the Chisholm correlation

The conditions and assumptions of the Chisholm correlation are as follows;
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(i)

Orifice diameter (mm): 9.5 – 25.4

(ii)

Pipe diameter (mm): 51.

(iii)

Range of modified Lockhart-Martinelli parameter, X mod : 0.5 - 5.0

(iv)

Range of

(v)

Value of C ( X mod , from experiment): 5.3

ρw
ρg

: ~ 29.

1

(vi)
(vii)

1

 ρ  4  ρg  4
Value of C ( X mod <1, from theoretical { C =  w  +   }): 5.57
ρ 
 g   ρw 
The flow is assumed to be stratified flow.

(viii) The shear force of boundary is considered, for more details see [48,49,54].

2.2.2.3

Limitations of Chisholm correlation
(i)

The velocity ratio throughout the orifice meter is assumed
constant.

(ii)

Again, the Chisholm correlation is based on prior knowledge of the
mass flow quality, x.

2.2.3

Lin correlation

2.2.3.1

Summary of Lin correlation

The Lin correction factor K Lin is a function of the velocity ratio S, and the density
ratio ρ g ρ w . Lin (1982) [51] also uses the simplified Lockhart-Martinelli parameter.
Lin includes the effect of the shear force between the phases in his correlation. He
developed his model based on a separated flow model (i.e. for general stratified two
phase flow) and he compared his model against the experimental data. This
comparison showed that the Lin model can be used to calculate the flow rate or the
quality of vapour-liquid (or steam-water) mixture in the range 0.00455 to 0.328 of the
density ratio ρ g ρ w , and in pipe sizes ranging from 8 to 75 mm (β = 0.25 to 0.75).
The corrective coefficient K Lin in Lin correlation is given by;
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2

K Lin

ρ 
ρ 
ρ 
= 1.48625 − 9.26541 g  + 44.6954 g  − 60.6150 g 
 ρw 
 ρw 
 ρw 
4

ρ 
ρ 
− 5.12966 g  − 26.5743 g 
 ρw 
 ρw 

3

5

Equation (2.41)
The gas mass flow rate in the Lin correlation is given by;

m& g =

k w At x 2∆PTP ρ w
K Lin (1 − x) + x

ρw
ρg

=

k w At 2∆PTP ρ g

 m&  ρ
K Lin  w  g + 1
 m&  ρ
 g w

=

k w At 2∆PTP ρ g
K Lin X mod + 1

=

(m& g ) apparent
K Lin X mod + 1

Equation (2.42)
In terms of an over-reading factor, O.RLin , Equation (2.42) can be written as;

O.RLin =

(m& g ) apparent
=
(m& g )

∆PTP
= K Lin X mod + 1
∆Pg

Equation (2.43)
The water mass flow rate in Lin correlation can be expressed as;

m& w =

k w At 2∆PTP ρ w
 1 

K + 
 X mod 
Equation (2.44)

2.2.3.2

Conditions and assumptions of Lin correlation

(i)

The gas and liquid (water) phases flow separately through an orifice.

(ii)

The pipe diameter (mm): 32.

(iii)

The diameter ratio (β): 0.321 – 0.624

(iv)

The density ratio ρ g ρ w : 0.1425 – 0.328
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(v)

The range of the mass flow quality x: (0 – 1.0).

(vi)

The orifice diameter (mm): 10.0, 20.0

(vii)

Lin assumes that the superficial flow coefficients k g and k w (including the
respective product of the velocity of approach, the discharge coefficient
and the net expansion factor. Note: expansion factor for water is 1) are
equal.

(viii)

Line uses the modified Lockhart-Martinelli parameter.

(ix)

The mass velocity passing through orifice ranged from 917.16 to 1477.42
kg/m2.s.

(x)

The tested pressure ratios (P/Pc) were: 0.5698, 0.7108, 0.7401 and 0.8319,
and the respective density ratios (ρg/ ρw) were: 0.1425, 0.2150, 0.2450 and
0.3280. (Pc is the critical pressure), for more information, refer to [51,54] .

2.2.3.3
i)

Limitation of Lin correlation
Again, prior knowledge of the gas and liquid mass flow rates is needed
(i.e. mass flow quality must be known).

2.2.4

The Smith and Leang correlation

2.2.4.1

Summary of Smith and Leang correlation

In general, two correlation approaches are used in two-phase flow. The first uses a
function to relate the pseudo single-phase flow to the two-phase flow rate. The other
uses a blockage factor (BF) to determine the gas mass flow rate. Smith and Leang
(1975) [50] developed a model which accounts for the liquid presence by introducing
a parameter called a blockage factor (BF) that takes account of the partial blockage of
the pipe area by the liquid phase [15]. The Smith and Leang correlation can be used
for orifice plates and Venturi meters. The (BF) is given by;
( BF ) = 0.637 + 0.4211x −

0.00183
x2

Equation (2.45)
where x is the mass flow quality.
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It is well known that, the single gas mass flow rate m& g through a Venturi/orifice is
given by;
m& g = At k g 2 ρ g ∆Pg

Equation (2.46)
where At is the area at the constriction, k g is the gas flow coefficient (including the
respective product of the velocity of approach, the discharge coefficient and the net
expansion factor), ∆Pg is the gas pressure drop and ρ g is the gas density.

The Smith and Leang correlation solves for the single phase flow rate directly rather
than a pseudo rate (i.e. introducing the (BF) directly into Equation (2.46) and taking
into accounts the gas flow area Ag ). Therefore;
m& g = k g Ag ( BF ) 2∆Pg ρ g

Equation (2.47)
The over-reading factor, O.RS & L in Smith and Leang correlation can be expressed as;

O.RS & L =

1
1
=
( BF ) 0.637 + 0.4211x − 0.00183
x2

Equation (2.48)

2.2.4.2

Conditions and assumptions of Smith and Leang correlation

The conditions and assumptions of the Smith and Leang correlation can be
summarised as;
(i)

Higher quality region is defined as x > 0.1 .

(ii)

Lower quality region is defined as x < 0.1 .

(iii)

BF would be linear at higher quality values.

(iv)

Smith and Leang (1975) used the same experimental data as James (1965),
Murdock (1962) and Marriott (1970), for more details, see [50,54].
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2.2.4.3
i)

Limitations Smith and Leang correlation
Again, Smith and Leang correlation is based on prior knowledge of the mass
flow quality.

ii)

The model uses empirical method to define the blockage factor.

2.2.5

The de Leeuw correlation

2.2.5.1

Summary of de Leeuw correlation

The de Leeuw correlation [52,53] uses the Venturi in wet gas applications. This
correlation is a modified form of Chisholm correlation and is used to predict the
effect of the presence of the liquid phase on Venturi meter reading for a wet gas
horizontal flow application. The correction is based on experimental data. de Leeuw
claimed that the deviations between his correlation and the experimental data was
less than 2%. The major difference between the de Leeuw correlation and the other
well known orifice plate correlations (e.g. Murdock and Chisholm) is that the de
Leeuw correlation is not only a function of the Lockhart-Martinelli parameter and
pressure drop as with the Murdock and Chisholm correlations but does depend on the
gas and liquid densiometric Froude numbers.
de Leeuw mentioned that the best representation for the wet gas flow conditions
should be through using the gas and liquid densiometric Froude numbers Frg and Frl
which are respectively expressed as;

Frg =

U sg
gD

ρg
ρw − ρ g
Equation (2.49)

and;
Frl =

U sw
gD

ρw
ρw − ρ g
Equation (2.50)
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where D, g, U sg and U sw are the pipe diameter, 9.81ms-2, the superficial gas velocity,
and the superficial liquid (water) velocity.
It should be noted that the Froude numbers (Equations (2.49) and (2.50)) are purely
empirical, no mathematical model was used.
de Leeuw stated that the ratio of the liquid Froude number to the gas Froude number
equals the Lockhart-Martinelli parameter X. de Leeuw used the simplified version of
the modified Lockhart-Martinelli parameter,

X simp by substituting k g = k w in

Equation (2.27). Therefore;
X simp =

∆Pw  m& w  ρ g  1 − x  ρ g
Fr
=
=
= l

∆Pg  m& g  ρ w  x  ρ w Frg

Equation (2.51)
The de Leeuw correlation is given in the form of Chisholm correlation (Equation
(2.38)) with the constant 1/4 replaced by a parameter denoted as n, where n is a
function of the gas densiometric Froude number, Frg (i.e. a function of the gas flow
rate, the fluid density and the meter geometry) and can be expressed as;
n = 0.41

for 0.5 ≤ Frg ≤ 1.5

Equation (2.52)

n = 0.606(1 − e

−0.746 Frg

) for Frg ≥ 1.5

Equation (2.53)
Replacing the constant term 1/4 in Equation (2.38) by n gives;

m& g =

k g At 2∆PTP ρ g
2
1 + CLeeuw X simp + X simp

=

k g At 2∆PTP ρ g
 ρ  n  ρ  n 
2
1 +  w  +  g   X simp + X simp


 ρ g   ρ w  


Equation (2.54)
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where k g is the gas flow coefficient (including the respective product of the velocity
of approach, the discharge coefficient and the net expansion factor), At is the area at
the constriction, ∆PTP is the two phase pressure drop and CLeeuw is the modified
Chisholm parameter defined by de Leeuw and can be written as;
n

C Leeuw

ρ  ρ 
=  w  +  g 
ρ 
 g   ρw 

n

Equation (2.55)
where n is defined by Equations (2.52) and (2.53)
The gas mass flow rate over-reading factor in de Leeuw correlation can be expressed
as;
O.RdeLeeuw

(m& )
= g apparent =
(m& g )

 ρ  n  ρ  n 
∆PTP
2
= 1 +  w  +  g   X simp + X simp


∆Pg
ρ
ρ
 g   w  



Equation (2.56)
The water mass flow rate in de Leeuw correlation is given by;

m& w =

k w At 2∆PTP ρ w
 ρ  n  ρ  n  1
1
1 +  w  +  g  
+ 2


 ρ g   ρ w   X simp X simp


Equation (2.57)

where k w is the water flow coefficient (including the respective product of the
velocity of approach and the discharge coefficient).

2.2.5.2

Conditions and assumptions of de Leeuw correlation

The experimental data for a Venturi meter in the de Leeuw correlation is summarised
in Table 2-1.
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Table 2-1: Summary of experimental data (de Leeuw correlation) [52-54]

P
bar
90

45
30
15

2.2.5.3

Gas
vel.
[m/s]

Gas
Froude
number

Liq.

Liquid

Lockhart-

LGR

vel.

Froude

Martinelli

[m3/106

[m/s]

number

parameter

nm3]

GVF
[%]

12

4.8

0-1.2

0-1.31

0-0.3

0-1000

100-90

8

3.2

0-0.9

0-0.97

0-0.3

0-1000

100-90

4

1.6

0-0.4

0-0.44

0-0.3

0-1000

100-90

11.4

3.2

0-0.8

0-0.85

0-0.3

0-1500

100-92

5.8

1.6

0-0.4

0-0.42

0-0.3

0-1500

100-92

14.5

3.2

0-0.8

0-0.83

0-0.3

0-1800

100-94

7.3

1.6

0-0.4

0-0.41

0-0.3

0-1800

100-94

17

2.5

0-0.7

0-0.71

0-0.3

0-2500

100-96

10

1.5

0-0.4

0-0.41

0-0.3

0-2500

100-96

Limitations of de Leeuw correlation
(i)

The Froude number in de Lueew correlation is purely empirical, no
mathematical model was used.

(ii)

de Leeuw uses the simplified definition of the modified LockhartMartinelli parameter which is a function of the mass flow quality
x. In other words, prior knowledge of the mass flow quality is

needed.

2.2.6

Steven correlation

2.2.6.1

Summary of Steven correlation

Steven (2002) [15] found that, the de Leeuw correlation which is based on 4 inches
(100mm) as the Venturi diameter with β = 0.40, was not suitable for NEL wet gas
loop, (i.e. for the Venturi of a diameter of 6 inches and β = 0.55). Steven investigated
a new correlation with new independent data from the NEL wet gas loop that would
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give a better fit for a 6 inch Venturi and 0.55 diameter ratio geometry. The Steven
correlation is also based on the Froude number. The experiment was conducted for
three pressures (20, 40 and 60 bar). The Steven correlation is based on the form;

∆PTP
= f ( X , Frg )
∆P
Equation (2.58)
The particular form of equation found to be the overall best fit for each of the three
pressures used in Steven correlations is given by;
∆PTP 1 + ASte X mod + BSte Frg
=
∆Pg 1 + CSte X mod + DSte Frg

Equation (2.59)
where the constants ASte , BSte , CSte and DSte are respectively given by;

2

ρ 
ρ 
ASte = 2454.51 g  − 389.568 g  + 18.146
 ρw 
 ρw 

Equation (2.60)
2

BSte

ρ 
ρ 
= 61.695 g  − 8.349 g  + 0.223
 ρw 
 ρw 

Equation (2.61)
2

CSte

ρ 
ρ 
= 1722.917 g  − 272.92 g  + 11.752
 ρw 
 ρw 

Equation (2.62)
2

DSte

ρ 
ρ 
= 57.387 g  − 7.679 g  + 0.195
 ρw 
 ρw 

Equation (2.63)
The gas mass flow rate in Steven correlation can be expressed as;
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 1 + CSte X mod + DSte Frg
m& g = k g At 2∆PTP ρ g 
 1 + A X + B Fr
Ste mod
Ste
g







Equation (2.64)
The gas mass flow rate over-reading factor, O.RSteven , can be written as;
O.RSteven =

(m& g ) apparent
=
(m& g )

∆PTP  1 + ASte X mod + BSte Frg
=
∆Pg  1 + CSte X mod + DSte Frg






Equation (2.65)

2.2.6.2

Conditions and assumptions of the Steven correlation

The conditions and assumptions of Steven correlation can be summarised as follows;
(i)

The experiment was conducted for three pressures (20, 40 and 60 bar).

(ii)

The experiment has been run under four gas flow rates (400, 600, 800 and
1000 m3/h).

(iii)

At a gas flow rate of 1000 m3/h, the desired upper range of the liquid flow
rate could not be reached.

(iv)

The maximum liquid flow rate at which the blower could maintain a gas
flow rate of 1000m3/h was at the upper end of the equipment range.

(v)

The lower liquid flow rate limits were close to zero as possible.

(vi)

The Venturi diameter: 6 inches.

(vii)

The diameter ratio, β: 0.55.

(viii) The system fluid was nitrogen and kerosene, (substitute as the fluids
simulating wet natural gas flows).
(ix)

(x)

Minimum value of X mod : 0.001312.

Maximum value of X mod : X max

ρ 
0.108 + 2.251 g  − 0.06 Frg
 ρw 
=
ρ 
1 + 3.552 g  − 0.418 Frg + 0.039 Frg2
 ρw 
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(xi)

The liquid flow coefficient Kl is assumed to be the product of the Venturi
meter’s velocity of approach and the standard discharge coefficient when t
Re < 106, i.e Cd = 0.995. In other words; k w = (

(xii)

1
1 − β4 )

) × (Cd )

Gas flow coefficient kg : due to the high value of Re for the superficial gas
flow rates, the Venturi meter had to be calibrated at the three test
pressures:
For 20 bar; k g = −0.001583806m& g + 1.046511

2.2.6.3
(i)

For 40 bar;

k g = −0.00125486m& g + 1.051785

For 60 bar;

k g = −0.0009251669m& g + 1.05646

Limitations
The Steven correlation is a function of the modified Lockhart-Martinelli
parameter which is a function of the mass flow quality.

(ii)

Steven applied the data using a surface fit software package. The limits of
Steven correlation are the limits of the data set used to create it.
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Summary
A review of existing techniques for measuring multiphase flows was presented in
Section 2.1. Different measurement principles were described which include phase
fraction measurements (such as, differential pressure technique, electrical
conductance technique, electrical capacitance technique, gamma ray attenuation,
quick closing valve, EIT tomography, internal (grab) sampling and isokinetic
sampling techniques) and the phase velocity measurements (such as, a Venturi meter,
acoustic pulse, ultrasound flow meter, turbine flow meter, vortex shedding meter and
cross-correlation technique).
Considerable theoretical and experimental studies have been published to describe
mathematical models of the Venturi and orifice meters in multiphase flow
applications such as, Murdock, Chisholm, Lin, Smith and Leang, de Leeuw and
Steven correlations (see Section 2.2).
These correlations are based on the mass flow quality, x. In other words, prior
knowledge of the mass flow quality is needed. In fact, online measurement of the
mass flow quality is difficult and not practical in nearly all multiphase flow
applications.
The difficulty that arises from the online measurement of the mass flow quality for
the previous correlations reflects the need to investigate a new model which is not
dependent on the mass flow quality x. The development of such a model is one of the
main objectives in the current research and is described, in detail, in the next chapter
(specifically in Section 3.2). The new model depends on the measurement of the gas
volume fraction at the inlet and the throat of the Venturi rather than requiring prior
knowledge of the mass flow quality as in previous correlations, which makes the
measurement technique described in this thesis more practical. The measurement of
the gas volume fraction at the inlet and the throat of the Venturi was achieved by
using a conductance multiphase flow meter.
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The main aim of the research described in this thesis is to develop a novel
conductance multiphase flow meter which is capable of measuring the gas and the
water flow rates in two-phase, water-gas, water continuous, vertical annular flows
and horizontal stratified flows. The separated annular and stratified flows are complex
and the accurate measurement of the phase flow rate in such flows constitutes a major
challenge in multiphase flow applications. The conductance multiphase flow meter
consists of the Conductance Inlet Void Fraction Meter with two ring electrodes flush
mounted with the inner surface of the pipe, which is capable of measuring the gas
volume fraction at the inlet of the Venturi and the Conductance Multiphase Venturi
Meter (CMVM), with two ring electrodes flush mounted with the inner surface of the
throat section, which is capable of measuring the gas volume fraction at the throat of
the Venturi meter. The reason for choosing the Venturi meters over other common
differential pressure devices (e.g. orifice plates) in the current research is that the
Venturi meter has a smooth flow profile that reduces the frictional losses which in
turn, increases the reliability, repeatability and predictability of the device.
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Chapter 3
Mathematical Modelling of a Multiphase
Venturi Meter
Introduction

Differential pressure devices can be used in multiphase flow metering. The most
common differential pressure device is the Venturi meter, but orifice plates have also
been used widely. The advantage of the Venturi meter over the orifice plate is that the
Venturi meter is much more predictable and repeatable than the orifice plate for a
wide range of flow conditions. Further, the smooth flow profile in a Venturi meter
reduces frictional losses which (i) increases the reliability of the device and (ii)
improves the pressure recovery [143].
In multiphase flow measurements, the relationship between the flow rate and the
pressure drop across the Venturi meter is not simple as in single phase flow and
should include the flow quality or the phase holdups. In a homogenous flow model
where the slip is zero, the mixture densities at the inlet and the throat can be assumed
equal and substitution of the mixture density at the inlet of the Venturi into the
Bernoulli equation would be reasonably expected to lead to accurate results. This
assumption is valid for low gas flow rates where the homogenous flow can be treated
as a single phase flow. In some cases of two phase flow, the two- phases are normally
well mixed and behave as a homogenous flow. The two phases are also assumed to
have unity slip ratio S (i.e. the ratio of the water velocity to the gas velocity is unity)
and therefore travel with the same velocities.
Separated flow in a Venturi meter is highly complex (where the velocity ratio, S≠1)
and the application of a homogenous flow model could not reasonably be expected to
lead to highly accurate results. In other words, the gas volume fraction at the inlet is
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not the same as that at the throat of the Venturi. If this is the case, a gas volume
fraction measurement technique at the throat must also be introduced instead of just
relying on the gas volume fraction measurement at the inlet of the Venturi.
This chapter describes new mathematical models through a Venturi meter including;
(i)

a vertical/inclined homogenous gas-water two phase flow model
(see Section 3.1).

(ii)

a horizontal stratified gas-water two phase flow model (see
Section 3.2.1).

(iii)

a vertical separated (annular) gas-water two phase flow model
(see Section 3.2.2).

3.1 A homogenous gas-water two phase flow model through a Venturi meter

In the case of homogenous flow where the two phases are normally well mixed, the
gas and water are assumed to have the same velocity. That is, the velocity ratio or slip
ratio is unity (S=1). Figure 3-1 is intended to illustrate homogenous gas-water two
phase flow for the general case of an inclined Venturi meter.

θ

ht
P2

Water filled lines

+ -

P1
Two phase flow

DP Cell, ∆Phom

Figure 3-1: Homogenous gas-water two phase flow in a Venturi meter
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From figure 3-1, it is possible to write;
∆Phom = P1 − P2 − ρ w ght cos θ

Equation (3.1)
where ∆Phom is the differential pressure measured, using a dp cell, which is connected
to the Venturi inlet and throat via water filled lines in a homogenous flow, P1 and

P2 are the static pressure at the inlet and the throat of the Venturi, ρ w is the water
density, g is the acceleration of the gravity, ht and θ are the pressure tapping
separation and the angle of inclination from vertical respectively.
From Bernoulli's equation, it is possible to write that;
1
P1 − P2 = ρ m (U 22 − U12 ) + ρ m ght cos θ + Fmv
2

Equation (3.2)
where ρ m is the mixture density, Fmv is the frictional pressure loss (from inlet to the
throat of the Venturi) and U is the fluid velocity. The subscripts 1 and 2 refer to the
inlet and the throat of the Venturi respectively.
Substituting Equation (3.2) into (3.1) gives;
1
∆Phom + ght cos θ(ρ w − ρ m ) − Fmv = ρm U 22 − U12
2

(

)
Equation (3.3)

Assuming constant mixture density the mass conservation equation is given by;

U1 = U 2

A2
A1

Equation (3.4)
where A1 and A2 are the cross sectional areas at inlet and the throat of the Venturi.
From Equations (3.3) and (3.4), it is possible to write;
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2

2 A1
U =
(∆Phom + ght cos θ(ρw − ρm ) − Fmv )
2
2
ρ m A1 − A2
2
2

(

)

Equation (3.5)
It is well known that the volumetric flow rate of the homogenous mixture, Qm, hom can
be expressed as;
Qm , hom = (U 2 A2 )

Equation (3.6)
Combining Equations (3.5) and (3.6) gives;

Qm , hom =

2

A2
A 
1 −  2 
 A1 

2

ρm

∆Phom + ght cosθ (ρ w − ρ m ) − Fmv

Equation (3.7)

ρ m in Equation (3.7) is given by;
ρ m = α1, hom ρ g + (1 − α1, hom )ρ w ≈ ρ w (1 − α1, hom )

Equation (3.8)
where α1, hom is the inlet gas volume fraction in the homogenous gas-water two phase
flow through the Venturi meter and ρ g is the gas density.

Instead of using the frictional pressure loss term Fmv , a discharge coefficient can be
used. Involving a homogenous discharge coefficient, Cd , hom and combining
Equations (3.7) and (3.8) gives;
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Qm , hom =

Cd , hom A2
A 
1 −  2 
 A1 

2

2
∆Phom + α1, homρ w ght cos θ
ρ w (1 − α1, hom )

Equation (3.9)
It is clear from Equation (3.9) that, in order to determine Qm, hom , the gas volume
fraction, α1, hom must be known. The gas volume fraction α1, hom in Equation (3.9) can
be measured by a differential pressure technique also known as an “online flow
density meter”.

3.1.1

Measurement of the gas volume fraction in a homogenous gas-water
flow using the differential pressure technique

The differential pressure technique has proven attractive in the measurement of
volume fraction. It is simple in operation, easy to handle, non intrusive and low cost.
This differential pressure technique can be used only in vertical or inclined pipelines.
With reference to Figure 3-2, it is possible to write;
Pa = Pb + ρm ghp cos θ + Fm, pipe

Equation (3.10)
where Fm, pipe is the frictional pressure loss term between the pressure tappings in the
parallel pipe section, and where hp is the pressure tapping separation.

The differential pressure ∆Ppipe measured by a differential pressure sensor which is
connected to the tappings via water filled lines can be expressed as;
∆Ppipe = Pb + ρ w gh p cos θ − Pa

Equation (3.11)
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D

θ

Pb
hp

Water filled lines

-

+

Pa

∆Ppipe
Two phase
flow

Figure 3-2: Measurement of the gas volume fraction using the differential
pressure technique

Combining Equations (3.10) and (3.11) gives;
∆Ppipe + Fm, pipe = gh p cos θ ( ρ w − ρ m )

Equation (3.12)
The frictional pressure loss term, Fm, pipe can be expressed as [144];

Fm, pipe =

2ρ w hp fU h2
D

Equation (3.13)
where f is a single phase friction factor (see Equation (3.27) and Section 7.2), U h is
the homogenous velocity (or mixture superficial velocity), D is the inner pipe
diameter and hp is the axial pressure tapping separation.
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Substituting Equation (3.8) into equation (3.12) and solving for α1, hom gives;

α1, hom =

(∆P

pipe

+ Fm , pipe )

ghP cos θ(ρ w − ρ g )

Equation (3.14)
Once the gas volume fraction, α1, hom from Equation (3.14) is obtained, the total
mixture volumetric flow rate in a homogenous flow, Qm, hom can then be easily
determined. The gas volumetric flow rate Qg and the water volumetric flow rate Qw
may

also

be

needed

individually

(therefore,

Qg = α1, hom Qm, hom

and Qw = (1 − α1, hom )Qm, hom ).

3.1.2

A prediction model for the pressure drop sign change in a homogenous
two phase flow through a Venturi meter

Many differential pressure cells can not read negative differential pressure drops (i.e.
they can not read a differential pressure if the pressure at the ‘+’ input is less than the
pressure at the ‘-’ input (see Figure 3-1)). The two phase air-water pressure drop
across a Venturi meter may change its sign from positive to negative. In other words,
in a two phase flow through a Venturi, in which the inlet and throat are connected to
the dp cell via water filled lines, because the mixture density is lower than the density
of water the pressure at the ‘+’ input of the dp cell can be lower than the pressure at
the ‘-’ input (see Figure 3-1). This situation can never arise in a single phase flow. A
new model has been developed to predict the sign change in the pressure drop across
the dp cell for a vertical and inclined Venturis. This section describes how the sign
change of the measured pressure drop can be predicted. The prediction model for the
pressure drop sign change in two phase flow through a vertical and inclined pipe is
described in Section 3.1.3.
It is important that the pressure drop sign change in two phase flow can be predicted
so that the differential pressure cell can be correctly installed.
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In terms of the homogenous velocity, U h the mass conservation equation (see
Equation (3.4)) can be re-written as;
U2 = Uh

A1
A2

Equation (3.15)
where U h = U1
Combining Equations (3.3), (3.8) and (3.15) gives;

∆Phom

2


1
2  A1 
= ρ w (1 − α1,hom )U h   − 1 − α1,hom ρ w ght cos θ + Fmv
2
 A2 


Equation (3.16)
The frictional pressure loss (from the inlet to the throat of the Venturi) Fmv can be
written as;
2 ρ w ht fU h2*
Fmv =
D*

Equation (3.17)
where D* is the average diameter between the inlet and the throat of the Venturi and
U h* is the average homogenous velocity between inlet and the throat of the Venturi
and can expressed as;
U h* =

1
(U h + U 2 )
2

Equation (3.18)
Combining Equations (3.15) and (3.18) gives;


A 
U h* = U h 0.5 + 1 
2 A2 

Equation (3.19)
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The homogenous velocity can be expressed in terms of the reference homogenous
mixture volumetric flow rate, Qm , hom, ref using;

Uh =

Qm , hom, ref Qg , ref , hom + Qw, ref , hom
=
A1
A1
Equation (3.20)

where Qg ,ref , hom and Qw,ref , hom are the reference gas and water volumetric flow rates
respectively.
Re-arranging Equation (3.16) gives;

∆Phom = K1 (1 − α1, hom )U h2 − α1, hom K 2 + Fmv
Equation (3.21)
where;
2

1  A1 
K1 = ρ w   − 1
2  A2 



Equation (3.22)
and;
K 2 = ρ w ght cosθ

Equation (3.23)
Equation (3.21) can be re-written as;
∆Phom = −C1 + C2

Equation (3.24)
where;
C1 = α1,hom K 2

Equation (3.25)
and;

C2 = K1 (1 − α1, hom )U h2 + Fmv
Equation (3.26)
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It is clear from Equation (3.24) that the measured differential pressure across the dp
cell is negative when;

C1 > C2
and positive when;

C2 > C1

3.1.3

Prediction model for the pressure drop sign change across the dp cell for
homogenous two phase flow through a vertical or inclined pipe section

The single phase friction factor, f in Equation (3.13) can be expressed as;

f =

∆Pw D
2 ρ whpu 2
Equation (3.27)

where ∆Pw is the pressure drop across a parallel pipe section in a single phase flow
(water only) and u is the single phase (water) velocity.
Combining Equations (3.13) and (3.14) and solving for ∆Ppipe gives;

∆Ppipe = α1, hom ghp cos θ(ρ w − ρ g ) −

2ρ w h p fU h2
D

Equation (3.28)
It is clear from equation (3.28) that the pressure drop across the dp cell in two phase
flow ∆Ppipe becomes negative if;

U h2 > Kˆ
Equation (3.29)
where;

α
g cos θ(ρ w − ρ g ) D
Kˆ = 1, hom
2 fρ w
Equation (3.30)
Equation (3.30) can be re-arranged so that;
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α
Kˆ = k * 1, hom
f

Equation (3.31)
where;

k* =

g cosθ ( ρ w − ρ g ) D
2ρw
Equation (3.32)

It should be noted that the constant, k * depends on the flow and experimental
conditions.

3.2 A novel separated two phase flow model

In a separated flow, the assumption of equal velocities for the different phases is no
longer valid. In other words, the slip ratio S, is not unity. Stratified gas-water two
phase flow is a separated flow where the gas and water travel with different
velocities. A new stratified horizontal two phase flow model is described in Section
3.2.1. A new annular flow model where the liquid film flows at the wall of the pipe
and the gas core flows at the centre of the pipeline is described in Section 3.2.2.

3.2.1

Stratified gas-water two phase flow model

In horizontal stratified flow, the water phase flows at the bottom of the pipe while the
gas flows at the top. Each phase travels with its own velocity.
Figure 3-3 shows a horizontal stratified gas-water two phase flow through a Venturi
meter. Due to the substantial difference between the water and the gas differential
pressures across the Venturi in a stratified two phase flow, another low differential
pressure device (i.e. an inclined manometer) may be used at the top of the Venturi to
measure the differential pressure drop of the gas phase.
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It should be noted that the horizontal interface in Figure 3-3 is symbolic only and it
may not be horizontal in practice. This does not however affect the calculations-even
if a non-horizontal interface is considered-since the measurement of the gas volume
fraction at the inlet and the throat of the Venturi is exist.
∆PTP , g
+
Pg1

D1

Inclined Manometer

Pg 2

Gas filled lines

α g1

αg2

GAS
D2

Gaswater
flow

WATER

P1

H L

Water filled
line

∆PTP , w

P2
Water filled
line

Figure 3-3: Stratified gas-water two phase flow through a Venturi meter
For the gas phase, the Bernoulli equation can be written as;

Pg1 +

1
1
ρ g1U g21 = Pg 2 + ρ g 2U g22
2
2

Equation (3.33)
where P , ρ and U are the static pressure, the density and the velocity respectively.
The subscripts 1, 2 and g refer to the inlet, throat of the Venturi and the gas phase
respectively.
The continuity equation of the gas phase is given by;
U g1 A1α1ρ g1 = U g 2 A2α 2ρ g 2 = m& g

Equation (3.34)
where m& g is the gas mass flow rate.
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The gas density at the inlet of the Venturi ρ g1 is related to the gas density at the
throat of the Venturi, ρ g 2 by the following equation;

P1
γ

ρ g1

=

P2

ρ gγ 2
Equation (3.35)

where γ is the specific heat ratio or adiabatic index. ( γ =

cp
) where c p and cv are the
cv

specific heats at constant pressure and volume respectively.
Equation (3.35) can be re-arranged to give;

ρ g 2 = ρ g1 (Pˆ )1 γ
Equation (3.36)
where;
P
Pˆ = 2
P1

Equation (3.37)
Combining Equations (3.34) and (3.36) gives;
U g1α1 A1 = U g 2α 2 A2 (Pˆ )1 γ

Equation (3.38)
Equation (3.38) can be re-written as;
U ( Pˆ )
2
g2

2γ

α A 
=U  1 1 
α 2 A2 

2

2
g1

Equation (3.39)
Combining Equations (3.33) and (3.36) gives;

Pg1 − Pg 2 =

1
ρ g1 ( Pˆ )1 γ U g22 − U g21
2

{

}
Equation (3.40)

Substituting Equation (3.39) into (3.40) gives;
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Pg1 − Pg 2 = ∆PTP , g

2


1
2  α1 A1 
 ( Pˆ ) −1 γ − 1
= ρ g1U g1 
α A
2
 2 2 


Equation (3.41)
where ∆PTP , g is the measured gas pressure drop under two phase flow. The pressure
lines are gas filled and any differential pressure at the dp cell due to hydrostatic effect
in the gas lines is negligible and so will be ignored.
Equation (3.41) can be re-written as;

U g1 =

2∆PTP , g

ρ g1

1
2

 α1 A1  ˆ −1 γ

 ( P ) − 1
 α 2 A2 
Equation (3.42)

Substituting Equation (3.42) into (3.34) and introducing a discharge coefficient
Cdg , st for the gas phase in a horizontal stratified gas-water two phase flow gives;

m& g , st = ρ g1U g1 A1α1 = 2ρ g1∆PTP , g

Cdg , st A1α1, st
2

 α1, st A1 

 ˆ −1 γ
 α A  ( P) − 1
 2, st 2 
Equation (3.43)

where m& g , st is the gas mass flow rate in a horizontal stratified gas-water two phase
flow through a Venturi meter. The subscript st in Equation (3.43) is added to
distinguish between a horizontal stratified flow and other flow regimes.
The gas density ρ g1 in Equation (3.43) can be written as;

ρ g1 =

P1
rT1

Equation (3.44)
where P1 and T1 are the absolute pressure and absolute temperature at the inlet
section respectively and r is the specific gas constant and is given by;
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r=

1000 R
Mm

Equation (3.45)
where R is the universal gas constant and M m is the relative molecular mass of the
air.

For the liquid phase, the Bernoulli equation can be expressed as;

P1 +

1
1
ρ wU w21 = P2 + ρ wU w2 2
2
2

Equation (3.46)
where the subscript w refers to the water phase.
The continuity equation of the water phase in a stratified gas-water two phase flow is
given by;
U w1 (1 − α1 ) A1ρ w = U w 2 (1 − α 2 ) A2 ρ w = m& w

Equation (3.47)
Re-arranging Equation (3.47) gives;
U w 2 = U w1

(1 − α1 ) A1
(1 − α 2 ) A2

Equation (3.48)
Substituting Equation (3.48) into (3.46) gives;

2


1
2   (1 − α1 ) A1 
( P1 − P2 ) = ρ wU w1 
− 1

2
(1 − α 2 ) A2 



Equation (3.49)
Re-arranging Equation (3.49) gives;
U w1 =

2( P1 − P2 )

ρw

1
2

 (1 − α1 ) A1 

 −1
 (1 − α 2 ) A2 

Equation (3.50)
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Substituting Equation (3.50) into (3.47) gives;

(1 − α1, st ) A1

m& w, st = 2 ρ w ( P1 − P2 )

2

 (1 − α1, st ) A1 

 −1
 (1 − α 2, st ) A2 
Equation (3.51)

The subscript st is added in Equation (3.51) just to distinguish between a horizontal
stratified flow and other flow regimes.
Figure 3-4 shows the real shape of the gas-water boundary in the horizontal Venturi
meter that has been observed in the current investigation. The boundary undergoes a
step change in height from the inlet to the throat of the Venturi meter.

∆PTP , g

Inclined Manometer

+ -

Gas filled lines
GAS

P1
P2

D1
Gaswater
flow

h1

ya
Water filled
line

h2

WATER
0.5(D1-D2)

H L
∆PTP , w

Water filled
line

Reference datum

Figure 3-4: A real (approximated) air-water boundary through a Venturi meter
By basing the analysis on the water boundary at the interface, the influence of the
change in water height on the expression of the water mass flow rate through the
Venturi can be eliminated. With reference to Figure 3-4, Bernoulli’s equation for a
particle of the water phase at the boundary can be written as;
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P1 +

1
1
ρ wU w21 + ρ w gh1 = P2 + ρ wU w2 2 + ρ w g (h2 + 0.5( D1 − D2 ))
2
2

Equation (3.52)
Re-arranging Equation (3.52) gives;
( P1 − P2 ) =

1
ρ w (U w2 2 − U w21 ) − ρ w g {(h1 − h2 ) − 0.5( D1 − D2 )}
2

Equation (3.53)
Equation (3.53) can be re-written as;
~ 1
( P1 − P2 ) − ∆P = ρ w (U w2 2 − U w21 )
2

Equation (3.54)
where;

~
∆P = − ρ w g {(h1 − h2 ) − 0.5( D1 − D2 )}
Equation (3.55)
From Figure 3-4, it is possible to write;
P1 + ρ w g ( ya + h1 ) − {P2 + ρ w g ( ya + 0.5( D1 − D2 ) + h2 )} = ∆PTP , w

Equation (3.56)
where ∆PTP , w is the measured pressure drop across the lower differential pressure
sensor in Figure 3-4. Note that this dp cell is connected to the Venturi by water filled
lines.
Re-arranging Equation (3.56) gives;
( P1 − P2 ) = ∆PTP , w − ρ w g {(h1 − h2 ) − 0.5( D1 − D2 )}

Equation (3.57)
Substituting Equation (3.55) into (3.57) gives;
~
( P1 − P2 ) = ∆PTP , w + ∆P

Equation (3.58)
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Combining Equations (3.48), (3.54) and (3.58) and introducing a discharge
coefficient Cdw, st for the water phase in a stratified gas-water two phase flow enables
derivation of the following expression for the water mass flow rate, m& w, st in stratified
gas-water two phase flow;

m& w, st = Cdw, st

(1 − α1, st ) A1
2

 (1 − α1, st ) A1 

 −1
(
1
−
α
)
A
2 , st
2


2ρ w ∆PTP , w

Equation (3.59)
In a separated flow, the slip ratio, S is not unity as in homogenous flow. The slip
ratio, S at the inlet and the throat of the Venturi can be expressed respectively as;

S1 =

U g1
U w1
Equation (3.60)

and;

S2 =

Ug2
U w2
Equation (3.61)

Dividing Equation (3.34) by (3.47) and combining Equations (3.36), (3.60) and (3.61)
gives;
α2
( Pˆ ) −1 γ
=
α1  S 2
−1 γ 
 (1 − α1 ) + α1 ( Pˆ ) 
 S1


Equation (3.62)

3.2.2

Vertical annular gas-water flow model through a Venturi meter

The new model of a vertical annular gas-water flow through a Venturi meter depends
on the measurements of the gas volume fractions at the inlet and the throat of the
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Venturi rather than relying on prior knowledge of the mass flow quality as in
previous models (see Section 2.2). This model is based on the fact that each phase
flows separately as shown in Figure 3-5.

A1

A2
P2
α2
Water filled lines

+

-

hv
P1

gas
core,
α1

Liquid film thickness
at the throat

Liquid film thickness
at the inlet

∆PTP , meas

Annular flow

Figure 3-5: Annular gas-water flow through a Venturi meter
For the gas phase in vertical annular flow, the Bernoulli equation can be written as;
1
1
P1 + ρ g1U g21 = P2 + ρ g 2U g22 + ∆PH
2
2

Equation (3.63)
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where ∆PH is the magnitude of the hydrostatic head loss between the inlet and the
throat of the Venturi (i.e. between the pressure tappings shown in Figure 3-5).
From Equations (3.34), (3.36) and (3.63) the following relationship is obtained;

(∆PTP , wg

2


1
2  α1 A1 
 ( Pˆ ) −1 γ − 1
− ∆PH ) = ρ g1U g1 
2
 α 2 A2 


Equation (3.64)
where ∆PTP .wg is the gas-water two phase differential pressure drop across the Venturi
in annular flow and is equal to ( P1 − P2 ) .
Equation (3.64) can be re-arranged to give;

U g1 =

1

2(∆PTP , wg − ∆PH

2

ρ g1

 α1 A1  ˆ −1 γ

 ( P) − 1
 α 2 A2 

Equation (3.65)
Combining Equations (3.34) and (3.65) and introducing a discharge coefficient for
the gas phase in annular flow gives;

m& g ,wg = Cdg ,wg

1

(2 ρ {∆P
g1

TP ,wg

− ∆PH })2 A1 A2α1,wgα 2,wg


2
(α1,wg A1 ) Pˆ


−1

( ) − (α
γ

2 ,wg

2
A2 ) 


1
2

Equation (3.66)
where m& g , wg and Cdg , wg are the predicted gas mass flow rate in annular gas-water flow
through the Venturi and the gas discharge coefficient in annular flow respectively.
The subscript wg in Equation (3.66) is added to α1 and α 2 to distinguish between the
gas volume fraction in annular gas-water flow and other flow regimes.
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With reference to Figure 3-5 and given that the lines joining the pressure tappings to
the dp cell are water filled, ∆PTP , wg in Equation (3.66) can be written as;

∆PTP , wg = ρ w ghv − ∆Pwg , meas

Equation (3.67)
where ∆Pwg , meas is the differential pressure in annular gas-water flow measured by the
dP cell.
The hydrostatic head loss term ∆PH in Equation (3.66) can be calculated by making
the assumption that the mean gas volume fraction in the converging section of the
Venturi is α (see Figure 3-6) where;

α =

α1, wg + α 2, wg
2

Equation (3.68)
where α1, wg and α 2, wg are the gas volume fractions at the inlet and the throat of the
Venturi in annular flow.
The hydrostatic head loss term ∆PH can now be expressed as follows (using the
position of the pressure tappings shown in Figure 3-6);

∆PH = ghi {ρ w (1 − α1, wg ) + ρ g1α1, wg }+ ghc {ρ w (1 − α ) + ρ gα }
+ ghtt {ρ w (1 − α 2, wg ) + ρ g 2α 2, wg }
Equation (3.69)
where hi , hc and htt are the heights defined in Figure 3-6.

The gas discharge coefficient Cdg , wg can be expressed as;

Cdg , wg =

m& g , ref , wg
m& g , wg
Equation (3.70)

where m& g , ref , wg is the reference gas mass flow rate in annular flow.
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Throat

htt
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hc

α
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α1, wg
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Figure 3-6: Inlet, converging and throat sections of the Venturi meter
For the water phase in vertical annular flow, the Bernoulli equation can be written as;

P1 +

1
1
ρ wU w21 = P2 + ρ wU w2 2 + ∆PH
2
2

Equation (3.71)
Equations (3.47), (3.48) and (3.71) can now be combined to give the water mass flow
rate in annular gas-water flow m& w, wg ;
m& w, wg = Cdw, wg 2 ρ w (∆PTP , wg − ∆PH )

A1 (1 − α1, wg ) A2 (1 − α 2, wg )
(1 − α1, wg ) 2 A12 − (1 − α 2, wg ) 2 A22

Equation (3.72)
where Cdw, wg is the water discharge coefficient in annular flow. ∆PTP , wg and ∆PH are
defined by Equations (3.67) and (3.69) respectively. Again the subscript wg in
Equation (3.72) is added to α1 and α 2 to distinguish between the gas volume fraction
in annular flow and the gas volume fraction in other flow regimes.
It should be noted that for a given phase, the mass flow rate, m& is related to the
volumetric flow rate, Q by;
m& = ρ Q

Equation (3.73)
where ρ is the density of the phase in question. Hence, the gas and water volumetric
flow rates can be calculated using Equations (3.66), (3.72) and (3.73).
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Summary

A mathematical model of a homogenous gas-water two phase flow through a Venturi
meter has been developed. In homogenous flow, the slip velocity can be assumed to
be unity. The gas volume fraction throughout the Venturi meter in a homogenous
flow can be assumed constant. The gas volume fraction at the inlet of the Venturi in a
homogenous gas-water two phase flow α1, hom can be measured by a differential
pressure technique also known as an “online flow density meter”. The measurement
of the gas volume fraction at the inlet of the Venturi meter enables the volumetric
flow rate of the homogenous mixture, Qm, hom to be determined (see Equation (3.9)).

In a separated flow, the assumption of equal phase velocities is no longer valid and
relying only on measurement of the gas volume fraction at the inlet of the Venturi
would not reasonably be expected to lead to highly accurate results. New models
were investigated to measure the gas/water mass flow rate in a stratified/annular two
phase flows through a Venturi meter. The measurements of the differential pressure
across the Venturi meter and the gas volume fractions at the inlet and the throat of the
Venturi enable the gas and the water mass flow rates in separated flows (i.e.
horizontal stratified and vertical annular flows) to be determined using Equations
(3.43), (3.59), (3.66) and (3.72).

It is clear that, the advantage of the new separated flow models (see Section 3.2)
over the previous models described in Section 2.2 is that they do not require prior
knowledge of mass flow quality, x. In other words, the new models depend only on
the measurement of α1 and α 2 which makes the measurement technique more
practical than those used previously.
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Chapter 4

Design and Construction of a Flow Density
Meter (FDM), Universal Venturi Meter and
a Conductance Multiphase flow Meter

Introduction

Two Venturis were used in the research described in this thesis. The first Venturi
which is a Universal Venturi Tube (UVT) (interchangeably called a non-conductance
UVT in this thesis) was used to study a bubbly ( gas-water two phase flow while the
second Venturi was used to study separated flows (i.e. annular and stratified flows).
The second Venturi used in this research is called a Conductance Multiphase Venturi
Meter (CMVM) because it contains apparatus for measuring the electrical
conductance of flowing mixtures. The CMVM is combined with the Conductance
Inlet Void Fraction Meter (CIVFM) to form the conductance multiphase flow meter.
In a homogenous gas-water flow, the gas volume fraction at the inlet and the throat
of the Venturi can be assumed equal. Therefore, measurement of the gas volume
fraction α1, hom at the inlet of the Venturi enables estimation of the mixture volume
flow rate Qm, hom in a homogenous gas-water two phase flow through a Venturi meter
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using Equation (3.9). A Flow Density Meter (FDM) was designed and constructed to
measure the gas volume fraction α1, hom at the inlet of the non-conductance Venturi
meter. The UVT was designed and constructed principally to study homogenous gaswater two phase flows (see Section 4.2).
Separated flow in a Venturi meter is highly complex and, therefore, to measure
m& g , wg , m& w, wg , m& g , st and m& w, st (see Equations (3.43), (3.59), (3.66) and (3.72)) in such

conditions a gas volume fraction measurement technique must also be introduced at
the throat of the Venturi instead of just relying on the gas volume fraction
measurement at the Venturi inlet.
An advanced conductance multiphase flow meter which is capable of measuring the
gas volume fractions at the inlet and the throat of the Venturi was designed and
constructed. This device combined the CIVFM and the CMVM.
The CIVFM measured the gas volume fraction at the inlet of the Venturi while the
CMVM measured the gas volume fraction at the throat of the Venturi meter. This
arrangement enables gas volume fraction measurements to be made in horizontal
flows unlike the FDM technique, described in Sections 3.1.1 and 4.1, which relies on
some vertical separation between the pressure tappings. Two ring electrodes at the
inlet and two ring electrodes at the throat of the Venturi were used to obtain the gas
volume fraction at the inlet and the throat of the Venturi [145].
In this chapter, the design and construction of the FDM which is capable of
measuring the gas volume fraction at the inlet of the UVT in a bubbly (approximately
homogenous) gas-water two phase flow is presented in Section 4.1. The FDM cannot
be used in horizontal flows but homogenous air-water flows are normally only
encountered in vertical or near vertical pipelines (and with gas volume fraction less
than about 17%).
This chapter also presents the design and construction of the UVT and the
conductance multiphase flow meter which can be used to study homogenous and
104

Chapter 4: Design and Construction of a FDM, Universal Venturi meter and a conductance multiphase flow meter

separated flows respectively (see Sections 4.2 and 4.3). The design of the wall
conductance sensors that can be used to measure the liquid film flow rate in annular
gas-water two phase flow is also presented in Section 4.4.

4.1 Design of the Flow Density Meter (FDM)
A combination of the FDM and the non-conductance Venturi meter (or UVT) enables
the mixture volumetric flow rate in a homogenous gas-water two phase flow to be
determined (see Equation (3.9)). The design of the UVT is discussed in Section 4.2.
Figure 4-1 shows the design of the online FDM.
The gauge pressure sensor was used as shown in Figure 4-1. Measured gauge
pressure was added to atmospheric pressure (from a barometer) to give absolute
pressure in the FDM. The absolute pressure together with the measured temperature
(from a thermocouple) in o K were used to correct the measured reference gas mass
flow rate from a thermal mass flow meter to a reference gas volumetric flow rate.
In order to determine the gas volume fraction at the inlet of the UVT using the FDM,
the differential pressure ∆Ppipe (see Equation (3.11)) must be measured. A Yokogawa
dp cell connected to the pressure tappings via water filled lines was installed to do
this task. The pressure tapping separation in the vertical pipe section is 1m. It should
be noted that the FDM can be used in vertical and inclined flows (but not horizontal).
For the current study, it was only used in vertical flows (i.e. θ = 0 in Equation (3.14)).
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370 mm

178 mm

Ground

Figure 4-1: The design of the FDM
4.2 Design of the Universal Venturi Tube (UVT)
The UVT was used to study vertical bubbly (approximately homogenous) gas-water
two phase flows, and Figure 4-2 shows the dimensions of the UVT. Basically, this
Venturi meter was originally designed at the University of Huddersfield to measure
the water or gas flow rate alone (i.e. single phase flow rate). Since a homogenous
flow can be treated as a single phase flow, this Venturi design was used in
conjunction with the FDM described in Section 4.1 to study vertical, bubbly
(approximately homogenous) gas water two phase flows.
The angles and dimensions of the UVT are identical to the hydraulic shape designed
by [146]. This Venturi meter is composed of the transition section (which consists of
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a 40o inlet and a 7 o throat cone), the throat section and the 5o outlet section (see
Figure 4-2). The Venturi meter and its 2D drawing were designed using “Solid
Works” package.
A differential pressure ∆Phom measured by a dp cell connected between the inlet and
throat of the Venturi meter via water filled lines was necessary to calculate the
mixture volumetric flow rate Qm, hom (see Equation (3.9)). This differential pressure
was measured using a Honeywell differential pressure transmitter.

(a) Assembly of the non-conductance Venturi meter (UVT)

(b) 2D drawing of the non-conductance Venturi meter (UVT)

Figure 4-2: The design of the non-conductance Venturi meter (UVT)

107

Chapter 4: Design and Construction of a FDM, Universal Venturi meter and a conductance multiphase flow meter

A schematic diagram of the combined FDM section and the UVT which represents
the test section used to investigate vertical, bubbly (approximately homogenous) gas
water two phase flows is shown in Figure 4-3.

L
∆Phom

H

Temperature sensor

H

∆Ppipe

Gauge pressure sensor

L

Homogenous gas-water
two phase flows

Figure 4-3: A schematic diagram of the FDM and the UVT (insert photo showsthe UVT)
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4.3 Design of the conductance multiphase flow meter
The reason for designing the novel conductance multiphase flow meter is to enable
measurement of the gas volume fraction at the inlet and the throat of the Venturi
using an electrical conductance technique. This, in turn, enables the gas and the water
flow rates to be measured in separated flows (i.e. annular (wet gas) and stratified gaswater two phase flows) using the theory outlined in Chapter 3. The use of electrical
conductance techniques means that gas volume fraction measurement is possible even
in horizontal flows. The FDM technique described in Section 4.1 relies on differential
pressure measurement and so cannot be used in horizontal flows. Measurement of the
gas volume fraction at the inlet and the throat of the Venturi gives an advantage over
previous work because it is not necessary to know the mass flow quality, x (see the
new mathematical model in Sections 3.2.1 and 3.2.2). This makes the measurement
technique described in this thesis more reliable and practical.
The conductance multiphase flow meter consists of two parts;
(i) The Conductance Inlet Void Fraction Meter, CIVFM (see Section 4.3.1), and
(ii) The Conductance Multiphase Venturi Meter, CMVM (see Section 4.3.2).
The CIVFM is used to measure the gas volume fraction at the inlet of the Venturi.
Electrodes at the throat section of the CMVM are used to measure the gas volume
fraction at the throat of the Venturi.

4.3.1

Design of the conductance inlet void fraction meter (CIVFM)

The CIVFM was designed to measure the gas volume fraction at the inlet of the
Venturi by measuring the electrical conductance of the water-air mixture between two
electrodes (denoted ‘Electrode-1’ and ‘Electrode-2’ in Figure 4-4). Figure 4-4 shows
the assembly of the CIVFM. The 2D drawing of the CIVFM is shown in Figure 4-5.
Figure 4-6 shows some photos of the CIVFM.
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Figure 4-4: Assembly parts of the conductance inlet void fraction meter CIVFM)

Figure 4-5: 2D drawing of the conductance inlet void fraction meter (CIVFM)
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Figure 4-6: Photos of the conductance inlet void fraction meter (CIVFM)

4.3.2

Design of the Conductance Multiphase Venturi Meter (CMVM)

The CMVM shown in Figure 4-7 consists of eleven elements; two threaded flanges,
four O-rings, two stainless steel electrodes, and Venturi, inlet, throat, and outlet
sections. The two stainless steel electrodes flush mounted with the inner surface of
the Venturi throat are used for measuring the gas volume fraction at the throat by
measuring the electrical conductance of the water-air mixture, as described in
Sections 5.1 and 5.3. One of the most advanced features of this design is that all parts
can be assembled/disassembled easily including the threaded flanges. Another
advantage of this design is that it is very straightforward to change the throat section
[145]. Changing the throat section with four electrodes enables the velocity of the
water film in annular flow to be determined using a cross-correlation technique.
2-D drawings of the inlet, electrode, throat and the outlet of the conductance Venturi
section are shown in Figures 4-8 to 4-11. The complete 2-D drawing of the CMVM
including all eleven parts; the inlet, four electrodes with eight o-rings, the throat and
the outlet sections is shown in Figure 4.12.
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Figure 4-7: The assembly parts of the conductance multiphase Venturi meter
(CMVM)

Figure 4-8: Inlet section of the CMVM
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(a) Electrodes

(b) O-ring
Figure 4-9: Design of the electrode and O-ring

Scale 1:0.8

Figure 4-10: Design of the throat section
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Figure 4-11: Design of the outlet section

Figure 4-12: Full 2D drawing of the CMVM after assembly

4.4 Design of the conductance wall sensor
Wall Conductance Sensors (WCSs) were used as an alternative method of measuring
the liquid film thickness and velocity in annular gas-water two phase flow (see
Section 8.11). Figure 4-13 shows the design of the test section which includes two
WCSs. The electrodes in the WCS are made from stainless steel. Figure 4-14 shows
the non-scale 2-D drawing of the WCS [147]. The picture of the test section is also
shown in Figure 4-14.
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Wall conductance
sensor
Source of the picture: Al-Yarubi ( 2010)

Figure 4-13: Test section with wall conductance sensors

(a) 2-D (non-scale) drawing of the wall conductance sensor

(b) Picture of the wall conductance sensor
Source of the figure: Al-Yarubi (2010)

Figure 4-14: Design of the wall conductance flow meter
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4.5 The measurement electronics system
Conductance electronics circuits were built to measure the water film thickness in
annular flow (and hence the gas volume fraction at the inlet and the throat of the
Venturi). In horizontal stratified flows these circuits can be used to measure the water
level at the inlet and the throat of the Venturi (and hence the gas volume fraction at
the inlet and the throat of the Venturi meter in horizontal stratified flows).
Two similar electronics circuits were built to measure the gas volume fraction at the
inlet and the throat of the Venturi in annular and stratified flows respectively. The
first circuit was connected to the electrodes at the CIVFM in which the inlet gas
volume fraction can be measured in both vertical annular and horizontal stratified
gas-water two phase flows. The second electronic circuit was connected to the
electrodes at the throat of the CMVM in order to measure the gas volume fraction at
the throat of the CMVM in vertical and horizontal stratified two phase flows.
The complete block diagram of the measurement electronics system is shown in
Figure 4-15. It consists of seven stages; a pre-amplifier (see Figure 4-17), an
amplifier stage, a half-wave rectifier, a low-pass filter, a non-inverting amplifier,
buffer and zero offset adjustment and RC ripple filter.
To calibrate the conductance multiphase flow meter (i.e. CIVFM and CMVM)
described in Sections 4.3.1 and 4.3.2, in simulated annular flow the zero offset stage
(see Figure 4.16) was adjusted to give a zero output voltage when no water was
present between the electrodes at the inlet and the throat of the Venturi (i.e. at the
CIVFM and CMVM respectively). The amplifier stage (see Figure 4.16) was then
adjusted to give a maximum output voltage when the area between the electrodes at
the inlet and the throat of the Venturi was completely filled with water. After that,
different diameters of nylon rods were inserted in the inlet and the throat of the
Venturi to obtain the calibration curves for the CIVFM and the CMVM in which the
water film thickness in annular flow (and hence the gas volume fraction at the inlet
and the throat of the Venturi) can be related with the dc output voltages directly.
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In a like manner, the conductance multiphase flow meter for use in simulated
horizontal stratified flows was calibrated by adjusting a zero offset stage to give a
zero output voltage when no water was present between the electrodes at the inlet and
the throat of the Venturi. The area between the electrodes at the inlet and the throat of
the Venturi was then completely filled with water and the amplifier stage was
adjusted to give a maximum output voltage. Varying the water levels in simulated
stratified flows and recording the dc output voltages enable the gas volume fraction at
the inlet and the throat of the Venturi to be determined. The bench test on the
conductance multiphase flow meter for simulated annular and simulated stratified
flows is fully described in Chapter 5.
Electrodes
Preamplifier
stage

Amplifier stage

Half wave
rectifier

Buffer and zero
offset

Non-inverting
amplifier

Low-pass filter

RC ripple filter

dc output
voltage

Gas-water
flow

Signal generator:
2.12 V, 10 kHz

Figure 4-15: Block diagram of the measurement electronics
The circuit diagram of the conductance electronic circuit is shown in Figure 4-16.
The excitation voltage and the wave frequency are 2.12 p-p volt and 10kHz
respectively. The choice of the excitation frequency is very important since it would
affect the operation of the probes. It has previously been mentioned [148] that, at low
frequencies, a double layer effects might be appeared in which the conductance
between the electrodes is affected by capacitance and resistive elements at the
electrode-electrolyte interfaces.
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Figure 4-16: A schematic diagram of the conductance electronic circuit
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Summary
A non-conductance UVT which can be used to measure phase flow rates in bubbly
(approximately homogenous) gas-water two phase flows was designed. A
combination of the UVT and FDM forms a two phase flow meter for homogenous
flows.
The FDM was designed and constructed to measure the gas volume fraction at the
inlet of the UVT in a homogenous gas-water two phase flow (see Section 4.1).
Separated flow in a Venturi meter is highly complex and the application of a
homogenous flow model could not reasonably be expected to lead to accurate results.
As a result, an advanced conductance multiphase flow meter was designed and
constructed. One of the most advanced features of this design is that all parts can be
assembled and disassembled easily. The conductance multiphase flow meter is also
capable of measuring the gas volume fraction at the inlet and the throat of the
Venturi.
The conductance multiphase flow meter consists of two parts (see Section 4.3);
(iii)

the Conductance Inlet Void Fraction Meter (CIVFM) which is
capable of measuring the gas volume fraction at the inlet of the
Venturi.

(iv)

the Conductance Multiphase Venturi Meter (CMVM) in which two
ring electrodes are mounted at the throat to measure the gas
volume fraction at the throat of the Venturi.

It should be noted that the advantage of designing and constructing the advanced
conductance multiphase flow meter is that the gas volume fraction at the inlet and the
throat of the Venturi can be obtained (instead of relying on prior knowledge of the
mass flow quality, x) allowing the gas and the water mass flow rates in vertical
annular and horizontal stratified flows to be measured using Equations (3.43), (3.59),
(3.66) and (3.72). This makes the measurement technique described in this thesis
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more practical in multiphase flow applications since the online measurement of x is
difficult and not practical.
The design of WCSs was presented in Section 4.4. A WCS was used as an alternative
method of measuring the water film flow rate in annular gas-water two phase flows
(see also Sections 8.11 and 8.12).
The conductance electronic circuits were built and calibrated to give dc output
voltages which are proportional to the conductance of the mixture which can then be
related to the water film thicknesses in annular flow (and hence to the gas volume
fraction at the inlet and the throat of the Venturi) and to the volume occupied by the
liquid in a horizontal stratified flow (and hence, again, to the gas volume fraction at
the inlet and the throat of the Venturi).
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Chapter 5
Bench Tests on the Conductance
Multiphase Flow Meter
Introduction
At the beginning of this chapter it should be reiterated that the Conductance
Multiphase Flow Meter is a combination of the Conductance Inlet Void Fraction
Meter (CIVFM) which is capable of measuring the gas volume fraction at the inlet of
the Venturi in annular and stratified gas-water two phase flow and the Conductance
Multiphase Venturi Meter (CMVM) one of the purposes of which is to measure the
gas volume fraction at the throat of the Venturi in separated flows (i.e. annular and
stratified gas-water two phase flows). The reason for measuring the gas volume
fraction at the inlet and the throat of the Venturi is to determine the gas and the water
mass flow rates in vertical annular and horizontal stratified flows using Equations
(3.43), (3.59), (3.66) and (3.72). Relying on the measurement of the gas volume
fraction at the inlet and the throat of the Venturi instead of prior knowledge of the
mass flow quality x (as in the previous work described in Section 2.2) makes the
measurement techniques described in this thesis more practical since the
measurement of x is difficult in multiphase flow applications.
Before the CIVFM and the CMVM were used dynamically in the flow loop as a
Conductance Multiphase Flow Meter, a number of experimental bench testing
procedures were carried out. A bench test rig was designed and built in order to
calibrate the conductance measurement systems of the conductance multiphase flow
meter.
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This chapter presents the static testing procedures carried out on the conductance
multiphase flow meter to simulate annular and stratified flows. Section 5.1 describes
the bench testing procedures for the conductance multiphase flow meter in simulated
annular flow in which the calibration curve of the CIVFM that relates the gas volume
fraction at the inlet of the Venturi with a dc output voltage can be obtained. The
calibration of the CMVM in which the gas volume fraction at the throat of the
Venturi can be found as a function of a second dc output voltage is also described in
Section 5.1.
The experimental bench testing procedures carried out for the conductance
multiphase flow meter (i.e. CIVFM and CMVM) in simulated stratified flow are
described in Section 5.2.

5.1 Experimental procedure for the static testing of the conductance multiphase
flow meter in simulated annular flow
A test rig was built to measure the simulated gas volume fraction at the inlet and the
throat of the Venturi (i.e. at the CIVFM and the CMVM respectively) in simulated
annular gas-water two phase flow. It should be noted that the static and dynamic
measurements were taken at the laboratory conditions in which the temperature of the
water was kept constant at 22.5oC. Measurement of the water conductivity was taken
using a conventional conductivity meter showed a value of 132.6µScm-1 for all of the
experiments described in this thesis. [Note that for a device used in applications
where the liquid conductivity is likely vary, the liquid conductivity should be
measured on-line and the calibration curves should be compensated for such changes
in conductivity, see further work in Chapter 11].
The simulation of the liquid film thickness and the gas volume fraction at the inlet of
the Venturi (i.e. at the CIVFM) is described in Section 5.1.1. The experimental setup
of simulated annular two phase flow through a CIVFM is presented in Section 5.1.2.
The simulation of the liquid film thickness (and hence the gas volume fraction at the
throat of the Venturi (i.e. at the CMVM)) and the experimental setup of simulated
annular flow through a CMVM are described in Sections 5.1.3 and 5.1.4 respectively.
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5.1.1

Simulation of the liquid film thickness and the gas volume fraction at the
CIVFM in simulated annular flow

To simulate the film thickness in the vertical CIVFM, different diameters of nylon
rods were inserted through the CIVFM [145,149]. The gap between the outer surface
of the rod and the inner surface of the pipe wall was then filled with water,
representing the water film that would occur in a real annular flow as shown in Figure
5-1. The nylon rod holder at the bottom of the system (see Figure 5-1) was used to
hold different diameters of nylon rod in the static tests to ensure that the nylon rod
was located at the precise centre of the system (i.e. the gap between the outer surface
of the rod and the inner surface of the pipe wall was the same at any given axial
location within the CIVFM).

D1
Drod
Electrodes

Aw1
Ag1
Water film
Nylon rod

Nylon rod holder
(a)

(b)

(c)

Figure 5-1: Configuration of the vertical simulated annular flow at the CIVFM;
(a) film thickness in annular flow, (b) a picture of the nylon rod, (c) Nylon rod
holder
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From Figure 5-1, the water film thickness in simulated annular flow, δ1, sim, ann at the
inlet of the Venturi (i.e. at the CIVFM) is given by;

δ1, sim , ann =

D1 − Drod
2

Equation (5.1)
where D1 is the pipe diameter of the CIVFM (i.e. the same diameter as the inlet of the
Venturi) and Drod is the rod diameter.
The gas volume fraction at the inlet of the Venturi (i.e. at the CIVFM) is defined as
the ratio of area occupied by the gas to the total flow area. Therefore, the gas volume
fraction at the inlet of the Venturi in simulated annular flow α1, sim, ann can be expressed
as;

α1, sim, ann

 2δ

= 1 − 1, sim, ann 
D1 


2

Equation (5.2)

5.1.2

Experimental setup of simulated annular two phase flow through a
CIVFM

Figure 5-2 shows the bench test experimental setup in vertical simulated annular flow
through the CIVFM. One of the electrodes at the CIVFM was connected to the signal
generator in which the excitation voltage and the sine-wave frequency were 2.12V pp and 10kHz respectively. The other electrode (measurement electrode) was then
connected to the conductance circuit (see Figure 4-16). The circuit was adjusted so
that a zero output voltage was obtained when no water (only air) was present between
the electrodes at the CIVFM. The area between the electrodes of the CIVFM was then
completely filled with water and a maximum dc output voltage was obtained by
adjusting the variable resistance in the amplifier stage (see Figure 4-16). Different
diameters of nylon rod were then inserted through the CIVFM and the area between
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the outer surface of the rod and the inner surface of the CIVFM was filled with water
and the dc output voltages were recorded using the interfacing system (see Figure 52). The dc output voltage for each test was related to the water film thickness and
hence the gas volume fraction at the inlet of the Venturi.

Nylon rod

Interfacing system
(Labjack- U12)
Electrode

Matlab code

Conductance
circuit

Signal
generator

δ1, sim, ann , α1, sim, ann

CIVFM

Figure 5-2: Bench test experimental setup of the simulated annular two phase
flow through a CMVM
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5.1.3

Simulation of the liquid film thickness and the gas volume fraction at the
throat of the CMVM in simulated annular flow

Static tests on the throat section of the CMVM were performed in the same manner of
the CIVFM (see Section 5.1.1) in which non-conducting nylon rods with different
diameters were inserted in the throat section of the CMVM. The gap between the
outer surface of the rod and the inner surface of the throat wall was then filled with
water, representing the water film that would occur in a real annular gas-water two
phase flow as shown in Figure 5-3.

D2
Drod

Aw2

Ag2
Water film

Nylon rod

Figure 5-3: Configuration of the vertical simulated annular flow at throat
section of the CMVM
From Figure 5-3, the water film thickness in simulated annular flow, δ 2, sim, ann at the
throat section of the CMVM can be written as;

δ 2, sim , ann =

D2 − Drod
2

Equation (5.3)
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The gas volume fraction at the throat of the CMVM in simulated annular flow

α 2, sim, ann can be expressed as;

α 2, sim, ann

 2δ

= 1 − 2, sim , ann 
D2 


2

Equation (5.4)
It should be noted that the water film thicknesses δ1, sim, ann and δ 2, sim, ann in Equations
(5.2) and (5.4) are measured from the CIVFM and the CMVM respectively.
Measurement of δ1, sim, ann and δ 2, sim, ann enables the gas volume fractions α1, sim, ann and

α 2, sim, ann to be determined.

5.1.4

Experimental setup of simulated annular two phase flow through a
CMVM

Figure 5-4 shows the bench test experimental setup for simulated annular flow
through the CMVM. One of the electrodes at the throat of the CMVM was excited by
a sine wave (2.12 V p-p and 10kHz) while the other electrode was connected to the
conductance circuit (see Figure 4-16). A dc output voltage which is proportional to
the water film thickness was recorded using the interfacing system (a Lab-jack U12)
in which the relationship between the gas volume fraction α 2, sim, ann and the dc output
voltage was obtained. It should be noted that before different diameters of nylon rod
were inserted in the throat of CMVM, a zero output stage (see Figure 4-16) was
adjusted to give a zero output voltage when no water was present between the
electrodes and then a maximum dc output voltage was set when the throat of the
CMVM was completely filled with water.

127

Chapter 5: Bench Tests on the Conductance Multiphase Flow Meter

Nylon rod

Interfacing system
(Labjack- U12)

Signal
generator

Matlab code

Electrode

Conductance
circuit

δ 2 g , sim, st & α 2 g , sim , st
CMVM

Figure 5-4: Bench test experimental setup of the simulated annular two phase
flow through a CMVM
5.2 Experimental procedure for the static testing of the conductance multiphase
flow meter in simulated stratified flow
For simulated horizontal stratified flow, the conductance multiphase flow meter was
statically calibrated by varying the level of water at the inlet and the throat of the
Venturi. The height of the water at the inlet of the Venturi (i.e. at the CIVFM) could
then be related to the inlet gas volume fraction while the gas volume fraction at the
throat of the CMVM could be obtained from the height of the water at the throat
section (see also Section 5.2.2). The height of the water at the inlet and the throat of
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the Venturi was measured by a ruler (see Figure 5-6). Figure 5-5 shows the
configuration of the horizontal stratified gas-water two phase flow.

Figure 5-5: configuration of the horizontal stratified gas-water two phase flow.
From Figure 5-5, it is possible to write;

θ = cos −1

h
R

Equation (5.5)
where R is the radius of the pipe, θ and h are the angle and the height shown in
Figure 5-5.
The area occupied by the gas Ag in Figure 5-5 can be written as;
Ag =

2θ
× πR 2 − Bh
360

Equation (5.6)
The parameter B in Equation (5.6) is given by;

B = R2 − h2
Equation (5.7)
The general expression of the gas volume fraction α can then be expressed as;

α=

 2θ
 1
=
× πR 2 − h R 2 − h  ⋅ 2
A  360
 πR

Ag

Equation (5.8)
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Equation (5-8) is a general form of the gas volume fraction. In other words, it can be
used to calculate the gas volume fraction at the inlet and the throat of the Venturi.

5.2.1

Gas volume fraction at the inlet and the throat of the Venturi in
simulated stratified gas-water two phase flow

The gas volume fraction at the inlet of the Venturi (i.e. at the CIVFM) and the gas
volume fraction at the throat of the CMVM can both be determined with the aid of
Equation (5.8) which is a general equation for the gas volume fraction and, by use of
the appropriate variables, can be applied to either the CIVFM or the CMVM.
Therefore, the gas volume fraction at the inlet of the Venturi (i.e. CIVFM) in
simulated horizontal stratified flow α1, sim, st can be expressed as;

α1, sim, st =

Ag1, sim , st
A1.sim, st

 2θ

1
2
=  1, sim, st × πR1, sim, st − h1, sim , st R12, sim, st − h1, sim , st  ⋅ 2
 360
 πR1, sim, st

Equation (5.9)
where the subscript 1, sim, st refers to the inlet of the Venturi which is the CIVFM.
For example, R1, sim, st is the radius of the pipe at the CIVFM (i.e. 40 mm).

In a like manner, the gas volume fraction at the throat section of the CMVM in
simulated horizontal stratified flow α 2, sim, st can be expressed as;

α 2, sim, st =

Ag 2, sim, st
A1.sim, st

 2θ

1
2
=  2, sim, st × πR2, sim, st − h2, sim, st R22, sim, st − h2, sim, st  ⋅ 2
 360
 πR2, sim, st

Equation (5.10)
where the subscript 2, sim, st refers to the throat of the Venturi. For example,
R2, sim , st is the radius of the pipe at the throat of the CMVM (i.e. 24 mm).
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5.2.2

Bench test experimental setup for simulating stratified gas-water two
phase flow through the conductance multiphase flow meter

This section describes the experimental setup for simulating stratified flow through
the CIVFM and the CMVM. Figure 5-6 shows the bench experimental setup for
simulated stratified two phase flow.

Signal generator
CIVFM

CMVM

Electrode

Ruler
Output voltages
Electrical
conductance circuits

Matlab code

α1, sim, st & α 2, sim, st
Interfacing system
(Labjack- U12)

Figure 5-6: Bench test experimental setup of horizontal simulated stratified two
phase flow through a CIVFM and CMVM
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The zero offset stage (see Figure 4-16) was first adjusted to give a zero dc output
voltage from the conductance circuits for both the CIVFM and CMVM when no
water was present. The pipe section (i.e. CIVFM and CMVM) was then filled
completely with water and maximum dc output voltages obtained from both circuits
were set by adjusting the gain of the amplifier stage for each circuit (see Figure 4-16).
The water level was then gradually varied and the dc output voltages from the two
electrical conductance circuits (one connected to the electrodes of the CIVFM and the
other connected to the electrodes at the throat section of the CMVM) which were
related to the height of the water in the system, and hence to the gas volume fraction
at the inlet and the throat, were recorded. The dc output voltages from two electrical
conductance circuits (see Figure 4-16) were interfaced to the PC via a data acquisition
unit, Labjack U-12. The operation of the Labjack U-12 was controlled using
MATLAB software. The gas volume fractions α1, sim, st and α 2, sim, st (see Equations
(5.9) and (5.10)) in simulated stratified two phase flow could then be calculated as the
water level in the horizontal CIVFM/CMVM system was altered.
It should be noted that cross-talk effects in simulated annular and stratified flows
were examined and it was found that there were no effects on the conductance sensors
of either CIVFM or CMVM. In simulated vertical annular flow, this was done as
follows;

(i) 1st test: Cross-talk effect when the CIVFM was active;
1. The CIVFM and the CMVM were filled with water.
2. The excitation electrode at the CIVFM was then excited by the 10kHz
2.12V p-p signal.
3. The dc output voltages obtained from the measurement electrode at the
throat section of the CMVM were recorded when different diameters
of nylon rod were inserted at the CIVFM and the CMVM.
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(ii) 2nd test: Cross-talk effect when the CMVM was active;
1. The CIVFM and the CMVM were filled with water.
2. The excitation electrode at the throat section of the CMVM were
excited (i.e. active CMVM).
3. The dc output voltages were obtained from the measurement electrode
at the CIVFM for different liquid film thicknesses (i.e. different
diameters of nylon rod were used).
In a like manner, the cross-talk effect in simulated horizontal stratified flow (see
Figure 5-6) was checked by exciting the excitation electrode at the CIVFM and
recording the dc output voltages from the measurement electrode at the throat of the
CMVM for different levels of water. The same test was performed in which the
excitation electrode at the throat of the CMVM was activated and the dc output
voltages were obtained from the measurement electrode at the CIVFM for different
levels of water.

5.3 Experimental results from static testing of the conductance multiphase flow
meter in simulated annular flow
As mentioned earlier, the conductance multiphase flow meter consists of two parts;
(i) the conductance inlet void fraction meter (CIVFM) which is capable of measuring
the water film thickness δ1, sim, ann at the inlet of the Venturi in simulated annular flow
and (ii) the Conductance Multiphase Venturi Meter (CMVM) which can be used to
measure the water film thickness δ 2, sim, ann at the throat of the Venturi. Measurement
of δ1, sim, ann and δ 2, sim, ann enables the gas volume fractions α1, sim, ann and α 2, sim, ann to be
determined using Equations (5.2) and (5.4) respectively.
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5.3.1

Experimental results from the conductance inlet void fraction meter
(CIVFM) in simulated annular flow

Figure 5-7 shows the relationship between the dc output voltage V1, sim, ann from the
CIVFM and the simulated water film thickness δ1, sim, ann in the CIVFM obtained from
the vertical simulated annular flow experiments. This relationship enables the actual
water film thickness δ1 to be determined in a real annular gas-water two phase flow
(see Section 8.3).

4

V 1,sim,ann (V)

3.5
3
2.5
2
1.5
1
0.5
0
0

0.01

0.02

0.03

0.04

0.05

δ1 ,sim,ann (m)

Figure 5-7: The relationship between the dc output voltage and the water film
thickness at the Conductance Inlet Void Fraction Meter in a vertical simulated
annular flow

Once the water film thickness δ1, sim, ann at the CIVFM was obtained, the gas volume
fraction α1.sim, ann at the inlet of the Venturi (i.e. at the CIVFM) in simulated annular
flow can then be easily determined from Equation (5.2). The gas volume fraction

α1.sim, ann can be plotted either as a function of the water film thickness δ1.sim, ann or as a
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function of the dc output voltage V1, sim, ann as shown in Figures 5-8 and 5-9
respectively.
It should be noted that the reason for plotting the independent variable (e.g. α1, sim, ann ,

α 2, sim, ann , α1, sim, st or α 2, sim, st ) on the vertical axis and the dependent variable (e.g.
V1, sim, ann , V2, sim, ann , V1, sim , st or V2, sim, st ) on the horizontal axis, in some of the graphs in
this chapter, is that the gas volume fractions α1, sim, ann , α 2, sim, ann , α1, sim, st and α 2, sim, st
can be obtained from the corresponding dc output voltages V1, sim, ann , V2, sim, ann , V1, sim , st
and V2, sim, st . Therefore plotting gas volume fraction against dc output voltage enables
a more convenient best fit polynomial equation to be obtained. This polynomial
equation enables the gas volume fractions to be determined directly from the dc
output voltages (obtained from the conductance circuits) in real annular and stratified
flows.

α 1,sim,ann

1.1
1
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0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.01

0.02

0.03

0.04

Water film thickness, δ1.sim ,ann (m)
Figure 5-8: Variation of the gas volume fraction α1.sim, ann at Conductance Inlet
Void Fraction Meter with the water film thickness, δ1.sim, ann
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Figure 5-9: Variation of the gas volume fraction α1.sim, ann with the dc output
voltage V1, sim, ann from the Conductance Inlet Void Fraction Meter system

Equation (5.11) shows a good fit to the static experimental data of α1.sim, ann over the
full range of V1, sim, ann .

α1, sim, ann = −0.0163V16, sim, ann + 0.1378V15, sim, ann − 0.429V14, sim, ann + 0.5807V13, sim, ann
− 0.339V1,2sim, ann + 0.0062V1, sim, ann + 0.9978

Equation (5.11)

5.3.2

Experimental results from the conductance multiphase Venturi meter
(CMVM) in simulated annular flow

The two electrodes mounted at the throat of the CMVM were used to measure the
film thickness δ 2.sim, ann at the throat of the Venturi. Measurement of δ 2.sim, ann enables
the gas volume fraction α 2.sim, ann at the throat of the CMVM to be determined (see
Equation (5.4)). Figure 5-10 shows the relationship between the dc output voltage
V2, sim, ann obtained from the CMVM and the water film thickness δ 2, sim, ann in simulated
annular flow.
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The gas volume fraction α 2.sim, ann at the throat of the CMVM can then be determined
from the water film thickness δ 2, sim, ann using Equation (5.4) as shown in Figure 5-11.
The gas volume fraction α 2.sim, ann at the Venturi throat can be also related to the dc
output voltage V2, sim, ann as shown in Figure 5-12.
3.5

V2,sim,ann (V)

3
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1.5
1
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0
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0.015
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0.03

Film thickness, δ 2, sim, ann (m)

Figure 5-10: Relationship between V2, sim, ann and δ 2, sim, ann at throat of the
Conductance Multiphase Venturi Meter in simulated annular flow
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Figure 5-11 Variation of α 2.sim, ann with δ 2, sim, ann at the throat of the Conductance
Multiphase Venturi Meter in simulated annular flow
137

Chapter 5: Bench Tests on the Conductance Multiphase Flow Meter

1.2

α2,sim,ann

1
0.8
0.6
0.4
0.2
0
0

0.5

1

1.5

2

2.5

3

3.5

V2, sim, ann (V)

Figure 5-12: Relationship between the gas volume fraction α 2.sim, ann and the dc
output voltage V2, sim, ann at the throat of the Conductance Multiphase Venturi
Meter in simulated annular flow
A best fit to the static experimental data relating the gas volume fraction α 2.sim, ann at
the throat of the CMVM to the dc output voltage V2, sim, ann (see Figure 5-12) is given
by;

α 2, sim, ann = 0.0038V26, sim, ann − 0.0441V25, sim, ann + 0.1873V24, sim, ann − 0.4002V23, sim, ann
+ 0.446V22, sim, ann - 0.382V2, sim, ann + 1.0044

Equation (5.12)

5.4 Experimental results from the static testing of the conductance multiphase
flow meter in simulated stratified flow
In simulated horizontal stratified flow, the CIVFM was used to measure the gas
volume fraction α1, sim, st at the inlet of the Venturi. The gas volume fraction α 2, sim, st at
the throat of the Venturi was measured by the two electrodes mounted at the throat of
the CMVM (see Section 5.2.2). Reference measurements of α1, sim, st and α 2, sim, st were
obtained from the heights of the water at the CIVFM and the throat section of the
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CMVM, h1, sim, st and h2, sim , st respectively using Equations (5.9) and (5.10). The water
heights h1, sim, st and h2, sim, st were measured using a ruler as shown in Figure 5-6. The
relationships between V1, sim , st and h1, sim, st and between V2, sim, st and h2, sim, st are described
in detail below.

5.4.1

Bench results from the conductance inlet void fraction meter (CIVFM) in
simulated stratified flow

Figure 5-13 shows the variation of the dc output voltage V1.sim , st with the water level

h1, sim, st at the inlet of the Venturi in simulated stratified flow. Once the height h1, sim, st is
obtained, the gas volume fraction α1, sim, st can be easily determined from Equation
(5.9). The calibration curve which relates the gas volume fraction α1, sim, st and the dc
output voltage V1.sim , st obtained from the CIVFM in simulated stratified flow is shown
in Figure 5-14.
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Figure 5-13: Variation of V1.sim , st with h1, sim, st
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Figure 5-14: The relationship between the gas volume fraction, α1, sim, st and the dc
output voltage, V1.sim , st

The red solid line in Figure 5-14 represents a best polynomial fit curve which relates
the gas volume fraction, α1, sim, st and the dc output voltage, V1.sim , st . The best
polynomial fit can be represented by the following equation;

α1, sim, st = 0.0209V16, sim, st − 0.1726V15, sim, st + 0.5677V1,4sim , st − 0.9809V13, sim, st + 0.7827V12, sim, st
− 0.2752V1, sim, st + 1.0098

Equation (5.13)
Equation (5.13) enables the gas volume fraction, α1, sim, st to be determined from the dc
output voltage, V1.sim , st .
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5.4.2

Bench results from the conductance multiphase Venturi meter (CMVM)
in simulated stratified flow

The height of the water h2, sim, st at the throat of the Venturi in a simulated stratified
flow was measured by a ruler (see Figure 5-6). The variations of the water level

h2, sim, st with the dc output voltage V2.sim , st at the throat of the CMVM is shown in
Figure 5-15.
Once h2, sim, st is measured, the gas volume fraction α 2, sim, st at the throat of the CMVM
can be determined from Equation (5.10). Figure 5-16 shows the variation of the gas
volume fraction α 2, sim, st with the dc output voltage V2.sim , st at the throat of the CMVM.
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Figure 5-15: Variation of the dc output voltage, V2, sim, st with the water level,
h2, sim, st at the throat of the Conductance Multiphase Venturi Meter in simulated

stratified flow
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Figure 5-16: Calibration curve of the gas volume fraction α 2, sim, st at the throat of
the Conductance Multiphase Venturi Meter in simulated stratified flow

The polynomial fit (red solid line in Figure 5-16) represents the calibration curve of
the α 2, sim, st and can be expressed as;

α 2, sim, st = 0.0075V 6

2 , sim , st

− 0.0668V 25,sim ,st + 0.2235V 24,sim ,st − 0.329V 23,sim ,st + 0.0749V 22,sim ,st

− 0.0191V 2 ,sim ,st + 0.9988
Equation (5.14)
In real stratified two phase flows, the measurement of the dc output voltage at the
throat of the CMVM enables the actual gas volume fraction α 2, st (see Section 9.2) at
the throat of the CMVM to be determined using Equation (5.14).
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Summary
The reason for carrying out the static tests on the CIVFM and the CMVM was to find
the relationships between the gas volume fractions and the dc output voltages (from
the electrical conductance circuits) in both simulated annular flow and simulated
stratified flow. These relationships enable the Conductance Multiphase Flow Meter to
be used dynamically in real vertical annular and horizontal stratified gas-water two
phase flows.
A number of bench experiments were performed to calibrate the Conductance
Multiphase Flow Meter (which consists of the CIVFM and the CMVM) before it was
used dynamically in a flow loop as a multiphase flow meter. The CIVFM is used to
measure the gas volume fraction at the inlet of the Venturi while the CMVM is used
to measure the gas volume fraction at the throat of the Venturi.
A bench test rig was designed and built in order to calibrate the Conductance
Multiphase Flow Meter. Two different configurations of the bench test rig were used
to calibrate the CIVFM and the throat section of the CMVM, respectively, in
simulated annular and stratified flows (see Figures 5-2, 5-4 and 5-6).
The calibrations of the CIVFM and the CMVM enabled the gas volume fractions

α1, sim, ann , α 2, sim, ann , α1, sim, st and α 2, sim, st to be dynamically determined in real vertical
annular and horizontal stratified flows using Equations (5.11), (5.12), (5.13) and
(5.14) respectively.
In simulated annular flow (see Section 5.1), the CIVFM and the CMVM were
calibrated by inserting different diameters of nylon rod into the CIVFM and into the
throat section of the CMVM and the gap between the outer surface of the rod and the
inner surface of the pipe wall was filled with water, representing the water film that
would occur in a real annular flow (see Figures 5-1, 5-2, 5-4 and 5-6). The dc output
voltages V1, sim, ann and V2, sim, ann from the two electrical conductance circuits (see Figure
4-16), which were connected to the electrodes at the CIVFM and the CMVM
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respectively, were recorded from which the gas volume fractions α1, sim, ann and

α 2, sim, ann could be determined from Equations (5.11) and (5.12).
In simulated stratified flow (see Figure 5-6), the heights of the water h1, sim, st (at
CIVFM) and h2, sim, st (at the throat of the CMVM) were measured. h1, sim, st and h2, sim, st
were then related to the dc output voltages V1, sim , st and V2, sim, st which were recorded
from the electrical conductance circuits (see Figures 5-13 and 5-15). The gas volume
fractions α1, sim, st and α 2, sim, st could then be easily determined from V1, sim , st and

V2, sim, st respectively using Equations (5.13) and (5.14).

It should be noted that the CIVFM and the CMVM were calibrated independently.
Therefore, the electronics (see section 4.5) were setup differently in each experiment.
In other words, the maximum dc output voltages (when the CIVFM and the CMVM
were filled completely with water) were adjusted differently for each experiment.

144

Chapter 6: Experimental Apparatus and Procedures

Chapter 6
Experimental Apparatus and Procedures
Introduction
To carry out the measurements of two phase flows using the universal Venturi tube,
UVT, (which was used for bubbly two phase flow, see Section 4.2) and the
conductance multiphase flow meter (i.e. the conductance inlet void fraction meter,
CIVFM and the conductance multiphase Venturi meter, CMVM, see Section 4.3)
which was used to study the separated vertical annular and horizontal stratified flows,
several items of equipment are needed. Note that, the UVT, the CIVFM and the
CMVM represent the testing devices while other instruments in the flow loop (e.g.
turbine flow meters, dp cells, etc) represent the reference and auxiliary devices. At the
start of the current investigation the flow loop at the University of Huddersfield was
capable of producing gas-liquid bubbly flows. This flow loop has an 80 mm internal
diameter pipe and a 2.5 meter long test section and was used initially to study bubbly
gas-water two phase flows using the UVT described in Chapter 4.
It should be noted that the bubbly gas-water two phase flow used in this thesis is
approximately homogenous (i.e. its average properties on the scale of a few bubble
diameters are approximately the same everywhere in the flow). Therefore, whenever
the readers come across the term “homogenous flow” throughout this thesis, it refers
to bubbly two phase flow, allowing the homogenous flow model described in Chapter
3 to be used. In effect, the flow is assumed to be homogenous and therefore assumed
to behave as a single phase flow.
The flow loop was further developed as part of the current investigation to enable
vertical annular gas-water flows and horizontal stratified gas-water flows to be
established. An air blower was used to provide the necessary high gas flow rates and
a variable area flow meter (VAF) was installed to measure these high gas flow rates.
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This chapter describes the experimental setups used with bubbly gas-water two phase
flows and with separated (annular and stratified) gas-water two phase flows. The flow
loop used has three different configurations (i) vertical bubbly flow, (ii) vertical
annular flow and (iii) horizontal stratified flow (see Section 6.1).
A description of the following instruments used on the flow loop, and the calibration
of the reference measurement devices, is given in Section 6.2.
i) Turbine flow meters to provide a reference measurement of the water
volumetric flow rates in bubbly and separated two phase flows respectively.
ii) Side channel blower (RT-1900) to provide the necessary high gas flow rates.
iii) Variable area flow meter to provide a reference measurement of the necessary
high gas volumetric flow rates.
iv) Thermal mass flow meter to provide a reference measurement of the low gas
flow rates.
v) Differential pressure devices.
vi) Temperature sensor, gauge pressure sensor and atmospheric pressure sensor.
The change over valve and flushing system and the calibration of the wall
conductance sensor are described in Sections 6.3 and 6.4 respectively.

6.1 Multiphase flow loop capabilities
One of the multiphase phase flow loops available at the University of Huddersfield is
capable of producing flows with water as the continuous phase. The gas phase is air
with approximate density of 1.2 kgm-3. For the current investigation the working
section was constructed of an 80mm internal diameter pipe and was approximately
2.5m long. Photographs of the gas-water two phase flow loop used in the current
research are shown in Figure 6-1. This flow loop has three configurations;
(i)

vertical bubbly flow (see Section 6.1.1),

(ii)

vertical annular flow (see Section 6.1.2), and

(iii)

horizontal stratified flow (see Section 6.1.3).
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These three configurations are described in detail below. Details of the reference
measurement devices used in theses configurations are given in Section 6.2.

(a) Front view

vertical
bubbly flow
test section

horizontal
stratified
flow test
section

vertical annular
flow test section
(test section is not
installed)

(b) Right view
Figure 6-1: Photographs of the gas-water two phase flow loop at the University
of Huddersfield.
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6.1.1

Vertical bubbly gas-water two phase flow configuration

The vertical bubbly gas-water two phase flow configuration is capable of providing
flows with water as a continuous phase and air as a dispersed phase. A schematic
diagram of the vertical bubbly gas-water flow configuration is shown in Figure 6-2
and this was used to conduct studies on the UVT in bubbly gas-water flows using the
homogenous flow model described in Chapter 3. Combining the UVT and the flow
density meter, FDM (which was used to measure the gas volume fraction α1, hom at the
inlet of the Venturi for bubbly (approximately homogenous) two phase flows, see
Sections 3.1.1 and 4.1) enables the mixture volumetric flow rate, Qm, hom to be
determined (see Equation (3.9)).

Universal Venturi
tube (UVT)
To annular/stratified
flow configuration
Load cell

Turbine
flowmeter-1

Water
flow
Hopper
load cell
system
Water
pump

∆Phom

Pressure
sensor

Thermal mass
flowmeter
Air flow from
compressed
air supply

∆Ppipe

Temp.
sensor

FDM
Ball valve

Water tank
Air pressure regulator

Figure 6-2: A schematic diagram of the vertical bubbly gas-water two phase flow
configuration at the University of Huddersfield.

148

Chapter 6: Experimental Apparatus and Procedures

As shown in Figure 6-2, the water was pumped from the water tank into the test
section (i.e. the vertical section which combines the FDM and the UVT, see also
Figure 6-3) through turbine flow meter-1 using a multistage in-line centrifugal pump.
The turbine flow meter-1 was used to provide a reference water volumetric flow rate,

Qw, ref . The calibration curve of this turbine flow meter is described in Section 6.2.2.
It should be noted that two turbine flow meters were used in this study, one was used
in the bubbly two phase flow configuration and was denoted “turbine flow meter-1”,
and the other was used in the separated (vertical annular and horizontal stratified)
flow configurations and was denoted “turbine flow meter-2” (see Sections 6.1.2 and
6.1.3).
The air, from the laboratory compressed air supply, was injected into the base of the
test section (via a plate with a series of equi-spaced 1mm diameter holes) and passed
through an air regulator and manual ball valve which controlled the gas flow rate. The
reference gas volumetric flow rate, Qg , ref , was measured using the thermal mass flow
meter installed on the air flow line. The thermal mass flow meter can be used over a
range of 0-200 standard litres per minute (SLPM) (see Section 6.2.6). The measured
gauge pressure in the test section was added to atmospheric pressure (measured using
a barometer) to give the absolute pressure. The absolute pressure along with the
measured temperature (from a thermocouple) in o K were used to correct the measured
reference gas mass flow rate from the thermal mass flow meter to give the reference
gas volumetric flow rate, Qg , ref .

The sum of the reference gas and water volumetric flow rates gives the reference
mixture volumetric flow rate, Qm , ref . The predicted mixture volumetric flow rate,

Qm, hom (see Equation 3.9) obtained from the homogenous flow model (described in
Chapter 3) using the FDM and UVT can be compared with the reference mixture
volumetric flow rate, Qm , ref to analyse the error in the predicted measurement
technique (see Chapter 7). In other words, the Qm , ref measured using turbine flow
meter-1 and the thermal mass flow meter represents the reference measurement while

Qm, hom obtained from the FDM and the UVT in conjunction with the homogenous
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flow model described in Section 3.1 represents the predicted (or estimated)
measurement.
The hopper load cell system (see Figure 6-2) was used to calibrate turbine flow
meter-1 used in the bubbly gas-water two phase flow configuration (see Section
6.2.1).
The test section of the bubbly gas-water two phase flow (including the FDM and the
UVT) with interfacing system is shown in Figure 6-3. Measurement of the pressure
drop, ∆Ppipe , across the FDM enables the gas volume fraction, α1, hom , to be
determined using Equation (3.14). ∆Ppipe was measured using a Yokogawa DP cell,
EJA 110A (see Section 6.2.3). The pressure drop ∆Phom across the UVT was measured
by the Honeywell DP cell, ST-3000 (see also Section 6.2.3). Once the gas volume
fraction, α1, hom , and the pressure drop, ∆Phom , are measured, the predicted mixture
volumetric flow rate, Qm, hom , in a bubbly two phase flow (assuming that the flow is
homogenous) can then be estimated from Equation (3.9).
Six signals were interfaced with the PC via a data acquisition unit, Labjack U-12 (see
Figure 6-3). The operation of the Labjack U-12 was controlled using MATLAB
software. The six signals were the two dp signals (see Section 6.2.3), the reference
gas volumetric flow rate from the thermal mass flow meter (see Section 6.2.6), the
reference water volumetric flow rate from a turbine flow meter-1(see Section 6.2.2)
which was interfaced via the CNT channel on the Labjack-U12, the gauge pressure
signal and the temperature signal (see Section 6.2.7). Once all required signals were
interfaced with the LabJack-U12, the MATLAB test program was run and the
required flow parameters recorded. It should be noted that the signal conditioning unit
(see Figure 6-3) was used to display the gas flow rate in SLPM, the temperature in
o

C and the gauge pressure in bar. The gas flow rate through the thermal gas mass

flow meter which was monitored by the signal conditioning unit (in SLPM) can be
manually controlled using the ball valve and the air regulator installed on the air flow
line (see Figure 6-2).
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Since the CNT channel (i.e. a counter) in a data acquisition unit (Labjack-U12) was a
TTL square wave input and the output signal from the turbine flow meter-1 was a
sine wave voltage, it was necessary to convert this sine wave voltage to a square
wave voltage. The circuit shown in Figure 6-4 was designed to convert the output
signal (sine wave) from the turbine flow meter-1 into a square wave signal.

P: gauge pressure sensor
Honeywell DP cell

Universal Venturi
Tube (UVT)

∆Phom

Turbine
flow
meter

L

Sine to
square
wave
converter

H

I/V
converter
circuit
Yokogawa DP cell
∆Ppipe

T: Temperature sensor

T

Water flow
line

Thermal
mass flow
meter

Gas flow
line

Signal
conditioning
unit

H

P
L

Interfacing
system

Flow density
meter (FDM)

Matlab code

I/V
converter
circuit

Water flow
Gas flow

Figure 6-3: Flow test section of the bubbly gas-water two phase flow with
interfacing system
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Figure 6-4: Sine-to-square wave converter (left), Test result of a sine-to-square
wave converter (right)
The current outputs (4-20mA) from the two DP cells shown in Figure 6-3 were
converted into voltage signals (1-5V) which could then be fed into the data
acquisition unit (Labjack-U12). Figure 6-5 shows the current to voltage (I/V)
converter circuit. It should be noted that two I/V converter circuits were built to
convert the current outputs (4-20mA) from two dp cells into 1-5V signals
simultaneously.

R6
10k
U1
OPAMP5
+

+ V1
12V

+ V2
12V

R3
10k

R1
0.250k

U3
OPAMP5
+

R4
10k
U2
OPAMP5

R5
10k

+
Signal from
a dp cell

Figure 6-5: Schematic diagram of I/V converter circuit

6.1.2

Annular gas-water two phase flow configuration

In order to carry out the measurements using the conductance multiphase flow meter
in annular (wet gas) flow, the vertical annular two phase flow configuration was
developed. It should be noted that the conductance multiphase flow meter consists of;
(i) the CIVFM, which is capable of measuring the gas volume fraction at the inlet of
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the Venturi in vertical annular and horizontal stratified two phase flows (see Section
4.3.1) and (ii) the CMVM, which is capable of measuring the gas volume fraction at
the throat of the Venturi in vertical annular and horizontal stratified two phase flows
(see Section 4.3.2). A schematic diagram of the vertical annular two phase flow
configuration is shown in Figure 6-6. This flow configuration also has an 80mm
diameter, 2.5m long test section.
As shown in Figure 6-6, the water was pumped into the test section through turbine
flow meter-2. It should be noted that this turbine flow meter is not the same as that
used in the bubbly gas-water two phase flow configuration. Turbine flow meter-2 is
brand new and was installed to provide a reference water volumetric flow rate in
annular gas-water two phase flow (described in this section) and horizontal gas-water
two phase flow (described in Section 6.1.3).
Pressurised air was pumped from the side channel blower, RT-1900 (see Section
6.2.5) into the test section through the VAF to provide the necessary high gas flow
rates (up to 155 m3hr-1). A VAF was used to measure the reference gas volumetric
flow rate supplied by the side channel blower (see Section 6.2.4). In order to measure
the reference gas mass flow rate, m& g , ref , wg , in annular (wet gas) flow, the absolute
pressure P1 and the absolute temperature T1 were measured at the upstream section of
the conductance multiphase flow meter. Measurements of P1 (from a gauge pressure
sensor, see Section 6.2.7) and T1 (from a thermocouple) enabled the gas density ρ g1
at the inlet of the Venturi (i.e. at the CIVFM) to be determined using Equations (3.44)
and (3.45). The reference gas volumetric flow rate, Qg , ref , wg , in annular (wet gas)
flow obtained from the VAF was then converted into the reference gas mass flow rate
m& g , ref , wg using;
m& g , ref , wg = ρ g1Qg , ref , wg

Equation (6.1)
The predicted gas mass flow rate, m& g , wg , and the predicted water mass flow rate,
m& w, wg , obtained from the separated flow model described in Chapter 3 (Equations

(3.66) and (3.72)) using the CIVFM and the CMVM can be compared with the
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reference gas and water mass flow rates, m& g , ref , wg and m& w, ref , wg , measured from the
VAF and turbine flow meter-2 respectively, so that the error between the predicted
measurements and the reference measurements in annular (wet gas) flow can be
analysed (see Chapter 8).
A Honeywell dp cell, ST-3000 was used to measure the differential pressure,

∆PTP , wg , across the CMVM. A Yokogawa dp cell, EJA 110A, was used to measure
the differential pressure, ∆PTP , pipe , across the vertical pipe. Although, ∆PTP , pipe was not
necessary to calculate the predicted gas and water mass flow rates, m& g , wg and m& w, wg ,
it was recorded for use in possible further investigation that might be carried out in
the future.

CMVM
DP cell 2 (∆PTP,meas)

load cell

Turbine
flow meter
Hopper
load cell
system

CIVFM
DP cell 1
(∆PTP,pipe)

P
T

Water
flow
(VAF)
To bubbly flow
configuration
Water tank

T: Temperature sensor,

Air flow

Air blower

P: Pressure sensor

Figure 6-6: A schematic diagram of the vertical annular gas-water two phase
flow loop at the University of Huddersfield.

A schematic diagram of the vertical annular (wet gas) flow test section (which
includes the CIVFM and the CMVM) with the interfacing system is shown in Figure
6-7.
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Two ring electrodes at the CIVFM and two ring electrodes at the throat section of the
CMVM were used to measure the gas volume fractions α1.wg and α 2.wg at the inlet and
the throat of the Venturi respectively. The excitation voltage and the wave frequency
of the excitation electrodes at the Venturi inlet (i.e. CIVFM) and the Venturi throat
(i.e. throat section of the CMVM) were 2.12 p-p V and 10kHz respectively. The
measurement electrodes were connected to the electrical conductance circuit (see
Section 4.5) in which the gas volume fractions, α1.wg and α 2.wg , could be obtained
from the dc output voltages using Equations (5.11) and (5.12) respectively. All
measured signals were interfaced to the PC via a data acquisition unit, Labjack U-12.
The operation of the Labjack U-12 was controlled using MATLAB software.
D Water

Turbine flow flow
meter
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P: Pressure sensor

10 kHz
D

T: Temperature
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flow meter
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H
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converters

DP1

10 kHz
Gas-water
flow

Figure 6-7: Schematic diagram of the vertical annular (wet gas) flow test section
with interfacing system
6.1.3

Stratified gas-water two phase flow configuration

The two phase flow loop at the University of Huddersfield (see Figure 6-1) was
further developed as part of the current investigation to enable horizontal stratified
gas-water flows to be established. A schematic diagram of the horizontal stratified
gas-water flow configuration is shown in Figure 6-8.
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The horizontal stratified gas-water flow configuration is similar to the annular gaswater two phase flow configuration described in Section 6.1.2 except that in the
horizontal stratified configuration, the test section which includes the CIVFM and the
CMVM was mounted in a horizontal position (see Figures 6-8 and 6-9). In addition,
the pressurised air was pumped into the test section using either;
(i)

the laboratory air compressor (as used in bubbly flow
configuration, see Section 6.1.1) to provide the necessary low gas
flow rates allowing the thermal mass flow meter to be used to
measure the reference gas mass flow rate or,

(ii)

the side channel blower RT-1900 to provide a necessary high gas
flow rates allowing the VAF to be used to measure the reference
gas mass flow rate.

The range of the VAF (see Section 6.2.4) is 30m3hr-1 to 200m3hr-1. Therefore, any gas
flow rate below 30m3hr-1 could not be sensed by the VAF. This was the reason for
using the laboratory air compressor line (as an alternative air supply) with the thermal
mass flow meter to provide a reference gas mass flow rate for an air flow rate below
30m3hr-1 (see the flow conditions of stratified gas-water two phase flows in Chapter
9, Table 9-1).
The same turbine flow meter used in annular two phase flow configuration (i.e.
turbine flow meter-2) was used in the stratified two phase flow configuration to
provide a reference water volumetric flow rate, Qw, ref , st . The gas mass flow rate,
m& w, ref , st , in stratified two phase flows could be obtained by multiplying Qg , ref , st by the

gas density, ρ g1 , obtained from Equations (3.44) and (3.45).

Since there was a substantial difference between the pressure drop in the gas phase at
the top of the Venturi and the pressure drop in the water phase at the bottom of
Venturi in stratified gas-water two phase flows, two differential pressure devices
were used as shown in Figures 6-8 and 6-9. The inclined manometer (see Section
6.2.3) was used at the top of the Venturi to measure the pressure drop in the gas phase
while the Honeywell dp (ST-3000) was used to measure the pressure drop in the
water phase at the bottom of the Venturi (see the stratified flow model described in
Section 3.2.1).
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Figure 6-8: A schematic diagram of the horizontal (stratified) gas-water two
phase flow loop at the University of Huddersfield.

Electrode
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Figure 6-9: Schematic diagram of the horizontal stratified flow test section with
interfacing system
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6.2 Reference and auxiliary measurement devices used on the gas-water two
phase flow loop
As mentioned earlier, the flow density meter, FDM (described in Section 4.1) and
the UVT (described in Section 4.2) used in bubbly gas-water two phase flows and
the conductance multiphase flow meters (CIVFM and CMVM) used in separated
(vertical annular and horizontal stratified) two phase flows represent the testing
devices. Other than the above devices, all other instruments on the flow loop are
either reference measurement devices (e.g. hopper load cell system, turbine flow
meters, thermal mass flow meter and VAF) or auxiliary devices (e.g. differential
pressure transmitters, side channel blower RT-1900, temperature sensor, gauge
pressure sensor and atmospheric pressure sensor). These devices are described
below.

6.2.1

Hopper load cell system

The hopper load cell system with pneumatically actuated ball valve was used for
calibrating water turbine flow meter-1 used in bubbly gas-water two phase flows
(see Section 6.2.2). The hopper is suspended from a load cell as shown in Figure
6-10.

Load
cell

Ball
valve

hopper

Figure 6-10: Photographs of the hopper load cell system
Before calibrating the turbine flow meter (see Section 6.2.2) using the hopper
load cell system, the load cell was calibrated twice to ensure repeatability. Known
volumes of the water were added to the water hopper. The full range of the load
cell was 0 litre to 40 litre (i.e. 0kg to 40kg). The load cell and the valve (at the
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base of the hopper) are connected to a PC. The resulting response (i.e. the output
voltage) of the water hopper load cell Vw was recorded from the PC. The
calibration curve of the water hopper load cell system is shown in Figure 6-11.
The principle of operation of the hopper load cell system is very simple. By
closing the valve at the base of the hopper and recording the time taken for a
known mass to be collected in the hopper, the mass flow rate m& can be
calculated. The volumetric flow rate Q can then be easily determined using;

Q=

m&

ρw
Equation (6.2)

Load cell output voltage, Vw (V)

4.5

Vw vs Volw

4

Linear (

3.5
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Added water volumes in water hopper, Volw (litres)

Figure 6-11: Calibration curve for water hopper load cell
The relationship between the output voltage Vw obtained form the water hopper load
cell and the water volume added Volw (see Figure 6-11) can be expressed as;

Vw = −0.0801(Volw ) + 3.935

Equation (6.3)
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6.2.2

Turbine flow meters

A turbine flow meter is a device used to measure the fluid (normally water or gas)
volume flow rate. It is designed so that the rotation frequency is directly proportional
to the volumetric flow rate Q over the specified range of operation of the meter. A
photograph of a turbine flow meter is shown in Figure 6-12. Two turbine flow meters
were used in the current study. One was used to provide a reference water volumetric
flow rate in bubbly two phase flows (i.e. turbine flow meter-1 which generated the
output signal with frequency, fq1 ) while the second turbine flow meter was used to
provide a reference water volumetric flow rate in separated annular and horizontal
stratified flows (i.e. the turbine flow meter-2 which generated the output signal with
frequency, fq2 ). The turbine flow meter-2 used in separated flows (see Figures 6-6
and 6-8) was relatively new and the calibration supplied by the manufacturer was
assumed to be valid. The calibration data supplied by the manufacturer for this
turbine flow meter gave the following relationship between the water volumetric flow
rate Qw and the measured frequency fq2 of the output signal from the turbine flow
meter-2.

Qw = [9.2712432 × 10 −7 × fq2 ]

(m3s −1 )

Equation (6.4)
where the constant 9.2712432 × 10 −7 is called a meter factor.
The turbine flow meter-1 which was used in a bubbly gas-water two phase flow (see
Figure 6-2) was installed more than five years ago and needed to be calibrated to
check for any wear instead of just relying on the factory calibration data. The factory
calibration for this meter was 0.0462 m 3hr −1Hz −1 over a design range of 3.41 m 3hr −1
to 40.8 m 3hr −1 . For the current investigation, this meter was calibrated over a range of
3.947 m 3hr −1 to 21.196 m 3hr −1 . The calibration of the turbine flow meter-1 was
carried out by plotting the turbine meter frequency fq1 against the water volumetric
flow rate read from the water hopper load cell system described in Section 6.2.1. The
data acquired from this calibration is shown in Figure 6-13.
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Figure 6-12: A photograph of a turbine flow meter
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Figure 6-13: Calibration curve for turbine flow meter-1
Figure 6-13 shows that the turbine flow meter-1 has experienced little wear. The
relationship between the water volumetric flow rate and the turbine meter frequency

fq1 of this meter is given by;

161

Chapter 6: Experimental Apparatus and Procedures

Qw = 0.0460 × fq1

(m3hr −1 )

Equation (6.5)
where the constant 0.0460 is the meter factor obtained from the calibration.

6.2.3

Differential pressure devices

To estimate the mixture density (see Equations (3.8) and (3.14)) in a bubbly gaswater two phase flow using a FDM (see Sections 3.1.1 and 4.1) and to measure the
differential pressure across the UVT (see Section 4.2) and the CMVM (see Section
4.3) accurately, it was necessary to calibrate the two differential pressure transmitters
before running the air-water rig (see Figure 6-14). The two dp transmitters used were
(i) Honeywell dp cell, ST-3000 and (ii) Yokogawa dp cell, EJA 110A [150]. A
flushing system was installed to ensure that no air was trapped in either the transducer
or the measurement lines. The flushing system is described in Section 6.3. The
factory calibrations of these transmitters were performed in a range of 0 to 40

inches H 2O . For the current investigation the two dp cells were also re-calibrated
with the pressure tapping separation of 1m.

Figure 6-14: Photographs of Honeywell (left) and Yokogawa (right) dp cells
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Since the output from the both dp cells was an electrical (4-20 mA) current, two
current-to-voltage (I/V) converter circuits were designed and used to convert the
current output signals from the dp cells (i.e. 4-20 mA) into the dc output voltages (15V) which can then be easily interfaced with a PC via a data acquisition unit, Labjack
U-12. An I/V converter circuit was already described earlier in this chapter (see
Section 6.1.1, Figure 6-5).
The calibration was carried out in different stages with increasing and decreasing
water levels in the 1m long pipeline. The calibration curves for both dp cells are
shown in Figures 6-15 and 6-16. It should be noted that the reason for plotting the
differential pressure on the y-axis and the dc output voltage on the x-axis is that the
best fit polynomial equation, which describes the differential pressure as a function of
the dc output voltage, can be obtained directly from the graph.
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Figure 6-15: Calibration of the Yokogawa dP cell
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Figure 6-16: Calibration of the Honeywell dP cell
In horizontal stratified gas-water two phase flows, an inclined manometer was used to
measure the gas pressure drop, ∆PTP , g (see Equation (3.43) in Section 3.2.1) across the
top side of the CMVM (see Figures 6-8 and 6-9 in Section 6.1.3). A photograph of
an inclined manometer is shown in Figure 6-17. The manometer fluid is a red paraffin
with a specific gravity S.G. of 0.784 at 20oC. This manometer has two inclined tubes;
a long tube and a short tube as shown in Figure 6-17. Table 6-1 shows the pressure
ranges for long and short tubes at different tube positions.

High pressure side

Low
pressure
side
Long tube

Short tube

Figure 6-17: A photograph of an inclined manometer
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Table 6-1: specifications of the inclined manometer
Tube
position

Long tube

Short tube

Pressure

Scale

Pressure

Scale

range

multiplier

range

multiplier

(cm WG)
Vertical
Top
inclined
Middle
inclined
Bottom
inclined

6.2.4

(cm WG)

50

1.0

25

1

10

0.2

5

0.2

NA

NA

2.5

0.1

5

0.1

1.25

0.05

The Variable Area Flowmeter (VAF)

A VAF meter was used to provide a reference measurement of the gas volumetric
flow rate received from the side channel blower, RT-1900 (high air supply) that was
used for annular and stratified gas-water two phase flows. A photograph of the VAF
is shown in Figure 6-18. The output from the VAF can be analogue and/or dc voltage
signals. The analogue signal can be directly read from the analogue gauge which was
calibrated by the manufacturer to give the gas volumetric flow rate in a range of
30m3hr-1 to 200m3hr-1. The dc output voltages from the VAF were related to the
readings obtained from the analogue gauge for different values of the gas volumetric
flow rate. In other words, the dc output voltage from the VAF was checked against
the analogue signal read from the gauge meter on the front of the VAF for different
values of the gas volumetric flow rates. The relationship between the dc output
voltage VVAF and the gas volumetric flow rate Qg (read from the gauge meter) is
shown in Figure 6-19.

165

Chapter 6: Experimental Apparatus and Procedures

Figure 6-18: A photograph of the VAF
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Figure 6-19: The relationship between the dc output voltage and the gas
volumetric flow rate in a VAF
The relationship between the dc output voltage, VVAF , and the gas volumetric flow
rate, Qg in a VAF (see Figure 6-19) can be expressed as;

Qg =

VVAF − 0.9168
0.0141

(m3hr -1 )

Equation (6.6)
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Note that, the gas volumetric flow rate Qg can be converted into the gas mass flow
rate, m& g , using;

m& g = ρ g Qg

Equation (6.7)
The gas density, ρ g , in Equation (6.7) can be calculated using Equations (3.44) and
(3.45), see also Section 6.2.7.

6.2.5

Side channel blower (RT-1900)

The side channel blower (RT-1900, 60Hz) was installed on the flow loop to provide
the necessary high gas flow rates in separated vertical annular and horizontal
stratified flows (see Sections 6.1.2 and 6.1.3). A photograph of the side channel
blower (RT-1900) and its specification are shown in Figure 6-20. It is clear from
Figure 6-20 that the gas volumetric flow rate Qg supplied by the side channel blower
depends on the differential pressure ∆P .

Figure 6-20: A photograph of the side channel blower (RT-1900) and its
specification
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One of the challenges encountered in this study was that the side channel blower (RT1900) could not provide enough gas flow rate to support a smooth liquid film flow
rate in vertical annular gas-water two phase flows. This in turn, produced pulsations
in the liquid film and led to significant error in the water mass flow rate calculated
from Equation (3.72). Therefore, an alternative technique was used to measure the
water mass flow rate in annular two phase flows. This alternative technique was
based on the wall conductance sensor (see Sections 4.4 and 6.3).

6.2.6

The thermal mass flow meter

The thermal mass flow meter was used to provide a reference measurement of the gas
volumetric flow rate supplied by the laboratory air compressor (low air supply). The
thermal mass flow meter (Hasting Model HFM, HFM 200 series) can be used in a
range of 0-200 SLPM with accuracy of ±1% F.S and repeatability of ±0.1% F.S. The
measured gauge pressure (obtained from the pressure transducer, PDCR 810-0799,
see Section 6.2.7) in the test section was added to atmospheric pressure (from a
barometer) to give the absolute pressure. The absolute pressure along with the
measured temperature (from a thermocouple) in o K are used to correct the measured
reference gas mass flow rate from the thermal mass flow meter to give the reference
gas volumetric flow rate, Qg , ref . A photograph of the thermal mass flow meter is
shown in Figure 6-21.

Figure 6-21: Thermal mass flowmeter

168

Chapter 6: Experimental Apparatus and Procedures

The thermal mass flow meter was calibrated using the gas meter G10. The calibration
curve is shown in Figure 6-22. The solid line in Figure 6-22 shows the reference line
(i.e. 45o line).

Reference gas volumetric flow rate
from the gas meter G10 (L/min)

140
120
100
80
60
40
Measured gas volumetric flow rate

20

Reference Line
0
0

20

40

60

80

100

120

140

Measured gas volumetric flow rate from the thermal mass
flowmeter (L/min)

Figure 6-22: calibration of the thermal mass flowmeter

6.2.7

Temperature sensor, gauge pressure sensor and atmospheric pressure
sensor

Measurement of the absolute pressure P1 and the absolute temperature T1 (from the
thermocouple) at the upstream section of the Venturi meter enabled the gas density to
be determined (see Chapter 3, Equations (3.44) and (3.44)). Measured gauge pressure
was added to atmospheric pressure (from a barometer) to give absolute pressure.

169

Chapter 6: Experimental Apparatus and Procedures

Once the gas density at the upstream section of the Venturi was obtained, the gas
mass flow rate can be easily converted into the gas volumetric flow rate or vice-versa.
This was applied in the bubbly, vertical annular and horizontal stratified flows.
The gauge pressure sensor used was silicon-diaphragm type, PDCR 810 series
manufactured by RS Components LTD. The data sheet of the PDCR 810-0799
pressure transducer claims a combined non-linearity, hysteresis and repeatability of
±0.1% B.S.L (best straight line). The pressure range is 0-2 bar with temperature effect
of ± 0.5% within 0 to 50oC. As mentioned earlier, adding the gauge pressure, from
the pressure transducer PDCR 810-0799, and the atmospheric pressure, from a
barometer, enabled the absolute pressure to be determined. The barometer used in this
study was the electronic barometer BA888. The temperature was measured using a
thermocouple (J-type).

6.3 The change over valve and flushing system
As mentioned in Chapter 3, many differential pressure transmitters can not read a
differential pressure if the pressure at the ‘high’ input is less than the pressure at the
‘low’ input. In a bubbly two phase flow through a Venturi, in which the inlet and the
throat are connected to the dp cell via water filled lines, the two phase air-water
pressure drop across a Venturi meter may change its sign from positive to negative.
This situation can never arise in a single phase flow (see Section 3.1.2). A changeover valve system was used to overcome this problem (see Figure 6-23).
It should be noted that the change-over valve system was only used in a bubbly gaswater two phase flow through a UVT in which the pressure drop across the Venturi
may change its sign. The flushing system was used to remove any air bubble in the
transducer diaphragms and the water filled lines connected to ‘+’ and ‘-’ inputs of the
dp cells.
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Figure 6-23: Change-over valve and flushing system

6.4 Calibration of the wall conductance sensor
As mentioned earlier, the side channel blower could not provide a smooth liquid film
flow rate for all flow conditions causing the error in the water mass flow rate to be
greater than the expected error. As a result, the wall conductance sensors were used
(in parallel with the current research) as an alternative method for measuring the
liquid flow rate in annular gas-water two phase flows (see Sections 4.4 and 8.7). It
should be noted that the wall conductance sensors were investigated by Al-Yarubi
(2010) [147]. The data provided from the wall conductance sensors (i.e. the
relationship between the entrainment fraction in the gas core with the gas superficial
velocity, see Section 8.7) was used in conjunction with the conductance multiphase
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flow meter to measure the total water mass flow rate in annular two phase flows (see
Chapter 8).
Since the data obtained from the wall conductance sensors was used to modify the
water mass flow rate using the conductance multiphase flow meter, it is necessary to
give a brief description about the calibration of the wall conductance sensor carried
out by Al-Yarubi (2010) [147]. This calibration was accomplished by placing
different sizes of solid cylindrical non-conducting plugs concentrically in the main
body of the flow meter. The gap between the outer diameter of a particular solid core
and the inner surface of the pipe wall was then filled with water, representing the
water film that would occur in a real annular flow as shown in Figure 6-24. The
calibration procedure of the wall conductance sensors was similar to the calibration
procedure for CIVFM and CMVM described in Section 4.5 and Chapter 5. Al-Yarubi
(2010) [147] gives a full detail on the calibration of the wall conductance sensors (see
Figure 6-25).

Conductance
wall (needle)
sensor
To
conductance
circuit
Water film
Solid core
To
conductance
circuit

Figure 6-24: Calibration setup of the wall conductance sensors
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Figure 6-25: Calibration curve of the wall conductance sensor
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Summary
To carry out the measurements of two phase flows using a UVT and the conductance
multiphase flow meter (i.e. CIVFM and CMVM) in different flow regimes, several
items of equipment are needed. The experiments were carried out using the resources
already available at the University of Huddersfield. The two phase flow loop was
initially used to study the bubbly gas-water two phase flows. This flow loop was
further developed as part of the current investigation to enable vertical annular gaswater flows and horizontal stratified gas-water flows to be established. The flow loop
used has three different configurations (i) vertical bubbly flow, (ii) vertical annular
flow, and (iii) horizontal stratified flow (see Section 6.1).
The FDM (see Section 4.1), the UVT (see Section 4.2), the CIVFM (see Section
4.3.1) and the CMVM (see Section 4.3.2) represented the testing devices while all
other devices on the flow loop were reference and auxiliary devices (e.g. turbine flow
meter, dp cells, etc). A description of the reference and auxiliary devices was
presented in Section 6.2.
In bubbly gas-water two phase flows, the reference water volumetric flow rate was
obtained from the turbine flow meter-1 while the reference gas volumetric flow rate
was obtained from the thermal mass flow meter. In vertical annular two phase flows,
the reference water volumetric flow rate and the reference gas volumetric flow rate
were obtained from the turbine flow meter-2 (see Section 6.2.2) and the VAF
respectively (see Section 6.2.4). In horizontal stratified flows, the reference water
volumetric flow rate was also obtained from the turbine flow meter-2. Two reference
gas flow meters were used in a horizontal stratified flow; (i) the thermal mass flow
meter to provide a reference measurement for low gas flow rates, and (ii) the VAF to
provide a reference measurement for high gas flow rates.
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Chapter 7
Experimental Results for Bubbly GasWater Two Phase Flows through a
Universal Venturi Tube (UVT)

Introduction
At the beginning of this chapter it should be restated that the bubbly gas-water two
phase flow considered in this thesis is approximately homogenous (i.e. its average
properties on the scale of a few bubble diameters are approximately the same
everywhere in the flow). Therefore, whenever the readers come across the term
“homogenous flow” throughout this thesis, it refers to bubbly two phase flow,
allowing the homogenous flow model described in Chapter 3 to be used. In effect, the
flow is assumed to be homogenous and therefore assumed to behave as a single phase
flow.
The UVT (see Section 4.2)

was used to study a bubbly (or approximately

homogenous) gas-water two phase flow in which it was used in conjunction with the
FDM (see Section 4.1) to measure the gas volume fraction α1, hom at the inlet of the
Venturi (see Equation (3.14)). The gas volume fraction α1, hom measured by the FDM
at the inlet of the Venturi in a homogenous flow is assumed to be constant throughout
the UVT. Once the mixture density was obtained, the mathematical model described
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in Section 3.1 can be used to determine the mixture volumetric flow rate Qm, hom (see
Equation 3.9).
This chapter presents and discusses the experimental results obtained for homogenous
gas-water two phase flow using a UVT. The slip ratio S in a homogenous gas-water
two phase flow can be assumed unity since both phases are assumed to travel with the
same velocity.
The mathematical model of a homogenous gas-water two phase flow through the
UVT described in Section 3.1 was applied to study the bubbly gas-water two phase
flows in which the gas present within the liquid was in the form of many bubbles of a
small size (approximately 5-8 mm diameter). It has been found that this model works
well for α 1,hom ≤ 17.48% . Beyond this limit the mathematical model of a homogenous
gas-water two phase flow through the UVT starts to break down. This is due to the
onset of slug flow where individual gas bubbles merge to form a large gas mass or
slug that is often cylindrical (bullet) in shape.

7.1 Bubbly air-water flow conditions through the Universal Venturi Tube
Experiments were carried out in vertical upward gas-water flows using a UVT (nonconductance Venturi meter, without electrodes). 92 different flow conditions were
tested with the water reference volumetric flow rate, Qw,ref , hom in the range of
1.057 × 10 −3 m3s −1 to 4.152 × 10 −3 m 3s −1 (3.81 m3hr-1 to 14.9 m3hr-1). For the gas
reference volumetric flow rate, Qg ,ref , hom the range was 2.648 × 10−5 m 3s −1 to
1.264 × 10 −3 m 3s −1 (0.095 m3hr-1 to 4.551 m3hr-1). The homogenous velocity (or
mixture superficial velocity) U h was in the range of 0.237 to 1.055 ms-1.
Three different sets of data were tested. The water flow rate in the first and second
sets of data was kept constant while in the third set of data both the water and the gas
flow rates were varied. The summary of the flow conditions of all three sets of data is
given in Table 7-1.
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Table 7-1: Flow conditions of all three sets of data in a homogenous flow

Flow conditions

3 -1

Qw,ref ,hom (m s )

Qg ,ref ,hom

(m3s-1)

U h (ms-1)

Set #1

1.339 × 10

Set #2

−3

1.937 × 10

3.329 × 10 −5 to
1.264 × 10 −3

Set #3

−3

1.057 × 10 −3 to
4.152 × 10 −3

1.178 × 10 −4 to

2.648 × 10 −5 to

1.015 × 10 −3

1.181 × 10 −3

0.309 to 0.574

0.448 to 0.651

0.237 to 1.055

7.2 Flow loop friction factor
In fluid dynamics, the friction factor is the term which relates the pressure loss due to
friction along a given length of pipe to the average velocity of the fluid flow (see
Equation (3.27)). The value of the friction factor, f depends primarily on the relative
roughness of the pipe surface. Benedict (1980) [151] and Massey (1989) [152] gave a
full review of the frictional pressure loss in single liquid phase flows.
Measurement of the differential pressures across a 1 meter long pipe at different
values of the single phase (water) volumetric flow rate obtained from the turbine flow
meter-1 described in Section 6.2.2 (and hence at different values of the water
velocity) enabled the friction factor f to be determined using Equation (3.27). The
experimental data in Figure 7-1 shows a classic increase in f as the flow (water)
velocity decreases. A good fit equation to the experimental data over the full range of
flow velocities is also shown in Figure 7-1.
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Figure 7-1: Friction factor variation with single phase flow velocity

In order to estimate the friction factor f for the two phase flows, it was necessary to
determine the mixture superficial velocity (or homogenous velocity) U h using the
following equation;

Uh =

Qw, ref , hom + Qg , ref , hom
A

(Equation 7.1)
where Qw,ref , hom is the reference water volumetric flow rate in bubbly (homogenous)
gas-water two phase flow obtained from the turbine flow meter-1 described in
Section 6.2.2, Qg ,ref , hom is the reference gas volumetric flow rate in bubbly two phase
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flow obtained from the thermal mass flow meter described in Section 6.2.6 and A is
the cross-sectional area of the pipe (ID = 80 mm).
Combining the homogenous velocity U h , defined by Equation (7.1), and the single
phase friction factor calibration data shown in Figure 7-1 enables the frictional
pressure loss term Fm, pipe (which was defined by Equation 3.13) to be determined.
The frictional pressure loss term Fm, pipe (see Equation 3.13) together with the
measured differential pressure across a 1m length of pipe (using a Yokogawa dp cell,
EJA 110A) were used to give a measure of the gas volume fraction, α1, hom , in the
FDM (see Equation (3.14) and Sections 4.1 and 6.1.1).

7.3 Analysis of the pressure drop across the Universal Venturi Tube in bubbly
gas-water two phase flows
In multiphase flow measurements, the relationship between the overall mass or
volume flow rate and the pressure drop across the Venturi is not unique and includes
also the flow quality or holdup. Figure 7-2 shows the relationship between the
pressure drop across the UVT, ∆Phom and the homogenous velocity (mixture
superficial velocity), U h . It is seen that for α1, hom ≤ 17.48% , the trend can be
approximated by a square root relationship. For α1, hom > 17.48% (i.e. the onset of slug
flow), the points start to move away from the approximated trend.
It should be mentioned that the homogenous flow model, described in Chapter 3,
starts to break down when the gas volume fraction α1, hom increases above 17.48% (see
Section 7.5).
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Figure 7-2: Differential pressure drop across the Universal Venturi Tube, ∆Phom
in bubbly gas-water two phase flows for all sets of data
7.4 Variation of the discharge coefficient in a homogenous gas-water two phase
flow through a Venturi meter
To account for the frictional and turbulence losses in the UVT a discharge coefficient
was introduced (see Equation (3.9)). It is defined as the ratio between the actual to
theoretical flow rates. The homogenous discharge coefficient Cd , hom in Equation (3.9)
is given by;
Cd , hom =

Qm , ref , hom
Qm, hom

Equation (7.2)
where Qm , ref , hom is the reference mixture volumetric flow rate obtained from adding
the reference water volumetric flow rate Qw, ref , hom (obtained from the turbine flow
meter-1 described in Section 6.2.2) and the reference gas volumetric flow rate
Qg , ref , hom ( obtained from the thermal mass flow meter described in Section 6.2.6).
Qm, hom in Equation (7.2) is the predicted mixture volumetric flow rate which was
defined by Equation (3.9).
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The data of the discharge coefficient for Venturi meters in single phase flows is well
established in the literature. In contrast, existing literature on discharge coefficients in
two phase flows is very limited. Most of the research conducted on Venturi meters
defined the discharge coefficient similar to that in incompressible single phase flow
(e.g. Murdock (1962) [47], Chisholm (1967, 1977) [48,49] and Lin (1982) [51]).
Moissis and Radovcich (1963) [104] defined the discharge coefficient similar to that
in single phase flow. They showed that at low values of the gas volume fraction (<
0.5), where the homogenous flow model was valid, the discharge coefficient was
independent of the gas volume fraction. When the gas volume fraction was higher
than about 0.5, the gas discharge coefficient increased with increasing the gas volume
fraction. The authors concluded that, the reason of this was due to the effect of the
slip velocity.
Figure 7-3 shows the variations of the homogenous discharge coefficient Cd , hom with
the gas volume fraction α1, hom for all three sets of data (i.e. sets #1, 2 and 3, (see
Table 7-1)). It is seen that for α 1,hom ≤ 17.48% the variations in the homogenous
discharge coefficient Cd , hom shows that Cd , hom can be treated as independent of the gas
volume fraction α1, hom . For α1, hom ≤ 17.48%, Cd , hom has an average value of 0.948.
For α1, hom > 17.48% the calculated values of the homogenous discharge coefficient
Cd , hom increased above 1 and the value of Cd , hom is now seen to be dependent upon

the gas volume fraction α1, hom .

It should be noted that the gas volume fraction α1, hom at the inlet of the UVT,
described in Section 4.2, was measured using the FDM described in Sections 3.1.1
and 4.1. The gas volume fraction α1, hom (see Equation (3.14)) obtained from the FDM
was assumed to be constant throughout the UVT since the bubbly gas-water two
phase flow used in the current research was approximately homogenous.
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Figure 7-3: Variations of the homogenous discharge coefficient Cd , hom with the
inlet gas volume fraction α1, hom
Figure 7-4 shows the variation of Cd , hom with the gas or water superficial velocity. It
is clear from Figure 7-4 that, in general, at higher gas superficial velocity
( U gs > 0.199 ms-1 ) and lower water superficial velocity ( U ws < 0.297 ms-1 ), the
discharge coefficient Cd , hom increased above 1 and the value of Cd , hom is seen to be

Cd,hom

dependent upon the gas or water superficial velocity.
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Figure 7-4: Variation of the homogenous discharge coefficient, Cd , hom with the
gas/water superficial velocity
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7.5 Analysis of the percentage error between the reference and the predicted
mixture volumetric flow rates in homogenous gas-water two phase flows
Once the appropriate signals from the UVT and the FDM have been measured (see
Section 6.1.1), the predicted mixture volumetric flow rate Qm, hom can be determined
using Equation (3.9). The percentage error, ε Qm ,hom in the predicted mixture volumetric
flow rate can be expressed as;

εQ

m , hom

Q
− Qm, ref , hom 
 × 100%
=  m , hom


Q
m
,
ref
,
hom



Equation (7.3)
Figures 7-5 to 7-7 show the percentage error ε Qm ,hom in the predicted mixture
volumetric flow rate for all sets of data (see Table-7-1) using different values of
homogenous discharge coefficients (i.e. Cd , hom =0.940, 0.948 and 0.950 respectively).
It should be noted that the reason of using the two different values of Cd , hom (i.e.
Cd , hom =0.940 and 0.950) other than the mean value of the homogenous discharge

coefficient (i.e. Cd , hom =0.940) was to compare the mean value error ε Qm ,hom at different
values of Cd , hom .
It is again clear from Figures 7-5 to 7-7 that the homogenous model starts to break
down when α1, hom > 17.48% . This is due to the onset of the slug flow regime. It is
also seen that the minimum mean value error ε Qm ,hom (i.e. minimum average value of

εQ

m , hom

) for α1, hom ≤ 17.48% can be achieved at Cd , hom −optimum = 0.948 (see Figure 7-6).

Table 7-2 summarises the mean value error ε Qm ,hom for different values of the discharge
coefficient Cd , hom . The homogenous flow model described in Section 3.1 works well
for α1, hom ≤ 17.48% . Beyond that, the transition between bubbly and slug flow
regimes occurs and the use of the homogenous flow model is not expected to achieve
accurate results.
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Table 7- 2: Mean values of ε Qm ,hom for different values of Cd , hom

εQ

εQm,hom (%)

Cd , hom

6
3
0
-3
-6
-9
-12
-15
-18
-21
-24
-27
-30

m , hom

(%)

0.940

-0.858

0.948

-0.015

0.950

0.196

α1, hom = 0.1748

εQ

m , hom

= -0.858 %

and
Standard deviation=
1.63%

0

0.05

0.1

0.15

0.2

0.25

0.3

Inlet gas volume fraction, α1, hom

Figure 7-5: Percentage error ε Qm ,hom in the predicted mixture volumetric flow rate
Qm , hom at Cd , hom = 0.940
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Figure 7-6: Percentage error ε Qm ,hom in the predicted mixture volumetric
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Figure 7-7: Percentage error ε Qm ,hom in the predicted mixture volumetric flow rate
Qm , hom at at Cd , hom = 0.950
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7.6 A prediction of two phase pressure drop sign change through a vertical pipe
and a Venturi meter in homogenous gas-water two phase flows
Most of the experimental data in bubbly (homogenous) two phase flow described in
this thesis were taken with ‘+’ input of the dp cell connected to the inlet of the
Venturi and the ‘-’ input of the dp cell connected to the throat of the Venturi.
However, the two phase gas-water pressure drop across the UVT in a homogenous
flow could sometimes change its sign and the pressure at the ‘+’ input of the dp cell
could be less than the pressure at the ‘-’ input of the dp cell. This is because the
mixture density is lower than the density of water. The prediction of the pressure drop
sign change in two phase flow allows the differential pressure cell to be correctly
installed. For correct operation of the dp cell, the pressure at the ‘+’ input of the dp
cell must be greater than the pressure at the ‘-’ input of the dp cell. Therefore, the
change-over valves can be used to ensure that the high pressure tap was always
connected to ‘+’ input and the low pressure tap was always connected to ‘-’ input of
the dp cell (see Section 6.3).
A new series of experiments were carried out in vertical upward gas-water flows to
predict the two phase pressure drop sign change through a vertical pipe and the
Venturi meter in a homogenous gas-water two phase flow. A new model was
developed (see Section 3.1.2) to predict the sign change of the two phase pressure
drop across the Venturi, and checked against data recently obtained from the bubbly
gas-water flow rig (see Figure 6-2) at the University of Huddersfield. The prediction
of the two phase pressure drop through a vertical pipe was also investigated (see
Section 3.1.3) and compared with experimental data. Four sets of data with different
flow conditions were tested for the reference water volumetric flow rate Qw, ref , hom in
the range of 3.08 × 10 −4 m −3s −1 to 5.03 × 10 −3 m −3s −1 and for values of the reference
gas

volumetric

flow

rate

Qg , ref , hom

in

the

range

of

2.92 × 10 −6 m −3s −1

to 1.2 × 10−3 m −3s −1 . At each set of data Qw,ref ,hom was fixed while Qg ,ref ,hom was varied.
The homogenous velocity U h was in the range of 0.075 to 1.174 ms −1 . The gas volume
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fraction was in the range of 0.025 to 0.260. The flow conditions of all four sets of
data are summarized in Table 7-3.

Table 7-3: Flow conditions of two phase pressure drop sign change for all four
sets of data in a homogenous gas-water two phase flow

Flow
conditions
Qw,ref ,hom
3 -1

(m s )

Set #I

Set #II

Set #III

Set #IV

3.08 × 10 −4

1.22 × 10 −3

3.27 × 10 −3

5.03 × 10 −3

2.92 × 10−6 to

2.99 × 10 −6 to

Qg ,ref ,hom

6.44 × 10 −5 to

(m3s-1)

4.71× 10 −4

α1, hom

U h (ms-1)

7.6.1

0.046 to
0.184
0.075 to 0.156

4.89 × 10−5 to
1.20 × 10 −3

1.08 × 10 −3

0.025 to 0.260

0.050 to 0.165

0.254 to 0.485

0.651 to 0.866

8.68 × 10 −4
0.050 to
0.110
1.002 to
1.174

Experimental results of the predicted two phase pressure drop sign
change through the Universal Venturi Tube

From the dimensions of the UVT , described in Section 4.2, it is possible to calculate

K1 and K 2 in Equations (3.22) and (3.23). Therefore;
K1 = 3358.1 and K 2 = 588.6
Equation (7.4)
Substituting Equation (7.4) into Equations (3.25) and (3.26) would respectively give;

C1 = 588.6α1, hom

Equation (7.5)
and;
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C2 = 3358.1(1 − α1, hom )U h2 + Fmv
Equation (7.6)
where Fmv is the frictional pressure loss (from the inlet to the throat of the Venturi)
and is defined by Equation (3.17).
It was demonstrated (in Section 3.1.2) that the measured differential pressure across
the dp cell is negative when C1 > C2 and positive when C1 < C2 .
Figure 7-8 shows the variation of the differential pressure drop across the Venturi
meter ∆Phom with the reference gas volumetric flow rate Qg ,ref , hom (obtained from the
thermal mass flow meter, see Section 6.2.6) for all sets of data. It is clear that at set-I,
(in which Qw,ref , hom was small and C1 > C2 ), ∆Phom was negative for different values
of Qg ,ref , hom . When Qw,ref , hom increased, ∆Phom was always positive. It is seen from
Figure 7-8 that at lower water and gas flow rates, the coefficient C1 becomes greater
than C 2 which leads to negative differential pressure across the dp cell.

7000
set-I

5000

set-II

4000

set-III

∆Phom
(Pa)

6000

set-IV

3000
2000
1000
0

-1000

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

Qg ,ref , hom ( m −3 s −1 )

Figure 7-8: Pressure drop sign change in a homogenous two phase flow through
the Venturi meter
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Since set-I demonstrates negative values of ∆Phom , it is meaningful to represent the
data as a clustered column chart as shown in Figure 7-9. This makes the comparison
between the coefficients C1 and C2 more visible. It should be noted that the values of
the negative differential pressure were incorrect. Therefore the change over-valve
system (see Section 6.3) could be used in set-I to correct the differential pressure drop
and to ensure that the high pressure tap was connected to the ‘+’ input of the dp cell
and the low pressure tap was connected to the ‘-’ input of the dp cell.
The differential pressure drop across the Venturi meter, ∆Phom for sets of data II,III
and IV are always positive since C1 < C2 (see Figures 7-10 to 7-12).

120
C1

C1>C2
∆Phom is always -ve.

100
C2

C1 & C2

80
60
40
20
0
-181.43

-218.09

-242.53

-230.31

-242.53

-230.31

-254.75

∆Phom (Pa)
Figure 7-9: Comparison between C1 and C2 for set-I through the UVT
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2500
C1
2000

C2

C1<C2
∆Phom is
always +ve.

C1 & C2

1500
1000
500
0
164.339

150.044

154.165

178.487

182.367

∆Phom (Pa)

Figure 7-10: Comparison between C1 and C2 for set-II through the UVT

8000
7000

C1 & C2

6000

C1

C1<C2
∆Phom is always +ve.

C2

5000
4000
3000
2000
1000
0
1984.816

1987.713

2177.524

2578.185

∆Phom (Pa)
Figure 7-11: Comparison between C1 and C2 for set-III through the UVT
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16000
14000

C1 & C2

12000

C1<C2 ,
∆Phom is always +ve.

C1
C2

10000
8000
6000
4000
2000
0
5014.215

5032.033

5761.038

∆Phom (Pa)

Figure 7-12: Comparison between C1 and C2 for set-IV through the UVT

7.6.2

Experimental results of the predicted two phase pressure drop sign
change across the vertical pipe

It was demonstrated in Section 3.1.3 that the pressure drop across the dp cell in the
two phase flow ∆Ppipe becomes negative if;

U h2 > Kˆ
Equation (7.7)
where;

α
Kˆ = k * 1, hom
f

Equation (7.8)
and;

k* =

g cosθ ( ρ w − ρ g ) D
= 0.392
2ρw
Equation (7.9)
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It should be noted that the constant, k * depends on the flow and experimental
conditions. Substituting Equation (7.9) into (7.8) gives;

α
Kˆ = 0.392 1, hom
f
Equation (7.10)
Therefore, ∆Ppipe is negative when;
U h2 > 0.392

α1, hom
f

Equation (7.11)
Figure 7-13 shows the relationship between the differential pressure drop across a
vertical pipe ∆Ppipe (i.e. across the flow density meter, FDM, see Section 4.1) and the
gas superficial velocity U gs for all four sets of data. It is seen that the values of
∆Ppipe are always positive in sets I and II where U h2 is always less than K̂ . In set-III,

one value of ∆Ppipe was negative while in set-IV two values were negative. A
negative value of the differential pressure drop ∆Ppipe indicates that, Equation (7.11)
is satisfied.

3000

∆Ppipe (Pa)

2500
2000
1500

set-I

1000

set-II

500

set-III
set-IV

0
-0.05

-500

0

0.05

0.1

0.15

0.2

0.25

0.3

U gs (ms-1 )

Figure 7-13: Variation of ∆Ppipe with U gs for all sets of data in a homogenous
vertical pipe flow

192

Chapter 7: Experimental Results for Bubbly Gas-Water Two Phase Flows through a Universal Venturi Tube

Figures 7-14 and 7-15 show the comparison between the homogenous velocity U h
and the coefficient K̂ with differential pressure drop ∆Ppipe across the vertical pipe
for sets III and IV. It is clear from these figures that some values of differential
pressure drop become negative when U h2 > Kˆ .
12
10

∆Ppipe is -ve if: U h2 > Kˆ
∆Ppipe is +ve if: U 2 < Kˆ

U h2
K̂

h

8
6
4
2
0
-51.175

16.283

602.084

1474.873

∆Ppipe (Pa )

Figure 7-14: Comparison between U h2 and Kˆ for set-III in a vertical pipe

14
12

U h2
K̂

∆Ppipe is -ve if: U h2 > Kˆ
∆Ppipe is +ve if: U 2 < Kˆ
h

10
8
6
4
2
0
-144.284

-129.873

853.834

∆Ppipe (Pa )

Figure 7- 15: Comparison between U h2 and Kˆ for set-IV in a vertical pipe
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7.7 A map of the two phase pressure drop sign change across the Venturi meter
and the vertical pipe
At this stage, it is possible to develop a map of the two phase pressure drop sign
change across the UVT and the vertical pipe (i.e. FDM). In other words, two
theoretical lines can be plotted which represent margins or limits of the pressure drop
sign change across the Venturi and the vertical pipe respectively.
The theoretical line of the two phase pressure drop sign change across the Venturi can
be determined by making ∆Phom in Equation (3.24) equals to zero. Therefore;

C1 = C2
Equation (7.12)
Combining Equations (7.5), (7.6), (7.12) and (3.17) and solving for α1, hom gives;

α1, hom ∆P

hom

=0

 2 ρ w ht 
f U h2* + 3358.1U h2

* 
D 
=
588.6 + 3358.1U h2
Equation (7.13)

where α1, hom ∆P

hom

=0

is the inlet gas volume fraction in a homogenous two phase flow

when ∆Phom = 0 , f is the single phase friction factor (see Section 7.2 and Equation
(3.27)), U h* is the average homogenous velocity between the inlet and the throat of
the Venturi (see Equation (3.19), D* is the average diameter between the inlet and the
throat of the Venturi (i.e. (inlet diameter + throat diameter)/2) and U h is the
homogenous velocity (see Equation (7.1)).
The constants (3358.1 and 588.6) in Equation (7.13) depend on the flow and
experimental conditions.
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The theoretical line of the two phase pressure drop sign change across the vertical
pipe can now be obtained by setting ∆Ppipe in Equation (3.28) equals to zero.
Therefore;

α1,hom ∆P

pipe =0

gh p cos θ ( ρ w − ρ g ) =

2 ρ w h p fU h2
D

Equation (7.14)
Since ρ w >> ρ g , then ρ w − ρ g ≈ ρ w . In a vertical pipe, cos θ = 1 . Therefore, Equation
(7.14) becomes;

α1, hom ∆P

pipe = 0

 2f  2
 U h
= 
Dg
Equation (7.15)

Now, plotting α1, hom ∆P

hom

=0

vs U h and α ∆P

pipe

=0

vs U h in Equations (7.13) and (7.15)

respectively, represents the theoretical lines of the two phase pressure drop sign
change across the Venturi and the vertical pipe respectively.
Figure 7-16 shows the map of the homogenous gas-water two phase pressure drop
sign change across the UVT and the vertical pipe for all data sets. The limit between
negative and positive values of ∆Phom is indicated by Line-A in which ∆Phom = 0 (see
Equation (7.13)). The theoretical line denoted as Line-B which represents the limit
between positive and negative values of the homogenous two phase pressure drop
sign change across the vertical pipe is also shown in Figure 7-16.

195

Chapter 7: Experimental Results for Bubbly Gas-Water Two Phase Flows through a Universal Venturi Tube

0.3

Line-A: at ∆Phom = 0
-ve +ve

0.25

set-I
set-II

0.2

set-III

0.15

set-IV

0.1

Line-A, ∆Phom = 0

0.05

+ve

Line-B, ∆Ppipe = 0

0
0

0.2

0.4

0.6

0.8

U h (ms-1 )

-ve

1

1.2

Line-B: at ∆Ppipe = 0

Figure 7-16: Map of the homogenous two phase pressure drop sign change
across the Venturi and the vertical pipe for all sets of data
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Summary

Experiments were carried out in homogenous gas-water two phase flows through the
UVT in which different flow conditions were tested. The gas volume fraction at the
inlet of the Venturi α1, hom was measured using the FDM. α1, hom was assumed to be
constant throughout the UVT since the bubbly two phase flow was approximately
homogenous.
The homogenous discharge coefficient Cd , hom (see Equation (7.2)) was investigated
in Section 7.4. It was found that the average homogenous discharge coefficient
Cd , hom was 0.948, which represented the optimum value at which the minimum

average error was obtained in the predicted homogenous volumetric flow rate (see
Section 7.5).
The percentage error in the predicted mixture volumetric flow rate ε Qm ,hom in
homogenous two phase flows through the UVT was plotted for different values of
homogenous discharge coefficients (see Figure 7-5 to 7-7). It was observed that the
homogenous flow model starts to break down when the gas volume fraction α1, hom
increased above 17.48% (the onset of the slug flow regime). It was also inferred from
Figures 7-5 to 7-7 that the optimum value of the mixture discharge coefficient Cd , hom
which gives the minimum mean value error ε Qm ,hom (for α1, hom ≤ 17.48% ) was 0.948.

A new model to predict the two phase pressure drop sign change across the Venturi
meter and the vertical pipe was investigated (see Section 7.6). It was observed that for
∆Phom to be negative, C1 must be greater than C2 and for ∆Ppipe to be negative, U h2

must be greater than K̂ (see Equations (7.4) to (7.11)). A map was developed which
showed the pressure drop sign change across the Venturi meter and the vertical pipe
for homogenous two phase flow (see Figure 7.16). Two theoretical lines were plotted
which represent limits of the pressure drop sign change across the Venturi and the
vertical pipe in a homogenous gas-water two phase flow (see Equations (7.13) and
(7.15)).
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Chapter 8
Experimental Results for Annular (wet gas)
Flow through a Conductance Multiphase
Flow Meter

Introduction

Separated flow in a Venturi meter is highly complex and the application of the
homogenous flow model described in Section 3.1 could not be expected to lead to
highly accurate results. If this is the case, the gas volume fraction measurement
technique at the throat of the Venturi must also be introduced instead of just relying
on the gas volume fraction measurement at the inlet of the Venturi as in homogenous
flows [153]. The conductance multiphase flow Meter which consists of the
Conductance Inlet Void Fraction Meter (CIVFM, see Section 4.3.1), and the
Conductance Multiphase Venturi Meter (CMVM, see Section 4.3.2) was designed to
measure the gas volume fraction at the inlet and the throat of the Venturi.
Previous models described in Section 2.2 depend on prior knowledge of the mass
flow quality x. Online measurement of x is difficult and not practical in multiphase
flow applications. The new model described in this thesis (see Section 3.2) depends
on measurement of the gas volume fraction at the inlet and the throat of the Venturi
rather than prior knowledge of the mass flow quality x which makes the measurement
technique more reliable and practical.
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This chapter discusses the experimental results of vertical annular (wet gas) flow
through a conductance multiphase flow meter. The error in the predicted water mass
flow rate, using the conductance multiphase flow meter, in annular (wet gas) flows
was larger than expected. This was due to (a) the limitation in the side channel blower
which could not provide sufficient gas under all flow conditions causing a pulsation
in the liquid film flow, and (b) the fact that the effect of the liquid droplets in the gas
core was not considered in the vertical annular (wet gas) flow model described in
Section 3.2.2. Therefore, an alternative approach which was based on the wall
conductance sensor (WCS, see Sections 4.4 and 6.4) was used to measure the total
water mass flow rate in annular flow. It should be noted that the work performed on
the WCSs was investigated by Al-Yarubi (2010) [147]. The data (i.e. the relationship
between the entrainment fraction and the gas superficial velocity) obtained from the
WCSs was used to modify the equation for the water mass flow rate (Equation (3.72))
using the conductance multiphase flow meter, so that the total water mass flow rate
can be predicted instead of just relying on the water mass flow rate in the liquid film.
The results of the alternative method are presented and discussed in Section 8.7.

8.1 Flow conditions of vertical annular (wet gas) flows

Experiments were carried out in a vertical upward annular gas-water two phase flow
(wet gas flow) using the conductance multiphase flow meter. Eighty five different
flow conditions were tested. The summary of the flow conditions is given in Table 81. Four different sets of data were investigated in which the water flow rates were
kept constant while the gas flow rates were varied. The reason for fixing the water
flow rate and varying the gas flow rate is that with varying water flow rate it was
difficult to maintain the gas flow rate at a constant value for all flow conditions. This
was due to the limitation in the air blower (see Sections 6.2.5 and 8.6).
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Table 8-1: Flow conditions of all four sets of data in annular (wet gas) flow

Gas superficial velocity

Water superficial velocity

U gs , wg (ms-1)

U ws , wg (ms-1)

wg-1

6.919 to 8.566

0.0104

wg-2

6.350 to 8.259

0.0163

wg-3

6.837 to 8.323

0.0153

wg-4

6.451 to 7.903

0.0123

Data set no.

8.2 Study of the gas volume fraction at the inlet and the throat of the Venturi in
annular (wet gas) flows

To determine the gas and the water mass flow rates using Equations (3.66) and (3.72)
respectively, measurements of the gas volume fractions α1, wg and α 2, wg (see
Equations (5.11) and (5.12)) at the inlet and the throat of the Venturi in annular (wet
gas) flow must be obtained. To do this, a novel conductance multiphase flow meter
was designed and constructed (see Section 4.3). The two ring electrodes at the
CIVFM and the two ring electrodes at the throat section of the CMVM were used to
measure the gas volume fractions α1, wg and α 2, wg at the inlet and the throat of the
Venturi (see Chapters 4 and 5).
Figures 8-1 to 8-4 show the variations of the gas volume fractions α1, wg and α 2, wg at
the inlet and the throat of the Venturi with the gas and water superficial velocities
U gs , wg and U ws , wg respectively in vertical annular (wet gas) flows. It can be seen from

these figures that, in general, the gas volume fraction α1, wg at the inlet of the Venturi
(obtained from the CIVFM) was greater than the gas volume fraction α 2, wg at the
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throat of the Venturi (obtained from the two electrodes at the throat section of the
CMVM). This difference becomes more visible at lower water flow rates (data set#
wg1). It should be noted that, although, considerable theoretical and experimental
studies have been published to describe the performance of the Venturi meters in
annular flow, there is very limited, if any, data in the literature with which the current
results can be compared. Most of the data available in the literature depends on prior
knowledge of the mass flow quality x and the over-reading factor [154] and not the
actual measurements of the gas volume fractions α1.wg and α 2.wg at the inlet and the
throat of the Venturi as in the current study. Online measurement of x is difficult and
not practical in multiphase flow applications. However, the difference between the
gas volume fraction at the inlet and the throat of the Venturi was investigated by
Malayeri et al. (2001) [155] who studied the behaviour of gas-liquid bubbly flow
through a vertical Venturi using a gamma-ray densitometer and found that the gas
void fraction at the throat was always less than that at the inlet of the Venturi at fixed
water flow rate over a range of gas flow rates. Although their results were obtained in
bubbly gas-liquid flows, the results reported in Figures 8-1 to 8-4, which was
obtained from separated vertical annular (wet gas) flows, agree with the results
obtained by Malayeri et al. (2001).
A plot of α 2, wg vs α1, wg is shown in Figure 8-5. Unlike homogenous flow, the gas
volume fraction at the inlet and the throat of the Venturi in annular flow cannot be
assumed to be equal. The data presented in Figures 8.1 to 8-5 proves that, measuring
of the gas volume fraction α 2, wg at the throat of the Venturi is necessary in separated
flows (since α1, wg is not equal α 2, wg ), instead of just relying on the measurement of the
inlet gas volume fraction as in homogenous flows described in Chapter 7, where the
gas volume fraction at the inlet of the UVT was assumed to be constant throughout
the UVT.
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Gas superficial velocity, U gs , wg (ms-1)
Figure 8-1: Variations of α1, wg and α 2, wg (at U ws , wg = 0.0104 ms-1 ) in vertical
annular (wet gas) flows, set# wg-1
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Figure 8-2: Variations of α1, wg and α 2, wg (at U ws , wg = 0.0163 ms-1 ) in vertical
annular (wet gas) flows, set# wg-2
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Figure 8-3: Variations of α1, wg and α 2, wg (at U ws , wg = 0.0153 ms-1 ) in vertical
annular (wet gas) flows, set# wg-3
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Figure 8-4: Variations of α1, wg and α 2, wg (at U ws , wg = 0.0123 ms-1 ) in vertical
annular (wet gas) flows, set# wg-4
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Figure 8-5: The relationship between α1, wg and α 2, wg

8.3 The liquid film at the inlet and the throat of the Venturi meter

As mentioned in Chapter 4, two ring electrodes flush mounted with the inner surface
of the CIVFM and two ring electrodes flush mounted with the inner surface of the
throat section in the CMVM were used to measure the film thickness at the inlet and
the throat of the Venturi (see Section 5.3) . Figure 8-6 shows the variation of the film
thickness at the inlet and the throat of the Venturi for all sets of data. It can be seen
that, in general, the film thickness at the inlet was greater than the film thickness at
the throat of the Venturi. For set# wg-1 (i.e. at lower fixed water superficial velocity,
see Table 8-1), the film thicknesses δ1 and δ 2 were close to each other. As the water
superficial velocity increased (i.e. sets# wg-2, wg-3 and wg-4), the difference
between δ1 and δ 2 increased.
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Figure 8-6: The relationship between the film thickness at the inlet and the
throat of the Venturi

Comparing the results for the liquid film thickness shown in Figure 8-6 with the
results for inlet/throat gas volume fractions discussed in the previous section (Section
8.2), one can observe that although the gas volume fraction at the inlet of the Venturi
was greater than that at the throat, the liquid film thickness at the inlet is still greater
than that at the throat. The physical interpretation of this is given below.
It is well known that the gas volume fraction in annular flow is given by;

π (R − δ )2
=
α=
A
πR 2
Ag

Equation (8.1)

where Ag is the area of the gas core, A is the cross-sectional area of the pipe, R is the
internal radius of the pipe and δ is the film thickness.
Re-arranging Equation (8.1) gives;

α =1−

2δ δ 2
+
R R2
Equation (8.2)
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Since δ << R , Equation (8.2) can be written as;

α =1−

2δ
R
Equation (8.3)

Differentiating Equation (8.2) gives;

− 2
 2δ 
dα =   dδ +  2  dR
 R 
R 
Equation (8.4)

In Equation (8.4), if dR is negative then dα is negative. If dδ is negative then dα is
positive. However, if

2δ
2 dδ
< 0 then dα is negative even if dδ is negative.
dR −
2
R
R

8.4 Study of the gas discharge coefficient in vertical annular (wet gas) flows

The discharge coefficient is well defined in a single-phase flow. In multiphase flows,
the discharge coefficient is still elusive in that it depends on the modelling approach
adopted. The gas discharge coefficient Cdg , wg in a vertical annular (wet gas) flow
through the Venturi meter is given by Equation (3.70) which can be expressed as;

Cdg , wg =

m& g , ref , wg
m& g , wg
Equation (8.5)

where m& g , ref , wg is the reference gas mass flow rate obtained from the variable area
flowmeter, VAF in annular wet gas flow (see Sections 6.1.2 and 6.2.4) and m& g , wg is
the predicted gas mass flow rate obtained from the conductance multiphase flow
meter and the separated vertical annular flow model described in Chapter 3 (see
Equation (3.66)).
In order to measure m& g , ref , wg in Equation (8.5), the absolute pressure P1 (from the
gauge pressure sensor and the barometer, see Section 6.2.7) and the absolute
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temperature T1 (from the thermocouple, see also Section 6.2.7) were measured at the
upstream section of the Venturi. Measurement of P1 and T1 enabled the gas density

ρ g1 at the inlet of the Venturi to be determined (see Equations (3.44) and (3.45)). The
reference gas volumetric flow rate Qg , ref , wg obtained from the variable area flow
meter, VAF (see Section 6.2.4) could then be converted into the reference gas mass
flow rate m& g , ref , wg using;

m& g , ref , wg = ρ g1Qg , ref , wg
Equation (8.6)

Figures 8-7 to 8-10 show the variations of the gas discharge coefficient Cdg , wg with
the gas superficial velocity U gs , wg for different, constant values of the water
superficial velocity U ws , wg in vertical annular (wet gas) flows through the Venturi.
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Figure 8-7: Variation of Cdg , wg with U gs , wg (at U ws , wg = 0.0104 ms-1) in vertical
annular (wet gas) flows through the Venturi

207

Chapter 8: Experimental Results for Annular (wet gas) Flow Through a Conductance Multiphase Flow Meter

Gas discharge coefficient Cdg,wg

1
0.95
0.9
0.85
0.8
0.75

Set# wg-2

0.7
0.65
0.6
0.55
0.5
6

6.5

7

7.5

8

8.5

9

-1

Gas superficial velocity, U gs , wg (ms )
Figure 8-8: Variation of Cdg , wg with U gs , wg (at U ws , wg = 0.0163 ms-1) in vertical
annular (wet gas) flows through the Venturi
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Figure 8-9: Variation of Cdg , wg with U gs , wg (at U ws , wg = 0.0153 ms-1) in vertical
annular (wet gas) flows through the Venturi
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Figure 8-10: Variation of Cdg , wg with U gs , wg (at U ws , wg = 0.0123 ms-1) in vertical
annular (wet gas) flows through the Venturi

From Figures 8-7 to 8-10, the mean value for the discharge coefficient Cdg , wg for all
of the flow conditions is given by Cdg , wg = 0.932 . This value of the Cdg , wg represents
the optimum value where the minimum average percentage error in the predicted gas
mass flow rate is obtained (see Section 8.5).

8.5 Discussion of the percentage error in the predicted gas mass flow rate in
vertical annular (wet gas) flows through the Venturi meter

The percentage error ε m& g ,wg in the predicted gas mass flow rate can be expressed as;

ε m&

g , wg

 m&
− m& g , ref , wg
=  g , wg

m& g , ref , wg



 × 100%


Equation (8.7)

Figures 8-11 to 8-13 show the percentage error ε m& g ,wg in the predicted gas mass flow
rate for Cdg ,wg = 0.920, 0.932 and 0.933. The reason of choosing different values of
Cdg ,wg was to show the sensitivity of the errors in the predicted gas mass flow rate to
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selected values of the gas discharge coefficient. The mean value of the percentage
error (red solid line) in the predicted gas mass flow rate ε m& g ,wg and the standard
deviations STD of the percentage error in the predicted gas mass flow rate for
different values of Cdg , wg are shown in Figures 8-11 to 8-13 and Table 8-2.

Table 8-2: summary of ε m& g ,wg and STD with different values of Cdg , wg in annular
(wet gas) flows

Cdg , wg

ε m&

g , wg

(%)

STD(%)

0.920

-1.330

0.97

0.932

-0.043

0.98

0.933

0.064

0.98

The standard deviation STD shown in Figures 8-11 to 8-13 (and also in Table 8-2),
which represents an indication of the scattered of the data about ε m& g ,wg , is given by;

STD =

∑ ( y − y)

2

N
Equation (8.8)

Where y, y and N are the sample, the sample mean (average) and the sample size
respectively.
It is clear from Figures 8-11 to 8-13 (and also from Table 8-2) that the minimum
value of ε m& g ,wg (i.e. -0.043%) is obtained at Cdg ,wg =0.932 (see Figure 8-12). This
value of the gas discharge coefficient represents the optimum value in which the
minimum value of ε m& g ,wg is attained. An estimated error ε m& g ,wg in the predicted gas
mass flow rate for Cdg , wg = 0.932 was scattered randomly between a maximum
positive value of +1.79% and a maximum negative value of -1.69%.
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Figure 8-11: The percentage error in the predicted gas mass flow rate for all sets
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Figure 8-12: The percentage error in the predicted gas mass flow rate for all sets
of data, Cdg , wg = 0.932
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Figure 8-13: The percentage error in the predicted gas mass flow rate for all sets
of data, Cdg , wg = 0.933

8.6

The percentage error in the predicted water mass flow rate in vertical
annular (wet gas) flows through the Venturi meter

One of the major difficulties in measuring the water flow rate using the conductance
multiphase flow meter with an 80mm ID pipe was that the outlet gas flow rate from
the side channel blower (RT-1900) could not always be maintained at a constant
value when the water flow rate was varied. In other words, with increasing water flow
rate in the test section (i.e. increasing the system resistance by exerting more pressure
on the outlet of the fan blower, see Section 6.1.2) it was very difficult to maintain
constant gas flow rate using an 80 mm ID pipe since the gas flow rate from the outlet
of the side channel blower decreases as the water flow rate (and hence ∆P in Figure
8-14) increases. This is why the water flow rate was kept constant while the gas flow
rate was varied in each set of data (see Table 8-1).
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Source of the picture: http://www.airtecairsystems.ltd.uk/pdf/rt/RT-1900.pdf

Figure 8-14: The specifications of the side channel blower (RT-1900)

Another challenge was that due to the limitation in the air fan (side channel blower
(RT-1900)), the side channel blower could not achieve a stable liquid film flow rate at
all flow conditions. In other words, pulsations occurred in the liquid film.
A new set of data was analysed in which the gas flow rate was kept constant while the
water flow rate was varied. The values of the water flow rates (and also the fixed
value of the gas flow rate) in this set of data were chosen in a way so that the possible
stable liquid film flow could be established. The gas superficial velocity was kept
constant at an average value of 7.57 ms-1. The reference water volumetric flow rate
was in the range of 5.026 × 10 −5 m3s-1 to 6.378 × 10 −5 m3s-1. This range of the water
flow rate was quite narrow because as mentioned above, increasing the water flow
rate increases the differential pressure in the side channel blower and hence decreases
the outlet gas flow rate (see Figure 8-14) which produces pulsations in the water flow
rate and leads to unstable liquid film flow.
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The water discharge coefficient Cdw, wg in annular two phase flows can be expressed
as;
Cdw, wg =

m& w, ref , wg
m& w, wg
Equation (8.9)

The variation of the water discharge coefficient Cdw, wg in vertical annular (wet gas)
flows with the reference water mass flow rate m& w, ref , wg for the new set of data is
shown in Figure 8-15. It is clear that the water discharge coefficient Cdw, wg was above
unity. This was due to the unsteady liquid film flow rate (caused by the limitation in
the side channel blower) and also due to the assumption that there were no liquid

Cdw,wg

droplets in the gas core.
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Figure 8-15: Variations of the water discharge coefficient

The percentage error in the predicted water mass flow rate ε m& w ,wg is given by;

ε m&

w , wg

=

m& w, wg − m& w, ref , wg
× 100%
m& w, ref , wg
Equation (8.10)
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where m& w, ref , wg is the reference water mass flow rate obtained from the turbine flow
meter-2 (see Section 6.2.2). The reference water mass flow rate can be obtained from
multiplying the reference water volumetric flow rate, measured directly from the
turbine flow meter-2, by the water density. The predicted water mass flow rate,
m& w, wg , is obtained from Equation (3.72). It should be noted that m& w, wg in Equation
(3.72) and also in Equation (8.10) does not account for any water droplets in the gas
core.
It should be also noted that the water discharge coefficient Cdw, wg shown in Figure 815 (and also given by Equation (8.9)) is defined based on the predicted water mass
flow rate m& w, wg (see Equation (3.72)). The reasons for getting a relatively large error
(> ± 10%) in the water mass flow rate were due to; (i) the assumption that the entire
water flow existed in the liquid film (i.e. the water droplet flow rate was not included
in the m& w, wg (Equation (3.72)), and (ii) the pulsations in the water film flow which
caused an unsteady water film flow rate.
Experiments were carried out in annular gas-water two phase flows in parallel with
the current research at the University of Huddersfield to measure the water film flow
rate (Al-Yarubi (2010) [147]). Section 8.7 discusses an alternative method of
measuring the water film flow rate. This alternative method is based on the wall
conductance sensor (WCS) which was described in Sections 4.4 and 6.4.

8.7

Alternative approach of measuring the water mass flow rate in annular
gas-water two phase flows

It should be noted that the work done on the WCS by Al-Yarubi (2010) [147] was
done using the flow loop described in Section 6.1.2. The purpose of presenting the
work done on the WCSs was to show how this method could be used to give
information about the variation of the entrainment fraction, E with the gas superficial
velocity. The data on the entrainment fraction, E, obtained from the WCSs was then
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used to estimate the total water mass flow rate using the conductance multiphase flow
meter (see Equations (8.16) and (8.17)). In other words, the purpose of using the
WCS was to find the entrainment fraction, E, reported in Figure 8-17.
As stated above, the modulus of the error in the predicted water mass flow rate using
Equation (3.72) was greater than expected (>10%). As a result, a new approach for
measuring the water flow rate was adopted [147]. The new approach is based on
WCSs (see Sections 4.4 and 6.4). Experiments with different flow conditions were
carried out at the University of Huddersfield in parallel with the current research to
measure the water flow rate in annular gas-water two phase flows in a 50mm ID pipe
using the WCSs [147]. Carrying out the experiments in a 50mm ID pipe instead of an
80mm ID pipe enables the side channel blower to achieve a stable water film flow.
Different flow conditions were tested with the gas superficial velocity in the range of
10.61 to 24.76 ms-1 and for values of the water superficial velocity in the range of
0.047 to 0.260 ms-1.
The water film thickness δ in annular gas-water two phase flows using the WCSs
could be determined from the data reported in Figure 6-25 (see the calibration of the
WCS in Section 6.4, for more information, refer to [147]). Once the film thickness δ
was obtained the cross-sectional area of the liquid film A f can be determined using;

{

Af = π R 2wcs − ( Rwcs − δ ) 2

}
Equation (8.11)

where Rwcs is the pipe internal radius (the radius of the wall conductance meter, see
Section 4.4) and δ is the film thickness.
Al-Yarubi used two WCSs to measure the liquid film velocity U f , corr using a cross
correlation technique described in Section 2.1.2.6. Figure 8-16 shows the process of
the cross-correlation that was applied to one of the flow conditions in annular gaswater two phase flows using the WCSs in which the water film velocity U f , corr can be
determined [147].
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Once the area of the water film A f and the water film velocity U f , corr were obtained,
the water film volumetric flow rate Qwf can be determined using;

Qwf = A f U f , corr
Equation (8.12)

Signals from
two sensors

(a)

(b)
1
x(t −τ ).y(t)dt
T ∫0
T

Rxy (τ ) = lim

T
→∞

Flow condition:

τ p = 52 ms

Qw,ref = 4.172x10-4 m3/s
Af = 3.0578 x10-4 m2

Film velocity from cross - correlation = U f , corr =

L

τp

L: distance between
two sensors

Figure 8-16: Cross correlation technique using the wall conductance sensors
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The reference water volumetric flow rate Qw, ref , wg (measured from the turbine flow
meter-2, see Section 6.2.2) is the sum of the water film volumetric flow rate Qwf and
the water droplet volumetric flow rate Qwc in the gas core. Therefore;

Qw, ref , wg = Qwf + Qwc
Equation (8.13)

The water droplet volumetric flow rate at the gas core, Qwc can be related to the
entrainment fraction, E , using [147];

Qwc =

EQwf
(1 − E )
Equation (8.14)

Combining Equations (8.12), (8.13) and (8.14) gives;

E =1−

A f U f , corr
Qw, ref , wg
Equation (8.15)

Figure 8-17, from Al-Yarubi (2010) [147], shows the relationship between the
entrainment fraction, E , and the gas superficial velocity for different values of the
water superficial velocity. A best fit equation of the average entrainment fraction over
the full range of the gas superficial velocities for different values of the water
superficial velocity is also shown in Figure 8-17.
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Figure 8-17: Variations of the entrainment fraction E with the gas superficial
velocity for different values of the water superficial velocity

Up to this point, the required data has been obtained from the work done by AlYarubi (2010) [147] (i.e. Figure 8-17). To benefit from his work, the data in Figure 817 can now be used to estimate the entrainment fraction E. As mentioned in Section
8.6, a new set of data was analysed in which the gas flow rate was kept constant while
the water flow rate was varied. The values of the water flow rates and the fixed value
of the gas flow rate in this set of data were chosen in a way so that the possible stable
liquid film flow could be established. Since the value of the gas superficial velocity,
in this set of data, was kept constant at an average value of 7.57 ms-1, the approximate
value of the entrainment fraction E corresponding to this value of the gas superficial
velocity was 0.0405 (i.e. the minimum value of the entrainment fraction E shown in
Figure 8-17). It should be noted that this value of E could be assumed to be constant
since the range of the water volumetric flow rate used for the new set of data was
quite small (i.e. 5.026 × 10 −5 m3s-1 to 6.378 × 10 −5 m3s-1, see Section 8.6).
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Equation (8-14) can be rewritten as;
m& w, gc , wg =

E m& w, wg

(1 − E )
Equation (8.16)

where m& w, gc , wg is the mass flow rate of the entrained liquid droplets in the gas core and
m& w, wg is the water mass flow rate in the liquid film (i.e. Equation (3.72)).

It is now possible to estimate the total water mass flow rate m& w, total , wg in annular (wet
gas) flow using;
m& w,total , wg = m& w, gc , wg + m& w, wg
Equation (8.17)

m& w, wg in Equation (8.17) is the water mass flow rate assuming that the entire liquid

existed in the liquid film (i.e. the mass flow rate of the liquid film, see Equation
(3.72)).
The percentage error in the predicted total water mass flow rate can be then expressed
as;

ε m&

total , wg

=

m& w, total , wg − m& w, ref , wg
× 100%
m& w, ref , wg
Equation (8.18)

where m& w, ref , wg is the reference water mass flow rate in annular (wet gas) flow
obtained from multiplying the reference water volumetric flow rate Qw, ref , wg
(obtained directly from the turbine flow meter-2, see Section 6.2.2) by the water
density.
Figure 8-18 shows the percentage error ε m& total ,wg in the predicted total water mass flow
rate. It should be noted that the average value of the water discharge coefficient
Cdw, wg for all of the flow conditions was 1.057 (see Figure 8-15). Whenever the

selected values of Cdw, wg were close to 1.057, the error in the total water mass flow
rate ε m& total ,wg becomes less. Therefore, the selected value of the Cdw, wg (which was used
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in calculating m& w, wg , see Equation (3.72)) was chosen to be 0.995. The mean
percentage error in the predicted total water mass flow rate ε m& total ,wg and the standard
deviation were 0.550% and 6.495% respectively.
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Figure 8-18: Percentage error in the predicted total water mass flow rate

The new proposed technique to measure the total water mass flow rate and the gas
mass flow rate in annular (wet gas) flows using a Conductance Cross Correlation
Meter (CCCM) in conjunction with the Conductance Multiphase Venturi Meter
(CMVM) is described, in detail, as possible further work in Chapter 11.
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Summary

A novel conductance multiphase flow meter (i.e. CIVFM and CMVM) in conjunction
with the separated vertical annular flow model described in Section 3.2.2 was used to
study annular gas-water two phase flows. Four sets of data were investigated in which
the water flow rate was kept constant while the gas flow rate was varied (see Table 81). An additional new set of data was also investigated in this study in which the gas
flow rate was kept constant while the water flow rate was varied.
One of the major difficulties encountered in this investigation was that the side
channel blower could not achieve a stable liquid film flow rate in all flow conditions
and pulsations occurred in the liquid film. An alternative method for measuring the
water flow rate was discussed. This method was based on wall conductance sensors
(see Sections 4.4 and 8.7).
The gas volume fraction at the inlet and the throat of the Venturi was measured using
two ring electrodes at the inlet (i.e. at the CIVFM) and two ring electrodes at the
throat of the CMVM respectively. It was found that in general, the gas volume
fraction α1, wg at the inlet of the Venturi was greater than the gas volume fraction
α 2, wg at the throat of the Venturi. At a lower water flow rate (data set# wg1), this

difference becomes more visible.
The gas discharge coefficient Cdg , wg (Equation (8.5)) was investigated. The optimum
value of the gas discharge coefficient which gives a minimum average value of the
percentage error in the predicted gas mass flow rate (i.e. ε m& g ,wg = −0.043% ) was found
to be 0.932 (see Section 8.5).
The percentage error in the predicted water mass flow rate using Equation (3.72) was
larger than expected. This was because; (i) the m& w, wg in Equation (3.72) assumed that
the entire water flow rate was represented by the liquid film flow rate. In other words,
the flow rate of the water droplets is not included in m& w, wg and, (ii) the pulsations
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occurred in the water film which caused unsteady water film flow rate. An alternative
technique (based on the wall conductance sensors, see Sections 4.4 and 6.4) was used
so that the total water mass flow rate using the conductance multiphase flow meter
(CIVFM and CMVM) was estimated.
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Chapter 9
Experimental Results for Stratified GasWater Two Phase Flows through a
Conductance Multiphase Flow Meter
Introduction

Stratified flow is one of the most common flow regimes encountered in horizontal
gas-liquid two phase flows. In a horizontal stratified gas-water two phase flow, the
water flows at the bottom of the pipe while the gas phase flows along the top of the
pipeline. Since a stratified flow is one of the separated flow regimes the velocity ratio
(i.e. slip ratio S, see Equations (3.60) and (3.61)) is not unity. Therefore, relying only
on the measurement of the gas volume fraction at the inlet of the Venturi (as in
homogenous flow model) would not be expected to give accurate results.
A new mathematical model for horizontal stratified gas-water two phase flows
through a Venturi meter was investigated (see Section 3.2.2). Unlike the previous
models described in Section 2.2, this model does not require prior knowledge of the
mass flow quality x but it depends on the measurement of the gas volume fractions

α1, st (measured from the two ring electrodes at the inlet of the Venturi (i.e. at the
CIVFM, see Section 4.3.1)) and α 2, st (measured from the two ring electrodes at the
throat of the CMVM, see Section 4.3.2). Measurement of α1, st (see Equation (5.13))
and α 2, st (see Equation (5.14)) enables the gas and the water mass flow rates m& g , st
and m& w, st to be determined (see Equations (3.43) and (3.59)). Due to the substantial
difference between the water and the gas differential pressures across the CMVM in a
stratified two phase flow (i.e. the maximum pressure drops in the gas and the water
phases across the Venturi were 232.7 Pa and 100.0 Pa respectively), two differential
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pressure measurement devices were used (see Section 6.2.3). A Honeywell dp cell
(ST-3000) was used to measure the pressure drop in the water phase while an inclined
manometer was used to measure the pressure drop in the gas phase (see Section
6.3.2).
This chapter presents and discusses the experimental results obtained in horizontal
stratified gas-water two phase flows through a conductance multiphase flow meter,
and in which the predicted gas and water mass flow rates, m& g , st and m& w, st were
measured and compared with the reference gas and water mass flow rates. Following
the convention in the literature, the gas and the water flow rates discussed in this
chapter are presented in terms of the mass flow rates.

9.1 Flow conditions of horizontal stratified gas-water two phase flows

A series of experiments were carried out in horizontal stratified gas-water two phase
flows using the conductance multiphase flow meter (i.e. CIVFM and CMVM, see
Section 4.3). The experiments were conducted using one of the multiphase flow loops
at the University of Huddersfield which was capable of providing stratified gas-water
two phase flows (see the stratified flow configuration in Section 6.1.3). Five different
sets of data were used to study horizontal stratified two phase flows. In the first three
sets, the water flow rate was kept constant while the gas flow rate was varied. The gas
flow rates were kept constant and the water flow rates were varied in the remaining
two sets of data (see Table 9-1).
It should be noted that the values of the low gas superficial velocity U gs , st in data
sets; ‘st-1’, ‘st-2’, ‘st-4’ and ‘st-5’ (see Table 9-1) were obtained from dividing the
reference gas volumetric flow rate (measured from the thermal mass flow meter
which was installed on the low gas flow line, see Section 6.2.6) by the cross-sectional
area of the pipe. The high values of the gas superficial velocity in the set of data ‘st-3’
were obtained from dividing the reference gas volumetric flow rate (measured from
the Variable Area Flowmeter, VAF which was installed on the high gas flow line in
which the side channel blower was used to provide high gas flows, see Sections 6.1.3
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and 6.2.4) by the cross-sectional area of the pipe. The values of the water superficial
velocity were obtained from dividing the reference water volumetric flow rate
measured from the turbine flow meter-2 (see Section 6.2.2) by the cross-sectional
area of the pipe.

Table 9-1: Flow conditions in stratified gas-water two phase flow

water superficial
Data set
no.

velocity in stratified
-1

flows, U ws , st (ms )

Gas superficial velocity in
stratified flows, U gs , st (ms-1)

st-1

0.013

0.171 to 0.595

st-2

0.017

0.278 to 0.568

st-3

0.019

1.467 to 4.444

st-4

0.025 to 0.057

0.361

st-5

0.037 to 0.070

0.321

9.2 Variations in the gas volume fraction at the inlet and the throat of the
Venturi in a stratified gas-water two phase flow

The conductance multiphase flow meter, which consists of the CIVFM and the
CMVM, was designed to measure the gas volume fraction at the inlet and the throat
of the Venturi in separated horizontal stratified gas-water two phase flows. The
CIVFM was used to measure the gas volume fraction α1, st at the inlet of the Venturi
(see Equation (5.13)) while the CMVM was used to measure the gas volume fraction

α 2, st at the throat of the Venturi (see Equation (5.14)).
Figure 9-1 shows the variation of the gas volume fractions α1, st and α 2, st at the inlet
and the throat of the Venturi respectively with the gas superficial velocity U gs , st for
data set ‘st-1’ and data set ‘st-2’ (i.e. at low gas flow rates and fixed values of the
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water flow rate, see Table 9-1). It is clear from Figure 9-1 that the gas volume
fraction α 2, st (at the throat of the Venturi) is greater than the gas volume fraction

α1, st (at the inlet of the Venturi). In addition, the variation in the gas volume fraction
α1, st , from one flow condition to another, was greater than that which occurred in the
gas volume fraction α 2, st at the throat of the Venturi. It should be mentioned that,
although, considerable theoretical and experimental studies have been published to
describe the performance of the Venturi meters in stratified flows, there is very
limited, if any, data in the literature with which the current results can be compared.
Most of the data available in the literature depends on prior knowledge of the mass
flow quality x and the over-reading factor [154] and not the actual measurements of
the gas volume fractions α1.st and α 2.st at the inlet and the throat of the Venturi as in
the current study.

Inlet/throat gas volume fraction

1
0.9

α1, st vs U gs , st set# st - 1

0.8
0.7

α 2, st vs U gs , st set# st - 1

0.6
0.5
0.4

α1, st vs U gs , st set# st - 2

0.3
0.2

α 2, st vs U gs , st set# st - 2

0.1
0
0

0.2

0.4

0.6

0.8

Gas superficial velocity, U gs , st (ms-1)

Figure 9-1: Variations of α1, st and α 2, st with U gs , st at low gas flow rates and fixed
water flow rates (sets of data: ‘st-1’ and ‘st-2’)
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Figure 9-2 shows the variation of α1, st and α 2, st with U gs , st for set of data ‘st-3’ (i.e.
at high gas flow rates and fixed water flow rate, see Table 9-1). It can be seen from
Figures 9-1 and 9-2 that at fixed values of the water flow rate and varying gas flow
rates, the gas volume fraction α 2, st at the throat of the Venturi was greater than the
gas volume fraction α1, st at the inlet of the Venturi. It can be also seen from Figure 92 that, as the gas superficial velocity increased the difference between α1, st and α 2, st
decreased.
The variations of the gas volume fractions α1, st and α 2, st at varying water flow rates
and fixed values of the gas flow rate (i.e. sets of data: ‘st-4’ and ‘st-5’) are shown in
Figure 9-3. It can be seen from Figure 9-3 that the gas volume fraction decreases as
the water flow rate increases. The gas volume fraction α 2, st is always greater than
α1, st . This is because the gas-water boundary undergoes a step change in height from

the inlet to the throat of the Venturi (see Figure 3-4 in Section 3.2.1).

Inlet/throat gas volume fraction
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0
0
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Gas superficial velocity, U gs , st (ms-1)
Figure 9-2: Variations of α1, st and α 2, st with U gs , st at high gas flow rates and fixed
water flow rate (data set: ‘st-3’)
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Figure 9-3: Variations of α1, st and α 2, st with U ws , st at fixed gas flow rates and
varying water flow rates (sets of data: ‘st-4’ and ‘st-5’)

9.3 Variations of the water height at the inlet and the throat of the Venturi

The height of the water h1, st and h2, st at the inlet and the throat of the Venturi (i.e. at
the CIVFM and the throat section of the CMVM) in a stratified gas-water two phase
flow can be measured using the conductance technique described in Chapters 4 and 5.
The relationship between the heights of the water h1, st and h2, st at the inlet and the
throat of the Venturi and the water superficial velocity U ws , st when the gas flow rates
were fixed (i.e. sets of data: ‘st-4’ and ‘st-5’, see Table 9-1) is shown in Figure 9-4.
The height of the water h1, st at the inlet of the Venturi measured from the two ring
electrodes flush mounted with the inner surface of the CIVFM (see Section 4.3.1) was
always greater than the water height h2, st at the throat of the Venturi which was
measured from the two electrodes at the throat section of the CMVM. Visual
observation of the flow was also indicated that the gas-water boundary undergoes a
reduction in height from the inlet to the throat of the Venturi (see Section 3.2.1).
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Water superficial velocity, U ws , st (ms-1)
Figure 9-4: The relationship between U ws , st and ( h1, st and h2, st ) at fixed gas flow
rates and varying water flow rates (sets of data: ‘st-4’ and ‘st-5’)

Figure 9-5 shows the relationship between the relative heights of the water at the inlet
and the throat of the Venturi,

h1, st
h
and 2, st respectively for fixed values of the gas
D1
D2

flow rate and varying water flow rates (i.e. sets of data: ‘st-4’ and ‘st-5’). Note that

D1 is the internal diameter of the Venturi inlet and is equal to 80mm and D2 is the
internal diameter of the Venturi throat and is equal to 48mm (see Section 4.3.2). The
solid lines (i.e. blue and red lines) in Figure 9-5 represent the linear regression lines
for the relative heights of the water at the inlet and the throat of the Venturi
respectively. It is seen that as the water superficial velocity increased the difference
between the relative heights of the water at the inlet and the throat of the Venturi
decreased. In other words, as the water superficial velocity U ws , st increased, the
difference between the two blue solid lines and the difference between the two red
solid lines become less (see Figure 9-5).
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Water superficial velocity, U ws , st (ms-1)
Figure 9-5: The relationship between the relative heights of the water at the inlet
and the throat of the Venturi for sets of data: ‘st-4’ and ‘st-5’

9.4 Study of the discharge coefficient in a stratified gas-water two phase flow

The discharge coefficients in single phase flows are well established and the practical
data of the single phase discharge coefficient is readily available in the literature.
Little is known about the discharge coefficients in separated two phase flows and the
data available in the literature is very limited. Most of the research conducted in two
phase flows defined the discharge coefficient similar to that in single phase flows
(refer for example to; Murdock (1962) [47], Chisholm (1967, 1977) [48,49] and Lin
(1982) [51]).
Zanker (1966) [156] showed that in a horizontal Venturi and Venturi nozzles, the
discharge coefficient decreased slightly with the gas volume fraction. The author
concluded that, the reason of this was due to the effect of mixture compressibility.
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The gas and the water discharge coefficients in a stratified gas-water two phase flow
through a Venturi meter are respectively given by;
Cdg , st =

m& g , ref , st
m& g , st
Equation (9.1)

and;
Cdw, st =

m& w, ref , st
m& w, st
Equation (9.2)

where m& g , st and m& w, st are the predicted gas and water mass flow rates (see Equations
(3.43) and (3.59)). m& g , ref , st and m& w, ref , st are the reference gas and water mass flow
rates. m& g , ref , st was obtained from multiplying the reference gas volumetric flow rate
from either the variable area flow meter (VAF) or the thermal mass flowmeter by the
gas density ρ g1 obtained from Equations (3.44) and (3.45), while m& w, ref , st was
obtained from multiplying the reference water volumetric flow rate from the turbine
flow meter-2 (see Section 6.2.2) by the water density.
Figure 9-6 shows the variation of the gas discharge coefficient Cdg , st for data set ‘st1’ and data set ‘st-2’ (i.e. at fixed values of the water flow rate and varying low gas
flow rates). The variation of the Cdg , st at fixed water flow rate and varying high gas
flow rates (data set ‘st-3’) is shown in Figure 9-7.
From Figures 9-6 and 9-7, a mean value for the gas discharge coefficient Cdg , st is
given by C dg ,st = 0.965. This value of the Cdg , st represents the optimum value where
the minimum average percentage error in the predicted gas mass flow rate can be
obtained (see Section 9.5). It should be noted that the mean value of the gas discharge
coefficient was obtained by averaging the overall data reported in Figures 9-6 and 97.
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Figure 9-8 shows the variation of the water discharge coefficient Cdw, st in a stratified
gas water two phase flow at fixed values of the gas flow rate and varying water flow
rates (i.e. sets of data: ‘st-4’ and ‘st-5’).
From Figure 9-8, the water discharge coefficient Cdw, st can be averaged to 0.935.
This value of the Cdw, st gives a minimum mean value error in the predicted water
mass flow rate (see Section 9.5).
The percentage error in the predicted gas and water mass flow rates for different
values of the gas and water discharge coefficients, Cdg , st and Cdw, st are analysed in
Section 9.5. Three different values of Cdg , st and three different values of Cdw, st
(including optimum (mean) values of the Cdg , st and Cdw, st given above) were chosen
in which the percentage error in the predicted gas and water mass flow rates were
compared for selected values of the Cdg , st and Cdw, st (see Section 9.5).

Gas discharge coefficient Cdg,st
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Cdg , st vs U gs , st set# st - 1
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0.6
0.55
0.5
0

0.2

0.4

0.6

0.8

Gas superficial velocity, U gs , st (ms-1)
Figure 9-6: Variation Cdg , st at fixed values of the water flow rate and varying low
gas flow rates (sets of data: ‘st-1’ and ‘st-2’, Average value of Cdg , st =0.967)
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Figure 9-7: Variation of Cdg , st at fixed water flow rate and varying high gas flow
rates (data set ‘st-3’, Average value of Cdg , st = 0.963)
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Figure 9-8: Variation of the water discharge coefficient, Cdw, st at fixed values of
the gas flow rate and varying water flow rates (sets of data: ‘st-4’ and ‘st-5’)
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9.5 The percentage error in the predicted gas and water mass flow rates in
stratified gas-water two phase flows

This section discusses the percentage error in the predicted gas and water mass flow
rates for different values of the discharge coefficients. Three different values of Cdg , st
(i.e. C dg ,st = 0.960, 0.965 and 0.970 ) and three different values of Cdw, st

(i.e.

C dw,st = 0.930, 0.935 and 0.940 ) were chosen. It should be reiterated that the average

values (i.e. optimum values) of the Cdg , st and Cdw, st were 0.965 and 0.935 respectively
(see Section 9.4). The reason of choosing different values of Cdg , st and Cdw, st was to
show the sensitivity of errors in the predicted gas and water mass flow rates to
selected values of the discharge coefficient. The percentage error in the predicted gas
and water mass flow rates, ε m& g ,st and ε m& w ,st are given respectively by;

ε m&

g , st

=

m& g , st − m& g , ref , st
× 100%
m& g , ref , st
Equation (9.3)

and;

ε m&

w , st

=

m& w, st − m& w, ref , st
× 100%
m& w, ref , st
Equation (9.4)

Figure 9-9 shows the percentage error ε m& g ,st in the predicted gas mass flow rate (see
Equation (9.3)) at fixed values of the water flow rate and varying low gas flow rates
(i.e. sets of data: ‘st-1’ and ‘st-2’) for Cdg , st = 0.960, 0.965, and 0.970.

Figure 9-10 shows the percentage error in the predicted gas mass flow rate ε m& g ,st at
fixed water flow rate and varying high gas flow rates (i.e. data set: ‘st-3’) for
Cdg , st =0.960, 0.965 and 0.970. The summary of the mean value error in the predicted

gas mass flow rate, ε m& g ,st and the standard deviation (STD) at different values of the
gas discharge coefficient which was obtained from the data reported in Figures 9-9
and 9-10 is given in Table 9-2.
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Figure 9-9: The percentage error in the predicted gas mass flow rate at fixed
water flow rates and varying low gas flow rates (sets of data: ‘st1’ and ‘st2’)
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Figure 9-10: The percentage error in the predicted gas mass flow rate at fixed
water flow rate and varying high gas flow rates (data set: ‘st-3’)
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Table 9-2: Mean value of percentage error ε m& g ,st and the STD of percentage
error in the predicted gas mass flow rate for Cdg , st = 0.960, 0.965 and 0.970 (at
sets of data: ‘st-1’, ‘st-2’ and ‘st-3’)

Cdg , st

ε m& (%)

STD(%)

0.960

-0.515

1.134

0.965

0.003

1.140

0.970

0.521

1.146

g , st

It is clear from Figures 9-9 and 9-10 and also from Table 9-2 that the optimum value
of the gas discharge coefficient Cdg , st , optimum which gives a minimum value of the

ε m& is 0.965, even with small variations in the standard deviations.
g , st

Figure 9-11 shows the percentage error in the predicted water mass flow rate

ε m& (see Equation (9.4)) at fixed values of the gas flow rate and varying water flow
w , st

rates (i.e. sets of data: ‘st-4’ and ‘st-5’, see Table 9-1) for Cdw, st = 0.930, 0.935 and
0.940. Table 9-3 summarises the mean value of the percentage error ε m& w ,st and the
standard deviation STD of the percentage error in the predicted water mass flow rate
that could be obtained from the data reported in Figure 9-11.
Figure 9-11 and Table 9-3 show that a water discharge coefficient Cdw, st , optimum =
0.935 gives a minimum value for ε m& w ,st (i.e. the average value of the water discharge
coefficient, see Figure 9-8). It should be noted that the value of the water discharge
coefficient was affected by the substantial change in the position of the gas-water
boundary (interface) from the inlet to the throat of the Venturi (see Section 3.2.1 and
Figure 3-4).

237

Chapter 9: Experimental Results for Stratified Gas-Water Two Phase Flows Through a Conductance Flow Meter

4.5

set: st-4, Cdw, st = 0.930

3.5
2.5

(%)

set: st-4, Cdw, st = 0.935

1.5
0.5

set: st-4, Cdw, st = 0.940

-0.5

set: st-5, Cdw, st = 0.930

-1.5
-2.5

set: st-5, Cdw, st = 0.935

-3.5

set: st-5, Cdw, st = 0.940

-4.5
0

0.1

0.2

0.3

0.4

Reference water mass flow rates, (kgs-1)
Figure 9-11: The percentage error in the predicted water mass flow rate at fixed
values of the gas flow rate (sets of data: ‘st-4’ and ‘st-5’)

Table 9-3: Mean value of the percentage error ε m& w ,st and the STD of percentage
error in the predicted water mass flow rate for Cdw, st = 0.930, 0.935, and 0.940 (at
sets of data: ‘st-4’ and ‘st-5’)

Cdwg , st

ε m& (%)

STD(%)

0.930

-0.486

2.281

0.935

0.049

2.294

0.940

0.584

2.306

w , st

At the end of this section, it can be concluded that, based on the results described in
this section, the performance of the novel conductance multiphase flow meter, was
very good and can be relied upon in stratified two phase flow applications. Although,
the conductance multiphase flow meter was tested under a maximum absolute
pressure of about 103 KPa (measured at the inlet of the Venturi using the gauge
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pressure sensor and the barometer, see Section 6.2.7), the conductance multiphase
flow meter in conjunction with the horizontal stratified flow model described in
Section 3.2.1 can still be used under very high pressure conditions.
Unlike the previous correlations described in Section 2.2, the new stratified flow
model (see Section 3.2.1) does not require prior knowledge of the mass flow quality x
but depends on the measurement of the gas volume fraction at the inlet and the throat
of the Venturi which makes the measurement technique described in this thesis more
practical.

9.6 Analysis of the actual velocity at the inlet and the throat of the Venturi in
stratified gas-water two phase flows

Once the gas and the water mass flow rates were determined using Equations (3.43)
and (3.59) the actual gas and water velocities U g1, st , U g 2, st , U w1, st and U w 2, st at the
inlet and the throat of the Venturi can be determined. The actual gas and water
velocities U g1, st , U g 2, st , U w1, st and U w 2, st at the inlet and the throat of the Venturi can
be respectively expressed as;

U g1, st =

m& g , st
A1α1, st ρ g1
Equation (9.5)

and [by combining Equations (3.34) and (3.36)];

U g 2, st =

m& g , st
A2α 2, st ρ g 2

=

m& g , st

A2α 2, st ρ g1 ( Pˆ )1 γ
Equation (9.6)

and;
U w1, st =

m& w, st
(1 − α1, st ) A1ρ w
Equation (9.7)
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and;

U w 2, st =

m& w, st
(1 − α 2, st ) A2ρ w
Equation (9.8)

The subscript ‘st’ is added to distinguish between stratified flows and other flow
regimes.
It should be noted that m& g , st and m& w, st in Equations (9.5) to (9.8) are determined using
the optimum (mean) values of the gas and the water discharge coefficients (i.e.
Cdg ,st = 0.965 and C wg ,st = 0.935 respectively).

Figure 9-12 shows the variation of the actual gas and water velocities at fixed values
of the water flow rate and varying low gas flow rates (sets of data: ‘st-1’ and ‘st-2’).
Figure 9-13 shows the variations of U g1, st , U g 2, st , U w1, st and U w 2, st with the U gs , st at
fixed water flow rate and varying high gas flow rates (i.e. data set: ‘st-3’). It can be
seen from Figures 9-12 and 9-13 that the velocity at the throat is greater than the
velocity at the inlet. This is because the fluid entering the Venturi is accelerated to a
higher velocity as the flow area is decreased. In other words, at the throat, the
pressure decreases to a minimum where the velocity increases to a maximum. (i.e.
Bernoulli equation). It is also clear from Figures 9-12 and 9-13 that the variations in
the actual water velocities at the inlet and the throat of the Venturi were smaller than
the variations in the actual gas velocities (note that, data set ‘st-1’ and data set ‘st-2’
were taken under constant values of the water superficial velocity). Therefore, at
fixed values of the water flow rate and varying low and high gas flow rates (i.e. sets
of data: ‘st-1’, ‘st-2’ and ‘st-3’), the effect of increasing the gas superficial velocity
U gs , st on the water velocity was very small. In other words, the values of U w1, st and
U w 2, st seem to be independent of U gs , st .
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Figure 9-12: Actual gas and water velocities at fixed values of the water flow rate
and varying low gas flow rates (sets of data: ‘st-1’ and ‘st-2’)
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Figure 9-13: Actual gas and water velocities at fixed water flow rate and varying
high gas flow rates (data set: ‘st-3’)
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Figure 9-14 shows the variations of U g1, st , U g 2, st , U w1, st and U w 2, st with the water
superficial velocity, U ws , st at fixed values of the gas flow rate and varying water flow
rates (i.e. sets of data: ‘st-4’ and ‘st-5’, see Table 9-1). It is seen that U g1, st and U g 2, st
are strongly dependent on U ws , st . In other words, the effect of increasing U ws , st on
U g1, st and U g 2, st was very obvious. The reason of this might come from the fact that

the water is an incompressible phase while the gas phase is compressible. Due to the
difference in densities between the water and the gas phases in stratified flows, the
gas phase is likely to move faster than the water phase. In addition, the effect of
substantial change in the position of the gas-water boundary from the inlet to the
throat of the Venturi (see Section 3.2.1 and Figure 3-4) on the gas phase (i.e. on the
gas velocity) would be expected to be greater than that would occur for the water
phase.

Ug1,st , Ug2,st , Uw1,st and Uw2,st (ms-1)
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0.04
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0.08
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Figure 9-14: Actual gas and water velocities at fixed values of the gas flow rate
and varying water flow rates (sets of data: ‘st-4’ and ‘st-5’)
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9.7 Slip ratio (velocity ratio) at the inlet and the throat of the Venturi

Slip ratio in two phase flow, which is defined as the ratio of the gas velocity to the
water velocity, is an important parameter affecting the stability of the flow system.
Bankoff (1960) [157] and Thang (1976) [33] proposed that the phase slip in bubbly
two phase flow was entirely a result of the non-uniform distribution of both phases
and the effect of the local relative velocity between the gas and the liquid phases that
may be caused by buoyancy and flow acceleration.
As mentioned earlier, most of the studies conducted in stratified two phase flows
using Venturi meters depend on prior knowledge of the mass flow quality x and the
over-reading factor O.R (see Chapter 2). Unlike the previous work, the new
measurement technique (and also the novel separated flow model, see Chapter 3)
described in this thesis depends on the measurement of the gas volume fraction at the
inlet and the throat of the Venturi. Therefore, very limited, if any, data is available in
the literature with which the current results can be compared.
The slip ratio at the inlet and the throat of the Venturi were mathematically defined
by Equations (3.60) and (3.61) as;

S1, st =

U g1, st
U w1, st
Equation (9.9)

and;

S 2, st =

U g 2, st
U w 2, st
Equation (9.10)

where the subscript ‘st’ refers to the stratified gas-water two phase flow through a
Venturi meter.
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Figure 9-15 shows the relationship between the slip ratio ( S1, st and S 2, st ) and the gas
superficial velocity U gs , st at fixed values of the water flow rate and varying low gas
flow rates (i.e. sets of data: ‘st-1’ and ‘st-2’). Figure 9-16 shows the variation of the
slip ratio (velocity ratio) S1, st and S 2, st with the gas superficial velocity at fixed water
flow rate and varying high gas flow rates (data set: ‘st-3’). The slip ratio S1, st and S 2, st
at the inlet and the throat of the Venturi at fixed values of the gas flow rate and
varying water flow rates (i.e. sets of data: ‘st-4’ and ‘st-5’) is shown in Figure 9-17.
It was inferred from Figures 9-15 to 9-17 that the slip ratio S1, st at the inlet is greater
than the slip ratio S 2, st at the throat of the Venturi. The effect of the substantial
change in the position of the gas-water boundary from the inlet to the throat of the
Venturi (see Section 3.2.1 and Figure 3-4) might contribute in this reduction of the
slip ratios between the inlet and the throat of the Venturi.
Thang (1976) [33] who studied the Venturi in bubbly two phase flows concluded that,
at higher void fraction, the slip ratios were found to decrease between the inlet and
the throat of the Venturi. He justified this by the effect of gas expansion at the throat
of the Venturi which accelerated the liquid phase and thus reduced the relative
velocity with an increasing turbulent mixing. He stated that a clear reduction of slip
ratio between the inlet and the throat of the Venturi might also be due to the length of
the converging channel which prompted more mixing in the flow. He also showed
that at lower void fraction, the trend in the slip ratio was reversed between the throat
and the inlet (i.e. S 2, st > S1, st ).

Due to the lack of adequate information in the literature on slip ratios between the
inlet and the throat of the Venturi in stratified two phase flows, the effect of the slip
ratios in separated two phase flows using Venturi meters needs further study and
research.
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Figure 9-15: Variation of S1, st and S 2, st with the gas superficial velocity at fixed
values of the water flow rate and varying low gas flow rates (sets: st-1 and st-2)
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Figure 9-16: Variation of S1, st and S 2, st with the gas superficial velocity at fixed
water flow rate and varying high gas flow rates (data set: ‘st-3’)
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Figure 9-17: Variation of S1, st and S 2, st with the water superficial velocity at fixed
values of the gas flow rates and varying water flow rates (sets: ‘st-4’ and s’t-5’)
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Summary

The experimental results for stratified gas-water two phase flows through a
conductance multiphase flow meter were discussed in this chapter. Five sets of data
were tested (see Table 9-1). It was observed from the analysis of the gas volume
fraction at the inlet and the throat of the Venturi that the gas volume fraction α 2, st
(obtained from the two electrodes at the throat section of the CMVM) was higher
than the inlet gas volume fraction α1, st (obtained from the two electrodes at the
CIVFM).
The gas and the water discharge coefficients Cdg , st and Cwg , st were discussed in
Section 9.4. It was inferred from the analysis of the gas and water discharge
coefficients in stratified gas-water two phase flows that the gas discharge coefficient
Cdg , st can be averaged to 0.965 while the average value of the Cwg , st was 0.935.

These are the optimum values of the gas and water discharge coefficient in which the
minimum mean value error in the predicted gas and water mass flow rates

ε m&

g , st

and ε m& w ,st was obtained.

The percentage error in the predicted gas and water mass flow rates, ε m& g ,st and ε m& w ,st
(see Equations (9.3) and (9.4)) for different values of Cdg , st and Cwg , st were obtained
and tabulated in Tables 9-2 and 9-3. It was found that the minimum value of the ε m& g ,st
and ε m& w ,st were achieved for Cdg ,st = 0.965 and Cwg , st = 0.935 respectively.
The slip ratio (velocity ratio) at the inlet and the throat of the Venturi was analysed in
Section 9.7. It was seen that the slip ratio S1, st at the inlet of the Venturi was always
greater than the slip ratio S 2, st at the throat of the Venturi meter.

The major advantage of the new model described in this research over the previous
correlations (see Chapter 2) is that the new model does not require prior knowledge
of the mass flow quality, x which makes the measurements more practical since an
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online measurement of the mass flow quality is difficult and not practical in nearly all
multiphase flow applications. The novel model is based on the measurement of the
gas volume fractions at the inlet and the throat of the Venturi (see Section 3.2).
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Chapter 10
Conclusions
10.1 Conclusions

The work in this thesis has been focused on the development of new solutions for
non-invasive multiphase flow rate measurement by developing a novel conductance
multiphase flow meter which is capable of measuring the gas and the water flow rates
in vertical annular (wet gas) and horizontal stratified gas-water two phase flows. The
conductance multiphase flow meter consists of the Conductance Inlet Void Fraction
Meter (CIVFM), with two ring electrodes flush mounted with the inner surface of the
pipe, which is capable of measuring the gas volume fraction at the inlet of the Venturi
and the Conductance Multiphase Venturi Meter (CMVM), with two ring electrodes
flush mounted with the inner surface of the throat section, which is capable of
measuring the gas volume fraction at the throat of the Venturi meter.
In bubbly gas-water two phase flows, the Universal Venturi Tube, UVT (i.e. non
conductance Venturi meter, see Section 4.2) was used in conjunction with the flow
density meter (which was used to measure the gas volume fraction α1, hom at the inlet
of the UVT, see Section 4.1) to study the bubbly (approximately homogenous) gaswater two phase flows. Measurement of α1, hom enabled the mixture volumetric flow
rate Qm, hom to be determined (see Equation (3.9)).
It was inferred from the experimental results obtained for bubbly gas-water two phase
flows that the minimum mean value error in the predicted mixture volumetric flow
rate could be achieved when the mixture discharge coefficient Cd , hom was 0.948 (see
Section 7.5). The mean value of the percentage error in the predicted mixture
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volumetric flow rate, ε Qm ,hom at Cd , hom = 0.948 was -0.015%. Three different values of
Cd , hom were chosen in order to show the sensitivity of errors in the predicted mixture

volumetric flow rate to selected values of the discharge coefficient Cd , hom . This is
reported in Table 10-1 below (see also Section 7.5).

Table 10-1: Summary of the ε Qm ,hom for different values of Cd , hom

εQ

Cd , hom

m , hom

(%)

0.940

-0.858

0.948

-0.015

0.950

0.196

It is clear from Table 10-1 that the minimum value of ε Qm ,hom can be achieved at
Cd , hom = 0.948 . Note that, this value of Cd , hom represents the average value for all

flow conditions.
It was also inferred from the experimental results obtained in bubbly (approximately
homogenous) gas-water two phase flows, see Chapter 7, that the homogenous flow
model described in Chapter 3 started to break down when the gas volume fraction
α1, hom at the inlet of the Venturi (obtained from the flow density meter, see Section

4.1) increased above 17.48%. This was due to the onset of the slug regime where the
transition from bubbly-to-slug flow regime occurred. It should be reiterated that the
gas volume fraction α1, hom in bubbly (approximately homogenous) gas-water two
phase flows was assumed to be constant throughout the universal Venturi tube.
Separated flow in a Venturi meter is highly complex (where the velocity ratio, S≠1)
and the application of a homogenous flow model could not reasonably be expected to
lead to highly accurate results. In other words, the gas volume fraction at the inlet is
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not the same as that at the throat of the Venturi. Therefore, the gas volume fraction
measurement technique at the throat must also be introduced instead of just relying on
the gas volume fraction measurement at the inlet of the Venturi. As a result, a novel
conductance multiphase flow meter was designed and manufactured (see Chapter 4).
A new separated (vertical annular and horizontal stratified) gas-water two phase flow
model was also investigated (see Chapter 3). Unlike the previous models available in
the literature, the new model depends on the measurement of the gas volume fraction
at the inlet and the throat of the Venturi instead of prior knowledge of the mass flow
quality as in the previous models. This makes the measurement techniques (including
the new model) more practical since the online measurement of the mass flow quality
is difficult and not practical in nearly all multiphase flow applications.
The experimental results for the vertical annular (wet gas) flows (see Chapter 8)
showed that the minimum average percentage error ε m& g ,wg in the predicted gas mass
flow rate, which was -0.043%, could be obtained at the gas discharge coefficient
Cdg , wg = 0.932 (see Table 10-2). This value of the gas discharge coefficient, which

represents the optimum value, was the average value of Cdg , wg for all flow conditions
in vertical annular flow.

Table 10-2: Summary of ε m& g ,wg with different values of Cdg , wg in annular (wet gas)
flows

ε m&

Cdg , wg

g , wg

(%)

0.920

-1.330

0.932

-0.043

0.933

0.064

The percentage error in the predicted water mass flow rate in annular (wet gas) flows
was larger than expected (>±10%). This was due to the pulsation that was occurred in
the liquid film and also due to the fact that the water droplets mass flow rate at the
gas core was not considered in the separated flow model described in Section 3.2.
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Therefore, an alternative method was used to measure the water mass flow rate in
vertical annular two phase flows using the wall conductance sensors described in
Chapter 4. The data obtained from the wall conductance sensors (i.e. the volume
fraction of the liquid droplets in the gas core) was used in conjunction with the data
obtained from the conductance multiphase flow meter to modify the predicted water
mass flow rate m& w, wg . The mean percentage error εm& total ,wg in the predicted total water
mass flow rate, which was determined using Cdw, wg =0.995, was 0.550%.
The experimental results for horizontal stratified gas-water two phase flows (see
Chapter 9) showed that the minimum mean percentage error ε m& g ,st in the predicted gas
mass flow rate can be attained when the gas discharge coefficient, Cdg , st = 0.965 .
Again, this value of the gas discharge coefficient represents the average value for all
flow conditions. The summary of ε m& g ,st at different values of Cdg , st is given in table
10-3 (see Section 9.5).

Table 10-3: Summary of the ε m& g ,st

for different values of Cdg , st

Cdg , st

ε m& (%)

0.960

-0.515

0.965

0.003

0.970

0.521

g , st

The mean percentage error in the predicted water mass flow rate in horizontal
stratified gas-water two phase flows is summarised in Table 10-4.
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Table 10-4: Summary of the ε m& g ,st

for different values of Cdg , st

Cdwg , st

ε m& (%)

0.930

-0.486

0.935

0.049

0.940

0.584

w , st

It is clear from Table 10-4 that the minimum average value of ε m& g ,st is achieved at
Cdwg , st = 0.935 (optimum value of the water discharge coefficient which was

calculated from averaging the values of the water discharge coefficient for all flow
conditions). An estimated error in the predicted water mass flow rate for horizontal
stratified two phase flows at an optimum value of the water discharge coefficient (i.e.
Cdwg , st = 0.935 ) was found to be scattered randomly between +3.19% and - 3.86%.

10.2 Present contribution

The contribution made to knowledge by this thesis includes:

 A separated flow model to measure the gas and the water mass flow rates in
horizontal stratified gas-water two phase flows.

 A separated flow model to measure the gas and the water flow rates in vertical
annular (wet gas) flows.

 Designing a novel conductance inlet void fraction meter (CIVFM) which is
capable of measuring the gas volume fraction at the inlet of the Venturi (or at
any other straight pipe section).

 Designing a novel conductance multiphase Venturi meter (CMVM) which is
capable of measuring the gas volume fraction at the throat of the Venturi.
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 The work has resulted in a novel combination of online measurement
techniques (i.e. CIVFM and CMVM) to measure the gas and liquid flow rates
in annular (wet gas) flows and horizontal stratified gas-water two phase flows.
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Chapter 11
Further work
In this chapter, suggestions and recommendations are given for further work on
measuring gas-water two phase flows using the conductance multiphase flow meter
which consists of the Conductance Inlet Void Fraction Meter (CIVFM) and the
Conductance Multiphase Venturi Meter (CMVM). The recommendations and
suggestions for further work are divided into sections and sub-sections as follows;

11.1 Water-gas-oil three phase flow meter

The experimental work described in this thesis has focused on gas-water two phase
flows. Further work would be required to develop a three phase flow meter (i.e. oilwater-gas). A sensor tube is proposed (see Section 11.1.1).

11.1.1 A bleed sensor tube

The conductance techniques described in this thesis could also be applied to watergas-oil 3 phase flows, provided that water forms the continuous phase in the liquid
film. This can be done using an on-line sampling system (a sensor tube) whereby part
of the liquid film (oil and water) is periodically extracted into a vertical tube (see
Figure 11-1). A density meter, based on the differential pressure measurement
technique (see Sections 2.1.1.1 and 3.1), is then used to measure the liquid density,
prior to the liquid being released back in to the main flow line. The liquid density
measurement enables the oil and water volume fractions in the liquid to be measured.
This sampling technique is only applicable to annular oil-water-gas three phase flows.
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Figure 11-1: An on-line sampling system (bleeding sensor tube)

With reference to Figure 11-1 (assuming that the differential pressure sensor is
connected to the tappings via water filled lines), the density ρ o, w of the oil and water

mixture can be calculated using;

∆P = ρ w g ha − ρ o, w g ha

Equation (11.1)
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where ∆P is the pressure drop across the vertical sensor tube, ρ o, w is the mixture (oil
and water) density, ρ w is the water density, g is the acceleration of the gravity and ha
is the pressure tapping separation.
Re-arranging Equation (11.1) gives;

 ∆P 

 gha 

ρo, w = ρ w − 

Equation (11.2)
It is well known that;

ρ o , w = α o , f ρ o + α w, f ρ w
Equation (11.3)
where α o, f and α w, f are the volume fractions of the oil and water in the liquid film
respectively and ρ o is the oil density.
It is also known that;

α o , f + α w, f = α f = 1
Equation (11.4)
where α f is the liquid (oil and water) volume fraction in the film.

Combining Equations (11.2) to (11.4) enables the oil and the water volume fractions

α o, f and α w, f in the liquid film to be determined. It should be noted that the values
of α o, f and α w, f are also likely to be the correct values for the oil and water volume
fractions in the gas core.
The overall oil, gas and water volume fractions in a pipe can be expressed as;

αo + αw + α g = 1
Equation (11.5)
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where α g is the gas volume fraction.

The overall oil and water volume fractions in Equation (11.5) are respectively given
by;

α o = α o, f α f
Equation (11.6)
and;
α w = α w, f α f

Equation (11.7)
Once the gas volume fraction α f of the oil-water mixture in the liquid film is
obtained from a sensor tube, the mixture (liquid film) conductivity σ m can be easily
determined using the Maxwell equation. Therefore;

σm = σ w

2 − 2α f
2+αf

Equation (11.8)
where σ w is the water conductivity.

Once the conductivity σ m of the oil-water mixture in the liquid film is obtained, the
calibration curves of the CIVFM and the CMVM (which relates the gas volume
fractions to the output voltages obtained from the conductance electronic circuit, see
Chapter 5) can then be modified to account for the actual liquid mixture conductivity,
calculated from the sensor tube and the water conductivity which is also measured
on-line. This can be done as follow,
It is well known that the conductance of the mixture S m is given by;
S m = Kσ m

Equation (11.9)

258

Chapter 11: Further work

where K is the cell constant and σ m is conductivity of the mixture in the liquid film
(Note that, if the water is only present in the liquid film then the conductivity of the
mixture σ m in Equation (11.9) is equal to the conductivity of the water, σ w ).

If the water is only present in the liquid film then, the output voltage Vw from the
conductance electronic circuit described in Section 4.5 is given by;
Vw = K a S m

Equation (11.10)
where K a is the conductance circuit gain.
Substituting Equations (11.9) into (11.10) gives;
Vw = K a K (α g )σ w

Equation (11.11)
The term (α g ) is added in Equation (11.11) just to show that K is a function of the
gas volume fraction α g .

Equation (11.11) is used when the liquid film contains water only. Equation (11.11)
can be re-written as;

K (α g ) =

Vm
σ w Ka

Equation (11.12)
where σ w is the water conductivity.

From equation (11.12), it is possible to plot K (α g ) vs α g and obtain a relationship
between α g and K (α g ) .

If the, water continuous, oil-water mixture presents in the liquid film, the output
voltage Vm from the conductance circuit is given by;
Vm = K a K (α g )σ m

Equation (11.13)
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Re-arranging Equation (11.3) gives;
K (α g ) =

Vm
Ka σ m

Equation (11.14)
Since the relationship between

K (α g ) and α g when only water is present in the

liquid film is known, the gas volume fraction, when the oil-water mixture is present
in the liquid film, can be obtained using Equation (11.14).

11.2 Segmental conductive ring electrodes
In order to make the conductance multiphase flow meter (CIVFM and CMVM)
independent of the probe calibration in stratified gas-water two phase flows, the ring
electrodes at the inlet and the throat of the Venturi (see Figures 4-7 and 4-9) can be
replaced by segmental conductive ring electrodes, SCREs (see Figure11-2). The
segmental electrodes act as on-off switches and they are independent on temperature
and salinity of the water. Each electrode is connected to an electronic circuit. When
the water flows through the SCREs, the electrodes that are in contact with the water
will be active in which the output voltage from the corresponding electronic circuits
can be recorded. This enables the water level to be measured. Measurement of the
water level in stratified gas-water two phase flows enables the gas volume fraction to
be determined using Equation (5.8).

The advantage of using SCREs over the

conductance ring electrodes described in Section 4.3, is that the SCREs do not need a
calibration. Further work should be continued using this type of electrodes.
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Figure 11-2: Segmental conductive ring electrode

11.3 Digital liquid film level sensor
In annular gas-water two phase flows, a digital liquid film level sensor (DLFLS)
could be designed to measure the liquid film thickness and hence the gas volume
fraction at the inlet and the throat of the Venturi. The DLFLS consists of sensitive
and insensitive regions as shown in Figure 11-3. Each probe is connected to an
electronic circuit via insulating wire in insensitive region as shown in Figure (11-4).
The separation between each probe could be less than 1 mm (or could need to be less
than 0.5 mm). The basic principle of the DLFLS is that the probes which are in
contact with the liquid (providing that the water is a continuous phase in the liquid
film) will be ‘ON’ while other probes will be ‘OFF’. Therefore the probes in the
DLFLS act as on-off switches and the output voltages from the corresponding circuits
are proportional to the liquid film thickness in annular two phase or even three phase
flows (providing that the water is the continuous phase in the liquid film).
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Figure 11-3: PCB layout of the Digital Liquid Film Level sensor (DLFLS)
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Figure 11-4: A schematic diagram of the DLFLS setup
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11.4 An intermittent model for the slug flow regime
The separated flow model (i.e. vertical annular and horizontal stratified gas-water
flows) was already investigated in Chapter 3. Slug flow models for horizontal and
vertical flows through a Venturi are still elusive and have to be investigated. A
possible model for slug flow could combine the homogenous flow model (described
in Section 3.1) and the separated flow model (described in Section 3.2). If the
intermittent model is used, instantaneous measurements of the differential pressure
and the conductance impedance through the Venturi are required. The intermittent
flow model (see Figure 11-4) can be treated as a combination of;

 Homogenous and separated flows or,
 Homogenous and single phase (gas) flows, especially, when the gas
phase in slug flow is assumed to occupy the total area of the pipe.

Bubble flow

Taylor bubble

Homogenous
flow model

Separated
flow model

Figure 11-5: The intermittent flow model (a combination of the homogenous and
separated flow model)
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11.5 The proposed method of measuring the water mass flow rate in annular
gas-water two phase flows
As mentioned earlier in Chapter 8, the modulus of the error in the predicted water
mass flow rate using Equation (3.72) was greater than expected (>10%). The reasons
of getting a quite big error in the water mass flow rate were due to;

 the assumption that the entire liquid flow existed in the liquid film (i.e. the
water droplet flow rate was not included in the m& w, wg (Equation (3.72)).

 the pulsations in the water film flow (due to the limitation in the side channel
blower RT-1900, see Section 6.2.5) which caused unsteady water film flow
rate.
As a result of the above limitations, an alternative technique for measuring the total
water mass flow rate in annular two phase flows is proposed. The proposed technique
of measuring the total water mass flow rate in annular two phase flows is based on
the Conductance Cross-Correlation Meter (CCCM) as shown in Figure 11-6. In other
words, the inlet section of the Venturi meter (i.e. CIVFM, see Section 4.3)) could be
replaced by the CCCM. Carrying out the experiments in a 50 mm internal diameter
pipe instead of an 80 mm internal diameter pipe enables the side channel blower (RT1900) to establish a stable water film flow. The new approach of measuring the total
water mass flow rate in annular gas-water two phase flows is described below.
The water film thickness δ in annular gas-water two phase flows can be measured
using the upstream conductance electrodes (or the downstream conductance
electrodes) flush mounted with inner surface of the Conductance Cross-Correlation
Meter, CCCM (see Figure 11-6). It should be noted that the calibration of the CCCM,
the electronic circuits and the measurement technique used to measure the film
thickness at the inlet of the Venturi are similar to that used for the conductance inlet
void fraction meter, CIVFM described in Section 4.5 and Chapter 5. Once the film
thickness δ is obtained the cross sectional area of the liquid film A f can be
determined using;
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{

2
Af = π R cccm
− ( Rcccm − δ ) 2

}
Equation (11.15)

where Rcccm is the pipe internal radius (the radius of the conductance cross-correlation
meter, CCCM, see Figure 11-6) and δ is the film thickness.

50 mm

Upstream
conductance
electrodes
Downstream
conductance
electrodes

Two phase flow
Figure 11-6: A conductance cross-correlation meter
The liquid film velocity U f , corr in annular flow can be determined by the conductance
cross-correlation meter, CCCM using the conductance electronic circuit described in
Section 4.5 (see also Section 2.1.2.6). Once the area of the water film A f and the
water film velocity U f , corr is obtained, the water film volumetric flow rate Qwf can be
determined using;

Qwf = A f U f , corr

Equation (11.16)
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It is well know that the reference water volumetric flow rate Qw, ref , wg (measured from
the turbine flow meter-2, see Section 6.2.2) is the sum of the water film volumetric
flow rate Qwf and the water droplet volumetric flow rate Qwc in the gas core.
Therefore;

Qw, ref , wg = Qwf + Qwc

Equation (11.17)
The water droplet volumetric flow rate in the gas core, Qwc can be related to the
“entrainment fraction” E using;
Qwc =

EQwf
(1 − E )

Equation (11.18)
Combining Equations (11.16), (11.17) and (11.18) gives;

E =1−

A f U f , corr
Qw, ref , wg

Equation (11.19)
It is now possible to estimate the total water mass flow rate m& total in annular two phase
flow using;
m& total = m& wc + m& wf

Equation (11.20)
where m& wc is the water mass flow rate of the entrained water droplets and m& wf is the
mass flow rate of the liquid film.
m& wc and m& wf in Equation (11.20) can be respectively given by;
m& wc = ρ wQwc

Equation (11.21)
and;
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m& wf = ρ wQwf

Equation (11.22)
where ρ w is the water density.
The percentage error in the predicted total water mass flow rate can be then expressed
as;
ε m& total ,wg =

m& total , wg − m& w, ref , wg
× 100%
m& w, ref , wg

Equation (11.23)
where m& w, ref , wg is the reference water mass flow rate in annular (wet gas) flow
obtained from multiplying the reference water volumetric flow rate Qw, ref , wg
(obtained directly from the turbine flow meter-2, see Section 6.2.2) by the water
density.
Combining the conductance cross-correlation meter (which is capable of measuring
the gas volume fraction and the liquid film velocity at the inlet of the Venturi) with
the conductance multiphase Venturi meter, CMVM described in Section 4.3 (which is
capable of measuring the gas volume fraction at the throat of the Venturi) enables the
gas and the water flow rate to be determined. In other words, the liquid flow rate
could be measured from the conductance cross correlation meter while the CMVM in
conjunction with the inlet gas volume fraction data provided by the cross-correlation
meter could be used to measure the gas flow rate using the vertical annular flow
model described in Section 3.2.2.
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