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Preamble

This Master Thesis has been carried out by Luis Mora Vallejo and Jacobo Zegrí
Reiriz. We are both two Spanish students who are studying Engineering in the
Universitat Politècnica de Catalunya (UPC) in the engineer‟s school Escola
Tècnica Superior d‟Enginyeria Industrial de Barcelona (ETSEIB). This degree
has got a common part the first two years and after that it is possible to be
specialized in one sector of the industry. Then, we both decided to take part of
the nuclear section in order to help our country in the energetics situation and
also under the feeling of improvement that we are looking for ourselves.
After sharing last three years in the same specialization we decided separately
to carry out a Master Thesis abroad in order to obtain the Master Thesis of
Science in Nuclear Engineering. However, there are a limited number of
universities in the ENEN‟s network so it was necessary to have a good choice
of what university would have been chosen. For many reasons we decided to
work in the Politecnico di Torino and after knowing that we both were accepted
we thought that it could be a good experience not only for us, but also for the
Politecnico di Torino and the ETSEIB the possibility of carrying out together a
complete thesis in our sector.
Concerning the teamwork, it is important to say that this project is the result of
the effort and the work of two people. As it will be seen in following lines, this
Thesis has got some parts and although we have worked the same one has
been more specialized in one than the other. For instance, whereas the
theoretical part has been more summarized and searched by Jacobo, the code
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with Matlab has been more developed by Luis. This fact does not entail that one
of the two members has made only one thing as we have been carrying out the
Thesis together and both Luis and Jacobo have been working on theoretical
part and Matlab respectively. Apart from that, other parts like the experimental
analysis and the measurements have been developed by us at the same level
and dedication because of the fact that working together it is possible to
measure faster and with more precision and also it is easier to study the results
and therefore to obtain conclusions as we are sharing our knowledge in this
technology.
The most important objectives that are pursued in this Thesis are related with
the analysis of a horizontal air-water flow. It would be interesting to obtain an
experimental and theoretical characterization of a horizontal flow using different
evaluations, theories and analysis such as flow pattern analysis, pressure drop
evaluations, void fraction evaluation and mass flow rate measurements.
In order to achieve our goal the Department of Energetics (DENER) of the
Politecnico di Torino has put at our disposal several offices, computers,
software and facilities to work at our Thesis. Concerning the experimental
system, which we have been working with, it will be accurately explained on
next chapters. However, it can be said that it contains the necessary devices to
develop our tasks related to the measurements in a correct and safety way.
This Thesis is not only an analysis about the data obtained as it is also
necessary to carry out a deep research work because of the difficulty of working
on two-phase flow and also because of the length of the field.
The experimental part consists on taking a large number of data to know, after
all measurements with laboratory devices, the properties of the mixture which is
flowing through a pipe only with the knowledge of some parameters. So it could
be said that the aim of this work is to define an appropriate theoretical and
experimental methodology that can be used in experimental apparatus, able to
simulate the thermohydraulic of Nuclear Power Plant in steady state and
accident (LOCA) conditions, in order to measure two-phase flow quantities as
mass flow rates and velocities of water and vapour.
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Chapter 1

Introduction

Nowadays processes where liquid and vapour appear and interact themselves
are commonly usual in industry. Thus, this kind of flow has an important role in
many technological applications and it is necessary a deep study and
knowledge of its performance and characteristics.
Examples are abundant as two-phase flow occurs extensively throughout
industry. However, there is one field where this phenomenon acquires special
importance: the nuclear field. In a nuclear plant, especially in a Pressurized
Water Reactor (PWR), the existence of a mixture of water and vapour is usual
in the secondary side of the steam generators. That is to say, in some pipes
pressure can reach about 15bar and the temperatures are also high so it must
appear a change of phase. Therefore, vapour interacts with water inside a
conduit, so that depending on the quality of vapour, its velocity, its distribution,
etc. in case of an accident with depressurization some parameters such as heat
exchange and creation of Hydrogen must be controlled and studied as they can
cause damages and wrong behaviour in the Nuclear Plant. For instance, in a
PWR there is heat transfer in the Steam Generator (SG) from the Reactor
Cooling System (RCS) to the tubes of the secondary side or Nuclear Steam
Supply System (NSSS) which contain feedwater. While feedwater is passing
the tubes, it picks up heat and gets converted to steam.
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Two-phase flow: water and
steam in the NSSS of PWR

Figure 1. Scheme of PWR
Source: “Fisica de reactores nucleares”. Prof. Ph. D. Javier Dies

As it can be seen in Figure 1, in a PWR the steam generator can be vertical and,
about its internal distribution, it contains thousands of U-tubes where the heat
exchange takes place. This kind of SG with inverted tubes is the most used by
American, Canadian, Japanese, French and German PWR suppliers. Apart
from this design, there are also at least two more designs that are the horizontal
one and the “once through” which are less popular than the first one.

Two-phase flow: water and
steam in the Condenser of
BWR

Figure 2. Scheme of BWR
Source: “Fisica de reactores nucleares”. Prof. Ph. D. Javier Dies

Once it has seen where two-phase flow can be found in a PWR, it is also
interesting to have a look the second more popular kind of reactor in the
12
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energetic industry. This is the Boiling Water Reactor (BWR) and it is shown in
Figure 2. This nuclear plant has not a steam generator because the steam is
created in the core and after interacting with some dryers is conducted to the
turbines to obtain work and therefore electricity. Once the energy from the
steam has been absorbed by turbines, this steam or vapour is recuperated and
prepared properly in the condenser to reflow to the core in optimum conditions.
This fact of changing the conditions of the fluid in the primary causes the
existence of a two-phase flow in the condenser how it can be seen
schematically in Figure 2 as there is a heat exchange to the tertiary circuit.
The measurement of two-phase flow quantities and parameters is essential for
the understanding of many technical processes, not only the reactor system
behaviour under accident conditions and normal operation, but also a
prerequisite for proper code verification. Thus, safety analysis codes for the
nuclear energy industry require closure relations for the vapour-liquid interfacial
transfer terms.
Other examples can be found in other fields of engineering such gas and oil
industry where accurate two-phase pressure-drop models are necessary to
design the piping system. In addition, a two-phase flow occurs in heat
exchangers, steam generators, chemical reactors, oil transportation, and a lot of
process equipment.
As it will be able to be seen on this Thesis, two-phase flow has got complex
nature, which is characterized by turbulence, deformable phase interface,
phase interaction, phase slip and compressibility of the gas phase. Thus, it
makes difficult to obtain reliable flow models, so that there is a classification of
different flow structures because in a two-phase flow the geometry and the
distribution of phases depend on a considerable number of parameters. In other
words, these flow structures are classified in flow regimes or flow patterns and
they change depending on operating conditions, fluid properties, flow rates and
the orientation and geometry of the pipe through which the fluids flow.
It is about few decades since investigators have been developing various
solutions for measuring two-phase flow. This has result in some instruments
which are not only used to identify the flow pattern, but also to measure the
carry of water and vapour or air.
On next points, it will be noticed the existence of big difficulties in
measurements, equations, parameters and among other aspects. Thus,
13
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measuring two-phase flow will always require experienced researchers using
special and accurate solutions for each required and specific purpose.
There are some models that help to know which flow pattern is flowing through
a pipe and therefore to project accurately the measure system. As it has been
said before, two-phase flow has got a complicated geometry and it is described
by flow patterns, so that common single-phase characteristics such as velocity
profile, turbulence and boundary layer are inappropriate for describing the
nature of multi-phase flows and for obtaining coherent conclusions.
To sum up, if one is working on a two-phase flow, it should be determined the
flow regime because if it is unknown, there is no way it can be calculated other
parameters mentioned previously with engineering significance.
Finally, it is necessary to add some aspects about this Thesis and what kinds of
facilities are used to obtain conclusions and to carry out the study.
As it has been said before, the field of mixtures water-vapour is as wide as one
can think about which kind of applications where water flows through a conduit
are possible, so that it is necessary to delimit the problem considering some
factors such as geometry of the pipe, measure devices, laboratory facilities, flow
suppliers, etc. Thus, this study is a theoretical and experimental analysis of a
two-phase flow in a horizontal conduit. This two-phase flow is formed by water
and air and the analysis is made using a Spool Piece (SP), which is composed
by a drag disk, a turbine and an impedance probe. These devices are located in
a relatively short piping segment. Concerning the SP, its design is important
because intrusive meter may seriously affect the flow regime, so that location of
all the instruments in close proximity is desirable because of the often unsteady
and inhomogeneous nature of two-phase flow.
In the last few years many efforts were made by scientists all over the world to
understand the physics of this experimental distribution, for instance, Sheppard
et all (1975) demonstrated that, in two-phase flow, if the drag meter is installed
in a spool piece, with a turbine meter, accurate calculated measurements were
attained only when the drag disc is positioned upstream the turbine and a flow
disperser is installed. Moreover, in 1982 N. C. J. Chen and D. K. Felde worked
together in an analysis of two-phase mass flux uncertainties of a spool piece.
They made comparisons between various homogeneous mass flux models
based on high-temperature and high-pressure water mass flux data from
steady-state up flow film boiling tests run at the Thermal-Hydraulic Tests
14
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Facilicy (THTF). Another important research was made by K.G. Turnage and
P.A. Jallouk (1980), who made advanced testing of a spool piece; the results of
his report are from a spool piece oriented horizontally and with the drag flow
meter transducer fitting on the top of the pipe. Also, in order to a better
understanding of the capabilities of that spool piece instrumentation, he used
several two-phase models to analyse the data.
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Chapter 2

Fundamental definitions and
terminology in two-phase flow

This work is focused not only in two-phase flow, but also in single-phase flow.
Firstly, single-phase fluid flow (gas or liquid) is a continuous body where any
spatial point has a density, three velocity components and a pressure. Secondly,
two-phase flow can be defined as the case in which there are two phases
flowing simultaneously in a conduit. In addition it is important to notice the
difference between phase and component so that a two-phase flow can be
formed by only one component (as H2O) but, as its name indicates, it can also
be formed by two phases (liquid and vapour). In this sense, a wider explication
of two-phase flow is given in following lines (see point 3.1).

2.1 Flow magnitudes
The main parameters used to characterize the two-phase flow are:
- Pressure
- Temperature
- Density
- Mass flow rate and velocity
- Flow quality
- Void fraction
16
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Otherwise, there are also other parameters that can characterize two-phase
flow pattern however it will not be taken into account. For instance, critical heat
flux sometimes is taken but as one of the initial conditions is that in the study
one is working in an adiabatic pipe, this parameter can be neglected.
Moreover, the performance of the mixture is conditioned by the geometry of the
facility and parameters concerning the pipe such as diameter, length, inclination,
roughness, existence of elbow, etc.
To distinguish between gas and liquid the subscripts „L‟ for liquid and „G‟ for
vapour/gas are used during this chapter.
2.1.1 Pressure
Pressure is defined as force per unit area. It is usually more convenient to
use pressure than force to describe the influences upon fluid behaviour. The
standard unit for pressure is the Pascal, which is a Newton per square meter.
Pressure in a fluid can be seen to be a measure of energy per unit volume by
means of the definition of work. This energy is related to other forms of fluid
energy by the Bernoulli equation.

It is also useful to know which the unit conversion between the different
pressure units is.

From a thermodynamic point of view, if the volume „V1‟ of a body with
surface „S‟ is subjected to a surrounding pressure „P‟ in every mass
differential „dx‟ of the surface and it increases to another volume „V2‟ , the
work „L‟ made is:

Then, adding every mass differential it is possible to obtain next expression
concerning the work made.

∫
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2.1.2 Temperature
A convenient operational definition of temperature is that it is a measure of
the average translational kinetic energy associated with the disordered
microscopic motion of atoms and molecules. The standard unit for
temperature is Kelvin and its unit conversion to others is:
[

]

([

]

)

where [ºC] is Celsius degrees and [ºF] is Fahrenheit degrees.
2.1.3 Density
It is a physical property of matter, as each element and compound has a
unique density associated with it. Density defined in a qualitative manner as
the measure of the relative "heaviness" of objects with a constant volume. It
is calculated as its mass per unit volume and a usual expression is

For a single-phase flow it is function of temperature and pressure.
2.1.4 Mass flow rate and velocity
The total mass flow rate is the sum of the mass flow rate of the phases
̇

̇

̇

[

]

Also is important to know the expressions of the specific mass velocities
̇

̇

̇

[
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where A is the section of the pipe and last expression is the total mass
velocity of the flow.
2.1.5 Flow quality
As it will be seen in the following chapter, it is recommended to notice how a
two-phase flow can be classified based on the number of components that it
has. That is to say, a two-phase flow can be formed by one or two
components. In this sense, if one is working with a two-phase flow of one
component one is working on a flow that only has one kind of fluid. Otherwise,
if one is working with a two-phase flow of two components one is working
with two different fluids. For instance, a two-phase flow of one component is
found in a SG of a PWR, where there is water (one fluid) but not only there is
liquid, but also vapour (2 phases). In addition, examples of two-phase flow of
two components are commonly found in experiments or studies such as this
one, as it easier to work with a mixture of two different fluids like air and
water.
One the one hand, with a two-phase flow of two components the mass flow
ratio is given either as the ratio of the gas rate to the total flow rate, the
dryness fraction as it is called or flow quality
̇
̇
or as the ratio of the liquid flow rate to the total flow rate, known as the
wetness fraction
̇
̇
Concerning the measurements inside the pipe, when phase change does not
take place, it is necessary to measure the mass flow rate of each phase and
then, the quality is determined for the entire pipe or the volume chosen.
However, if there is phase change in the volume (two-phase flow of one
component) the quality will increase (inverse for condensation) downstream
with the flow. As long as there is not thermal equilibrium between the phases,
one cannot calculate the quality merely by knowing the inlet quality and the
heat flux from the wall. Unfortunately, it is very difficult to measure or
calculate with precision the quality of the liquid-vapour mixture flowing in a
pipe where a change of phase takes place. A fictitious quality, the so-called
thermodynamic equilibrium quality can be calculated by assuming that both
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phases are saturated. For instance, when their temperatures are equal to the
saturation temperature corresponding to their common pressure. That
equilibrium can be calculated as:
( )

where
[J·kg-1] is the enthalpy of the saturated liquid,
[J·kg-1] is the
latent heat of vaporization and ( ) [J·kg-1] is the enthalpy at a cross section
z, which can be calculated from:
( )
̇

∫

( )

where
is the enthalpy of the fluid at the inlet and ( ) [W·m-1] is the
heat input per unit length of the volume chosen respectively.
2.1.6 Void fraction
It is the ratio between the gas volume and the total volume:

In a pipe, the void fraction is expressed by:

where Ag is the surface occupied by gas and A is the pipe section.
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Chapter 3

Theoretical and experimental
considerations

3.1 Phase. Definition and characteristics
The dictionary of La Real Academia Española defines the word „phase‟ as
follows:
Each homogeneous part that can be physically separated in a system formed
by one or more components.

If the thermodynamic definition is considered, a phase is a state of the matter,
which can be solid, liquid or gas. It is important to notice that it is not the same
component and phase. For instance, a mixture of vapour and liquid has got two
phases but only one component, which is water, as both phases are the same
fluid. On the other hand, it is also possible to work with air-liquid mixtures that
are referred to as two-phase and two-component mixtures because apart from
coexisting two states of the matter, air and water are not the same fluid.
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Once the difference between these two words has been understood, two-phase
flow can be defined as the case in which there are two phases flowing
simultaneously in a conduit. As it has been said before, this study is focused on
a horizontal two-phase flow where the two phases are air and water. Obtaining
a mixture of two phases by using independent flows of water and air results is
easier, cheaper and more safety than using, for example, a vapour-liquid water
facility. If it was used a facility where vapour and liquid flew through it would be
necessary an amount of considerations such as changing the materials of the
pipes as we would be working with a higher range of temperatures, using a heat
source to heat up the fluid, projecting the work place and devices again, etc.

3.2 Phase and superficial velocity
Apart from mass velocities explained in previous point 2.1.4, there are at least
five more important velocities to make an accurate study of two-phase flow.
3.2.1 True average velocity
True average velocities (also called actual velocities) of the phases
and
are velocities by which the phases actually travel. The cross sectional
average true velocities are determined by the volumetric flow rates ̇ and ̇
[m3/s] of the vapour and liquid divided by the cross sectional areas occupied
by respective phases.
̇
̇

̇
(

where

̇

)

(
(

)
)

is the void fraction of the vapour and is defined by

3.2.2 Superficial velocity
Superficial velocities (also called volumetric fluxes) of liquid and vapour
phases are defined as the volumetric flow rate of the phase ̇ and ̇ [m3/s]
through the total cross sectional area of two phase flow. It might also be
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expressed as the phase velocity if it would flow alone in the entire cross
section. Thus:
̇

̇

(

)

(

)

The total superficial velocity is defined as:

3.3 Homogeneous flow
Homogeneous flow is a particular model of two-phase flow. In this model it is
assumed that the two phases are well mixed and, more particularly, travelling
with equal velocities. This kind of flow will be deep studied in following points.
However, it is interesting to show its main expression to define its void fraction.
Firstly, the general definition of void fraction is:

[

(

)

]

as two phases have got the same velocity

Thus, the final expression defining homogeneous void fraction is:

[

(

)

]

3.4 Separated flow
The separated flow model considers the two-phase flow to be artificially
separated into two streams, each flowing in its own pipe. The areas of the two
pipes are proportional to the void fraction . Numerous methods are available
for predicting the void fraction. If one uses the Steiner (1993) version of the drift
flux model of Rouhani and Axelsson (1970):
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The two-phase flow density is obtained from:
(

)

3.5 Void fraction and correlations
The void fraction is one of the most important parameters and it can be defined
by different ways. It must be evaluated in order to characterize two-phase flow
and it indicates the percentage of vapour/gas in front of liquid which are both
flowing in a pipe. Moreover it is used for determining numerous other important
parameters such as density, viscosity, velocity of each phase and obviously for
predicting flow pattern, flow transition, heat transfer and pressure drop. The last
two are required to design two-phase flow systems.
3.5.1 Local time-averaged void fraction
The local refers to that at a very small volume. Knowing that P(r,t) represent
the local instantaneous presence of vapour or gas at some point r at time t,
the local time-averaged void fraction is defined as:

( )

∫

(

where
1 if point r is in phase G
(

)=
0 if point r is in phase L

Thus, previous expression can be rewritten as:
( )
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3.5.2 The chordal void fraction
The chordal void fraction is defined as:
∑
∑

∑

where LGi and LLi are the lengths of the lines through the vapour/gas and
liquid phase respectively.
Gas
Liquid

LGi

LLi

Figure 3. Chordal void fration

3.5.3 The cross-sectional void fraction
This is the ratio of the gas flow cross-section to the total cross-section:

where AG (in Figure 4 the yellow area) and AL (in Figure 4 the red area) are
the area occupied by the vapour/gas and liquid phase respectively.

Figure 4. Cross-sectional void fraction
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3.5.4 The volumetric void fraction
The volumetric void fraction is defined as:

where VG (in Figure 4 the yellow volume if it had a length L) and VL (in Figure
4 the red volume if it had a length L) are the volume occupied by the
vapour/gas and liquid phase respectively.
3.5.5 Void fraction correlations considered for this study
Several studies by scientists have been proposed concerning the void
fraction. On the following lines, there is a selection of the most important.
Starting from the definition of void fraction:

[

(

)

]

Next table can be constructed.

Void fraction correlations considered for this study
Author/source

Void fraction correlation

Homogeneous

[

(

) (

)]

Thom (1964)

*

(

) (

)

Zivi (1964)

*

(

) (

)

+

Chen (1986)

*

(

)

(

(

)

)

+

(

Armand (1946)
Chisholm (1983), Armand (1946)
Wallis (1965)

*

(

)

(

) (

)

(

Table 1. Void fraction correlation by authors
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3.5.6. Measurements of void fraction
As it has been said before, void fraction is one of the most important
parameters to characterize two-phase flow. Thus, it is necessary to know
which methods or techniques are available for measuring that parameter.
To understand it better, it is useful to use the software MATLAB to plot these
equations and see what they mean.

Homogeneous
Thom
Zivi
Chen
Butterworth
Armand
Chisholm Armand
Wallis

Figure 5. Void fraction correlations

As the figure shows, the relation between the flow quality (x) and the void
fraction (alpha) makes that when the flow quality approaches to zero, the
void fraction decreases. Taking into account these two expressions:

̇
̇
it is easy to see that when the flow quality is zero, it means that all the mass
is water, thus, the void fraction must be zero also due to the fact that there is
no vapour/gas.
Void fraction can be measured using radiation attenuation (X-ray, -ray or
neutron beams), optical or electrical contact probes, impedance techniques
using capacitance or conductance sensors and quick-closing valves. It is
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important to remark that each technic used can vary in function of the
application due to the possibility, for example, of disruption in the flow. So it
could be established a general classification divided in intrusive and nonintrusive measurements.
3.5.6.1 Measurements using radiation attenuation
Measuring by using radiation attenuation is a non-intrusive method that
consists basically in allowing a beam of radiation (β, γ, neutrons or X-rays)
to traverse the cross section of the pipe and detect the emerging beam.
The main advantages of this technique are:
- There is no physical contact of probes with the two-phase flow, which
avoids flow perturbation.
- There is a relative easiness of the calibration method.
However, this method can be expensive as it works with a radioactive
source so it is necessary a set of facilities related to safety and also the
needed equipment so as to measure the radiation. In addition it should be
noticed that the prize of a radioactive source is not cheap so it is
necessary an important investment.
3.5.6.2 Optical measurement
Optical sensors have the advantage of the simplicity of its set up, the easy
interpretation of the results, and the fact that the signal is not in contact
with the flow. Concerning these kinds of probes, light is emitted into one
extreme of an optical fibre and, at the other extreme, some light is
reflected whose intensity is determined. Its value depends on the
refractive index of the phase surrounding the probe tip. Thus, the detection
of bubbles is enabled by the different refraction indices of the gas and
liquid phases without using intrusive measurements.
3.5.6.3 Impedance sensors
This kind (capacitance or conductance) of sensors are the most used for
the identification of the flow pattern as it can measure time and volume
averaged void fraction. This technique is one of the most used in
measurements of void fraction in the laboratory due to the fact that it is
possible to obtain quickly information about virtually instantaneous void
fraction and it is also a low-cost device. Moreover, this device can be
constructed easily in a non-intrusive structure.
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The principle of the capacitance method is based on the differences in the
dielectric constants of the two phases. However, there are several
disadvantages of the impedance technique, which sometimes are difficult
to resolve. For instance, the capacitance measurement is sensitive to the
void-fraction distribution or flow patterns due to the non-uniformity of the
electrical field inside the measuring volume. This, however, can be
compensated by first identifying the flow pattern. The measurement is also
sensitive to the changes in electrical properties of the two phases due to
the temperature. The noise or background due to the electromagnetic field
around the sensor and connecting wires can significantly affect the signal
and needs to be minimized through proper design of the sensor shield.
3.5.6.4 Technique of the quick-closing valves
Valves are used in this method at the inlet and the outlet of the bundle that
included not only the tube bundle, but also the entrance and exit areas.
Based on the mass of liquid in the bundle, the void fraction is determined.
This method provides the void fraction with accuracy measurement and it
is useful for calibrating or comparing against other methods. However, as
it works with valves, it is not a practical way to determinate void fraction for
continuous processes due to the fact that the closure of the valves
disrupts the flow through the pipe, so it is an intrusive measurement.
Finally, in order to work with valves it should be known that under
adiabatic conditions they must be closed simultaneously.
This technique and the impedance probe (explained after) are what are
used to measure void fraction in the facility located in the laboratory of the
Politecnico di Torino. Thus, data shown in experimental results come from
this kind of measurement.

3.6 Flow models
In front of a situation where one is working with a fluid and it must be studied
and evaluated, it is necessary to make a model of it in order to apply
appropriate equations to solve the problem and also to study some interesting
parameters. Then, as multi-phase flows are often described as being composed
of a continuous phase and a dispersed phase it appears the problem of being
able to convert discontinuous distributions to continuous distributions so that
they can be expressed using differential equations. Mainly, there are two
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models of flow which are homogeneous and separated flow model.
Homogeneous flow is a particular model of two-phase flow. In this model it is
assumed that the two phases are well mixed and, more particularly, travelling
with equal velocities. However, in the separated flow model the restriction on
equal phase velocities is relaxed and one now models the momentum
exchange between the phases and the channel separately with different
velocities, e.g., vapour and liquid velocities. The relaxation of equal velocities is
most important when the densities between the phases are quite different in the
presence of a gravitational potential field or large pressure gradients.

A

B

Figure 6. Scheme of homogeneous (A) and separated (B) flow model

3.7 Pressure drop
Although several theoretical and experimental investigations have been
developed, no general models are available that reliably predict two-phase
pressure drops. The main reason is that two-phase flow includes all the
complexities of single-phase like non-linarites, transition to turbulence and
instabilities plus additional two-phase characteristics like motion and
deformation of the interface, non-equilibrium effects and interactions between
phases. To predict this important parameter design there are three approaches:
analytical models, empirical correlations or phenomenological models.
3.7.1 Two-phase pressure drop
The total pressure drop of a fluid is the sum of the variation of potential
energy of the fluid, kinetic energy of the fluid and that due to friction on the
channel walls. Thus, the total pressure drop ∆ptotal is the sum of the static
pressure drop (elevation head) ∆pstatic, the momentum pressure drop
(acceleration) ∆pmom, and the frictional pressure drop ∆pfrict:

30

CHAPTER 3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

In this case, a horizontal tube, there is no change in static head so ∆p static = 0.
The momentum pressure drop reflects the change in kinetic energy of the
flow and is given by:

,*

(

)
(

+

)

*

(

)
(

)

+ -

where G is the total mass velocity of liquid plus vapour and x is the flow
quality.
The momentum pressure drop reflects the change in kinetic energy of the
flow and is calculable, for evaporating flows in horizontal tubes, by input of
the inlet and outlet vapour qualities and void fractions. If it is needed to
measure two-phase pressure drop for evaporation in horizontal tubes, the
frictional pressure is obtainable by subtracting the momentum pressure drop
from the measured total pressure drop from the measured total pressure
drop since the static pressure drop is zero.
3.7.2 Analytical methods
The two-phase pressure drop models developed with this approach are
general models as no empirical information is used in their development.
Besides this obvious positive aspect, the corresponding mathematical
models are very complex and often iterative and numerical procedures are
required resulting in time consuming calculations. An amount of two-phase
pressure drop models developed following this approach can be found in
literature. However the complete set of equations describing these models
will not be given in this section because of their size.
3.7.3 Phenomenological methods
When using the phenomenological approach to develop two-phase pressure
drop models, these models are theoretical based methods as the interfacial
structure is taken into account. Thus, they are not blind to the different flow
regimes resulting in general applicability models. Despite this obvious
positive point, an important disadvantage of this approach is that some
empiricism is still required in order to close these models and be able to
solve for the two-phase frictional pressure gradient. Another important aspect
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is that there is not a general flow pattern based model yet available. In fact,
they are only available for individual flow patterns or flow structures. This
observation preludes one of the major difficulty in following this approach,
that is they need a very reliable flow pattern map in order to be able predict
the different interfacial structures.
3.7.4 Empirical methods
This approach is used usually in modelling two-phase pressure drop. The
main reason why working with this approach is that minimum knowledge of
the system characteristics is required. Consequently, empirical models are
easy to implement and often they give good accuracy in the range of the
database available for the correlations development. However, one of
principal disadvantages of this approach is that they are limited by the range
of their underlying database. It is important to say also that a disadvantage of
the empirical approach is that no single correlation is able to provide an
acceptable accuracy for general sense.
There are several methods but here will be exposed Friedel‟s because is the
one that will be used in the analysis part.
3.7.4.1 Friedel
The correlation of Freidel is one of the most accurate two-phase pressure
drop correlations. Firstly, is important to know that it was obtained by
optimizing an equation for
using a large database of two-phase drop
measurements. This method is for vapour qualities from 0≤x<1 and the
frictional pressure drop is calculated as

where

is determined from
( )
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is correlated as

where , ,

,

are as follows
(

)
(
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His liquid Weber

)

(

)

)
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)

is defined as

and the definition of the homogeneous density is

[

(

)]

That correlation is applicable to vertical up flow and horizontal flow. This
method is known to work well when the ratio

⁄

, which is the

case for most working fluids and operating conditions.
3.7.5 Approaches of pressure drop
The existing two-phase pressure drop model have been presented, the
models were classified according to the different approaches used for their
development, which can be empirical, analytical and phenomenological. The
main advantages and disadvantages of those approaches and methods were
emphasized. While empirical based model are the easiest to implement and
provide a reasonable accuracy within the range of database used in their
implementation, their reliability is its weakest point due to the amount of
empirical information used. However, the analytical approach provides
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general models, since no empirical information is used, but their
implementation is very complex and it takes a lot of time just to do one
calculation. A good compromise between purely empirical and purely
analytical seems to be the phenomenological approach. This later preserves
their general applicability, as they are theoretically based, and introducing
some empiricism they overcome complex calculations resulting in somewhat
easy to use models. Despite this, it is needed to know in advance the
interfacial structure, introducing the need of a reliable flow pattern map to
allow the prediction of flow patterns or flow regimes.
3.7.6 Pressure drop for flows inside tubes
3.7.6.1 Homogeneous flow for flows inside tubes
A homogeneous fluid is a convenient concept for modelling two-phase
pressure drops; it is a pseudo-fluid that obeys the conventional design
equations for single-phase fluids and is characterized by suitably averaged
properties of the liquid and vapour phase. The homogeneous design is
presented on following lines.
The total pressure drop of a fluid is due to the variation of kinetic and
potential energy of the fluid and that due to the friction on the walls of the
flow channel. Thus, the total pressure drop
is the sum of the static
pressure drop
, the momentum pressure drop
, and the
frictional pressure drop
:

The static pressure drop for a homogeneous two-phase fluid is:

where is the vertical height, is the angle respect to the horizontal, and
the homogeneous density
is
(

)

and
and
are the liquid and gas (air) densities, respectively. The
homogeneous void fraction
is determined from the quality x as
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(

where

⁄

(

)

)

is the velocity ratio, or slip ratio (S), and is equal to 1.0 for a

homogeneous flow. The momentum pressure gradient per unit length of
the tube is:
( ⁄̇ )
( )

The most problematic term is the frictional pressure drop, which can be
expressed as a function of the two-phase friction factor
, and for a
steady flow in a channel with a constant cross-sectional area is:
̇

The frictional factor may be expressed in terms of the Reynolds number by
the Blasius equation:

where the Reynolds number is
̇

The viscosity for calculating the Reynolds number can be chosen as the
viscosity of the liquid phase or as a quality averaged viscosity
:
(

)

This correlation is suitable for mass velocities higher than 2000kg/m2s in
the case of the frictional pressure drop calculations and for mass velocities
less than 2000kg/m2s and

⁄

for gravitational pressure drop

calculations. Generally speaking this correlation should be used at highreduced pressures and very high mass velocities.
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3.7.6.2 Separated flow for flows inside tubes
The two-phase pressure drops for flows inside tubes are the sum of three
contributions: the static pressure drop
, the momentum pressure
drop
and the frictional pressure drop
as:

The static pressure drop is given by

For a horizontal tube, there is no change in static head, i.e. H=0 so
while
is equal to 1.0 for a vertical tube. The momentum
pressure drop reflects the change in kinetic energy of the flow and is for
the present case given by:
̇
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The momentum pressure drop is calculable by input of the inlet and outlet
vapour qualities. When measuring two-phase flow pressure drops for
evaporation in horizontal tubes, for instance, the frictional pressure drop is
obtainable by subtracting the momentum pressure drop from the
measured total pressure drop since the static pressure drop is nil.
For an evaporating flow, the kinetic energy of the outgoing flow is larger
than that of the incoming flow since the density of the vapour phase is less
than that of the liquid. Hence, the momentum pressure drop results in a
lower pressure at the exit than at the inlet, i.e. a pressure recovery. For
condensing flows, it is common to ignore the momentum recovery as only
some of it may actually be realized in the flow and ignoring it provides
some conservatism in the design.
The frictional pressure drop in two-phase flows is typically predicted using
separated flow models. The first of these analyses was performed by
Lockhart and Martinelli (1949) and then followed by many others. The
basic equations for the separated flow model are not dependent on the
particular flow configuration adopted. It is assumed that the velocities of
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each phase are constant, in any given cross-section, within the zone
occupied by the phase.

3.8 Overview of flow patterns
From a practical engineering point of view one of the major design difficulties in
dealing with multiphase flow is that the mass, momentum, and energy transfer
rates and processes can be quite sensitive to the geometric distribution or
topology of the components within the flow.
An appropriate starting point is a phenomenological description of the geometric
distributions or flow patterns that are observed in common multi-phase flows.
The aim of this point is to describe the flow patterns observed in horizontal
pipes and also to identify a number of the instabilities that lead to the transition
from one flow pattern to another.
3.8.1 Topologies of multi-phase flow
Flow pattern or flow regime is a particular type of geometric distribution of
components and many of the names given to these flow patterns are now
quite standard. Therefore, usually the flow patterns are recognized by visual
inspection, although other means such as analysis of the spectral content of
the unsteady pressures or the fluctuations in the volume fraction have been
devised for those circumstances in which visual information is difficult to
obtain.
For some of the simplest flows, such as those in horizontal pipes, a
substantial number of investigations have been conducted in order to
determine the dependence of the flow pattern against other parameters like
volume fluxes, density, viscosity, surface tension, momentum, etc. The
results of these studies are often displayed in the form of a flow regime map
that identifies the flow patterns occurring in various parts of a parameter
space defined by the component flow rates. These used flow rates may be
volume fluxes, mass fluxes, momentum fluxes, or other similar quantities
depending on the author.
As it can be noticed in next points, the boundaries between the different flow
regimes in a flow pattern map occur because a regime becomes unstable
when the boundary is approached and growth of this instability causes
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transition to another flow pattern. However, these multiphase transitions can
be rather unpredictable since they may depend on otherwise minor features
of the flow, such as the roughness of the walls or the inlet conditions. Hence,
the flow pattern boundaries are not distinctive lines but more poorly defined
transition zones.
One of the basic fluid mechanical problems is that these maps are often
dimensional and therefore apply only to the specific pipe sizes and fluids
employed by investigator. Thus, generalizations that have been made by
some investigators such as Baker (1954), Schicht (1969) or Weisman and
Kang (1981) can only have limited value because several transitions are
represented in most flow pattern maps and the corresponding instabilities are
governed by different sets of fluid properties. Even for the simplest duct
geometries, there are no universal, dimensionless flow pattern maps that
incorporate the full, parametric dependence of the boundaries on the fluid
characteristics.
To sum up, there remain many challenges associated with a fundamental
understanding of flow patterns in multiphase flow and considerable research
is necessary before reliable design tools become available.
Finally, it is interesting to add that the flow pattern with its interface is a
topological configuration that describes the mechanical and thermal
equilibrium between the two phases and the wall of the pipe.
3.8.2 Main classification of flow regimes
There are at least three main mechanisms involved in forming different flow
regimes. The possibilities are transient effects, geometry effects and
hydrodynamic effects. However, it is also possible to find combinations of
them.
Transients occur as a result of changes in system boundary conditions.
Therefore, they can be caused by actions such as opening and closing of
valves and they have not been confused with the local unsteadiness
associated with intermittent flow.
Geometry effects take place as a result of changes in pipeline geometry or
inclination. In our study, as we are working on a horizontal pipe there is no
change in inclination. On the other hand, singularities in the Spool Piece
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affect both local velocity of the fluid and flow pattern evolution through the
pipe. Then, it has an effect on the signal measured by instruments.
Finally, in the absence of transient and geometry effects, the steady state
flow regime is entirely determined by flow rates, fluid properties, pipe
diameter and pipe inclination.
In the main, all flow regimes can be grouped into dispersed flow, separated
flow, intermittent flow or combination of these.
Dispersed flow is characterised by a uniform phase distribution in both the
radial and axial directions. As it can be seen in the following classification,
bubble and mist flow are examples of this kind of flow.
Otherwise, separated flow is characterised by a non-continuous phase
distribution in the radial direction and a continuous phase distribution in the
axial direction. Examples of such flows are stratified and annular.
Finally, intermittent flow is characterised by being non-continuous in the axial
direction, and therefore exhibits locally unsteady behaviour. For example
elongated bubble, churn and slug flow.
When a two-phase flow is flowing through a pipe, depending on the
inclination of this conduit, the types of flow patterns appeared are different.
For instance, in a vertical conduit there will not be a stratified flow, as the
effect of the gravity does not affect in a radial way the flow. In this way, as in
this Thesis we are working on a horizontal pipe it is recommended to explain
which kind of flow pattern can be found inside this type of tubes. It should be
noticed that in a horizontal pipe, flow is influenced by the gravity that acts to
stratify the liquid to the bottom of the tube and the gas to the top. Flow
patterns appeared in Figure 7 can be categorized in Table 2.
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Figure 7. Flow patterns: Horizontal flow
Source: “Experimental and analytical study of two-phase pressure drops during evaporation in horizontal tubes”.
Jesus Moreno Quiben

FLOW PATTERN

CHARACTERISTICS

Bubbly flow

The bubbles are dispersed in the liquid with a high concentration of
bubbles in the upper half of the tube due to their buoyancy. When shear
forces are dominant, the bubbles tend to disperse uniformly in the tube.
In horizontal flows, the regime typically only occurs at high mass flow
rates.

Stratified flow

At low liquid and gas velocities, complete separation of two phases
occurs. The gas and the liquid are separated in the top and in the
bottom of the pipe respectively by an undisturbed horizontal interface.
Therefore, liquid and gas are completely separated in this regime.

Stratified-wavy flow

Increasing the velocity of the gas in a stratified flow, waves are formed
in the interface and travel in the direction of the flow. The amplitude of
the waves is not constant and it depends on the relative velocity of two
phases. However, their crests do not reach the top of the tube. The
waves leave thin films of liquid on the wall after the passage of the
wave.

Plug flow

This kind of regime has liquid plugs that are separated by elongated gas
bubbles. The diameters of these elongated bubbles are smaller than the
tube and this type of flow is commonly known as elongated bubble flow.

40

CHAPTER 3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

Slug flow

At higher gas velocities, the diameters of elongated bubbles become
similar in size to the channel height. The liquid slugs separating such
elongated bubbles can also be described as large amplitude waves.

Annular flow

At even larger gas flow rates, the liquid forms a continuous annular film
around the perimeter of the tube. The interface between the liquid
annulus and the vapour core is disturbed by small amplitude waves and
droplets may be dispersed in the gas core. At high gas fractions, the top
of the tube with its thinner film becomes dry first, so that the annular film
covers only part of the tube perimeter and thus is then classified as
stratified-wavy flow.

Mist flow

At very high gas velocities, all the liquid may be stripped from the wall
and entrained as small droplets in the now continuous gas phase.
Table 2. Flow patterns and main characteristics

3.8.3 Flow pattern map construction
One of the aims of this Thesis so as to find useful conclusions is the
modelling and the construction of different flow pattern maps knowing their
equations and using Matlab (matrix laboratory) as software developed by
MathWorks. The main reason for using this software is that it allows matrix
manipulations, plotting of functions and data, implementation of algorithms,
creation of user interfaces, and interfacing with programs written in other
languages, including C++, C, Java and Fortran.
As it has been said before, a flow pattern map is an interesting way to know
which kind of flow regime is flowing through the pipe by calculating only two
parameters corresponding to the axes of the map. At this point, one problem
emerges, as it is necessary to obtain different curves that belong to the map,
which is not an easy task. However, there have been some investigators
along the history that have been designed their own theories and, obviously,
they have obtained flow pattern maps thanks to regime transition equations
that will be presented in the following section.
To have a quick review of what it has been explaining about single-phase
and multi-phase flow some aspects can be rewritten. Then, multi-phase flow
is characterized by the existence of interfaces between the phases and
discontinuities of associated properties. On the other hand, single-phase flow
can be classified according to the external geometry of the flow channel such
as the 'character' of the flow; i.e., laminar - following streamlines, or turbulent
- exhibiting fluctuations and chaotic motions. In contrast multi-phase flow is
classified according to the internal phase distributions or "flow patterns" or
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"regimes". For a two-phase mixture of a gas or vapour and a liquid flowing
through a conduit, different internal flow geometries or structures can occur
depending on the size or orientation of the flow channel, the magnitudes of
the gas and liquid flow parameters, the relative magnitudes of these flow
parameters, and on the fluid properties of the two phases. A wide variety of
multi-phase flow patterns has been observed and identified in the literature.
For example, Rouhani and Sohel (1983) cited a survey which suggested 84
different flow-pattern labels used in the literature. These variations are due to
the subjective nature of flow-pattern definitions and partly to a variety of
names given to essentially the same geometric flow patterns. Actually one
finds a few basic flow patterns with associated transitions.
The rate of exchange of mass, momentum and energy between gas and
liquid phases as well as between any multiphase mixture and the external
boundaries depend on these internal flow geometries and interfacial area;
hence is dependent on flow-pattern. For instance, the relationships for
pressure drop and heat transfer are likely to be different for a dispersed flow
consisting of bubbles in a liquid (bubbly flow) than for a separated flow
consisting of a liquid film on a channel wall with a central gas core (annular
flow). This leads to the use of flow-pattern dependent models for mass,
momentum and energy transfer, together with appropriate flow-pattern
transition criteria. Given the existence of any one pattern, it is possible to
model the two-phase flow field and to select a proper set of flow-pattern
dependent equations so as to predict the important process design
parameters. However, the central task is to predict which flow-pattern will
exist under any set of operating conditions as well as to predict the value of
characteristic fluid and flow parameters (e.g., bubble or droplet size) at which
the transition from one flow-pattern to another will take place. Therefore, in
order to achieve a reliable design of gas-liquid systems such as pipelines,
evaporation and condensers, a prior knowledge of the flow-pattern is
required.
The common practice in representing flow-pattern data is to classify the flow
patterns by visual or other means and to plot the data as a two-dimensional
flow-pattern map in terms of particular system parameters. Beginning with
the early flow-pattern maps, such as those proposed by Bergelin and Gazley
(1949) and Kosterin (1949), there has been an on-going discussion on the
selection of appropriate pairs of parameters to represent the flow-pattern
transition boundaries. There is a wide variety of flow-pattern maps for twophase flow in channels. A large number of different parameters have been
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used to present the experimental data in two-dimensional coordinates based
on the superficial velocities,
and
or
and
. For instance, the
empirical flow regime maps by Baker (1955) for horizontal flow and Hewitt
and Roberts (1969) for vertical flow, both for small tubes. Some investigators
have attempted to correlate the transition boundaries by a single pair of nondimensional groups, in the hope that the results would apply to pipe sizes,
and fluid and flow parameters other than those of the experimental data used
to locate curves. Next Table 3 gives a general views of which are the twophase flow maps for a horizontal system.

Table 3. Flow pattern maps for horizontal two-phase flow system
Source: “Michael L. Corradin”

The main task is to group together the basic flow structures and define a
few basic patterns. This is by no means well defined and indeed many
flow patterns exist as individual researchers group the flow patterns
somewhat differently depending on their own interpretations.
Finally, once it has been described some biography about the authors the
first thing to do in all the maps studied is to find the equations and
parameters characteristics of each one and after this research, with all
available information and the support of Matlab, construct them.
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3.8.3.1 Hewitt and Roberts
Despite the fact that the map plotted by Hewitt and Roberts (1969) is just
for vertical flow, it can be used with horizontal flow as reported by previous
works. As it has been said before, in spite of the fact that on this Thesis
we want to study and analyse a horizontal air-water flow, this map could
be helpful also to compare if the approach and the construction of a
vertical flow map differ significantly from a horizontal map.
In a situation of a pipe with diameter “D” it is important to define which the
limits of the total specific mass velocity “G” are. In this situation, exist a
range of mass flow rate for both liquid and gas located between a
maximum and a minimum. Thus,
̇

̇

̇

̇
̇

̇

̇

̇
⁄

Figure 8. Flow pattern map for vertical flow . Hewitt and Roberts
Source: “Convective boiling and condensation”. John G. Collier and John R. Thome

44

CHAPTER 3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS

The map of Hewitt and Roberts was obtained by observations on lowpressure air-water and high-pressure steam-water flow in small diameter
(1-3cm) vertical tubes. The axes represent the superficial momentum
fluxes of the liquid “l jl2” and the vapour “v jv2” phases respectively. These
superficial momentum fluxes can also be expressed in terms of the mass
velocity “G” and the flow quality “x” which have been defined at point 3.1.4
and 3.1.5, respectively.
[ (

)]

[

]

It should be noticed that following parameters are equivalent as we are
working with gas and vapour or with fluid or liquid.

This map must be regarded as no more than a rough guide because of the
fact that the momentum fluxes alone are not adequate to represent the
influence of fluid physical properties or channel diameter.
Understanding of this flow pattern map would be easier if it is known or
reminded some parameters:

Density of the liquid

[kg/m3]

Density of the air/gas

[kg/m3]

Total specific mass velocity
Flow quality

[kg/s·m2]
No units

Superficial momentum flux of the liquid/fluid

[kg/s2·m]

Superficial momentum flux of the air/gas

[kg/s2·m]

Diameter of the pipe
Viscosity of the fluid

[m]
[Pa·s]

Acceleration of the gravity
Total volumetric flux
Volumetric flux of the gas

[m/s2]
[m/s]
[m/s]

Volumetric flux of the liquid

[m/s]

In what follows, one can see the transitions between the different areas of
the map.
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Bubbly flow-slug flow transition
In a bubbly flow there is a finite probability that individual bubbles will
collide and coalesce to form larger bubbles. Whether or not this
coalescence is significant depends on some parameters such as the
bubble population (and, therefore, on the void fraction, ), on the transit
time of the channel, and on such problematical factors as the level of trace
contaminants. Radovcich and Moissis (1962) examined the behaviour of
an idealized model of bubbly flow and concluded that there were three
kinds of regimes depending on the void fraction. For void fraction bellow
about 0.1 the collision frequency would be relative low. Above this value
the frequency rose steeply until α=0.3 the number of collisions was such
that a rapid transition to slug flow was to be expected.
In this case, it is necessary to calculate the void fraction. Thus, it is
possible to take the void fraction as one parameter that has not been
defined previously. This parameter is called homogeneous void fraction
and it is denoted as:

(

)

In this case the velocities of both phases are the same
The homogeneous void fraction model is reasonably for only a limited
range of circumstances. In this way, the best agreement is for bubbly and
dispersed droplet or mist flows, where the entrained phase travels at
nearly the same velocity as the continuous phase. The homogeneous void
fraction is also the limiting case as the pressure tends towards the critical
pressure, where the difference in the phase densities disappears. Its use
is also valid at very large mass velocities and at high vapour qualities.
Slug flow-churn flow transition
The upper limit of the slug region occurs as a result of interaction between
the rising gas bubble and the falling liquid film separating the bubble from
the channel wall. This interaction, known as „flooding‟, causes the breakup of the long vapour bubble resulting in churn flow. A semi-theoretical
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method of predicting this limit has been given by Porteous (1969), which
can be simplified to the following equations for the case of the tubes of
moderate diameter and liquids with low viscosity. Specifically when the
value of the dimensionless inverse viscosity N is greater than 104 where N
is defined as

In this case the rise velocity of a vapour bubble for slug flow in a stagnant
liquid is given by
[

(

)]

The relationship found by Porteous for the ratio of the total volumetric flux
(j) and the bubble rise velocity (u) at the transition can be expressed
empirically as
(

)

Combining previous both expressions gives an equation for the upper limit
of slug flow as
[

(

)]

[3.1]

where,

This equation delineates a region in the lower left-hand corner of Figure 9
where fully developed slug flow with long vapour bubbles will occur. Less
well developed slug flow with short vapour bubbles and smaller bubbles
entrained in the wake (bubbly-slug flow) occurs over a wider range of
parameters. If it is assumed that last equation gives the limiting vapour
volumetric flux rather than total volumetric flux then the upper limit
becomes
[3.2]
where,
[
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Finally, it should be added that slug flow is usually associated with values
of void fraction less than 0.8.
Churn flow-annular flow transition
This transition is most easily understood by considering a vertical tube
having a section of porous wall at its mid-point and fed at its base with an
upwards gas flow. Liquid fed through the porous wall section will form a
film which will travel downwards if the gas flow is low or upwards if the gas
flow is high. Clearly, the transition between these two regions, the „flow
reversal‟ point can be associated with the lower limit of annular flow. Wallis
(1984) has found that the critical gas velocity at the „flow reversal‟ point
can be characterized by the criterion
[3.3]
This criterion may be used to give an approximate prediction of the churn
flow – annular flow transition.
Nevertheless, where

the gas velocity is given by
[3.4]

Annular flow – wispy - annular flow transition
This transition is difficult to distinguish visually and the information upon
which to base a transition criterion is sparse. That is why sometimes this
transition does not appear in the flow map.
However, there is an approximation suggested by Wallis (1984) that at
high liquid flow rates this transition is given by
[

( )]

[3.5]

Construction of the map using Matlab
Once the transitions have been exposed, it should be noticed that all the
expressions related to the volumetric flux of the gas, liquid, etc. and, in
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general, all previous transition criteria are proposed by others. That is to
say, the best thing that can be done is to reconstruct the theoretical map
of Hewitt and Roberts taking some points from Figure 8 and modelling the
different curves corresponding to the different transitions. In fact, with the
aim to obtain an accurate map, a huge number of points have been taken
from that figure.
Once they have been taken, it is possible to plot the following map with
Matlab.

[3.5]

[3.4]

𝜌𝑣 𝑗𝑣

[3.3]

[3.2]

[3.1]

𝜌𝑙 𝑗𝑙
Figure 9 Construction of Hewitt and Roberts map
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3.8.3.2 Mandhane et al.
Theoretical aspects
In order to have a useful tool for classifying flow patterns, Mandhane et al.
(1974) proposed a basic flow pattern map based on air-water data and the
application of physical property corrections. While this was certainly not a
new approach, previous investigators did not have access to the amount
of data that were available for this study. The proposed flow pattern map is
shown in the next Figure 10.

Figure 10. Proposed flow pattern map. Mandhane et al.
Source: “A flow patern map for gas-liquid flow in horitzontal pipes”. J.M. Mandhane, G.A. Gregory and K. Aziz

In all the previous attempts to apply physical property corrections to base
diagram, the axes of the diagram were modified. This approach shifts the
flow regime boundaries for non-air. Another approach, which has not been
used so far, is to shift specific transition boundaries according to some
scheme. This is equivalent to assuming that the effect of changes in a
particular physical property may be different for different ranges of the flow
rates of the two phases.
Another major decision involves the selection of the coordinate axes. As it
has been shown in Govier and Aziz studies, the superficial phase
velocities represent reasonable discrimination criteria so that there is not
any reason to use other complex parameters. The choice was thus made
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to base the diagram on a log-log plot using VSL and VSG as the coordinate
axes. As it can be seen in Figure 10, the transition boundaries were
located primarily on the basis of log VSL versus VSG plot of the 1178 flow
pattern observations for the air-water system. However, where reasonably
distinct transition line was not obvious, reference was made to a second
similar plot containing all 5935 flows pattern observations from the data
bank. Unfortunately, neither of these two data plots can be reduced in size
with sufficient clarity to be included here. Coordinates for the transition
boundaries shown in Figure 10 are given in the next table.
PHYSICAL PROPERTY CORRECTION Transition

VSG

VSL

MULTIPLY EQUATION OF

boundary

(ft./s)

(ft./s)

TRANSITION BOUNDARY BY

Stratified to

0,1

0,5

elongated bubble

5,0

0,5

Wave to slug

7,5

0,3

40,0

0,3

0,1

14,0

230,0

14,0

35,0

0,01

14,0

0,1

10,5

0,2

2,5

1,15

1.0/Y

Y

Elongated bubble
and

Y

slug to dispersed
bubble

Stratified and
elongated
bubble to wave and
slug

2,5

4,8

3,25

14,0

Wave and slug to

70,0

0,01

annular -mist

60,0

0,1

38,0

0,3

40,0

0,56

50,0

1,0

100,0

2,5

230,0

14,0

Dispersed bubble

230,0

14,0

to annular-mist

269,0

30,0

X

X

X

Table 4. Coordinates for transition boundaries of proposed flow pattern map.
Source: “A flow pattern map for gas-liquid flow in horizontal pipes”. J.M. Mandhane, G.A. Gregory and K.
Aziz
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Construction of the map using Matlab
Once Table 4 has been examined, using Matlab with his corresponding
code, it is possible to obtain the flow pattern map of Mandhane. This
construction is just based on the importation of the data from previous
table to the Matlab, so that it is unnecessary neither to rewrite nor to show
which the Matlab code that has been used is. Although, it should be
noticed that the units appeared on previous table are [ft/s] so it is
necessary unit conversion:
1 [ft/s] = 0,3048 [m/s]

Figure 11. Construction of Mandhane et al. flow pattern map

However, it is necessary to correct the map because the equations of
each transition boundary must be multiplied by one factor related to
parameters “X” or “Y” as it is explained previously in Table 4.
These parameters are defined as

(

)
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⁄

[(

) (

)]

Both expressions are expressed in [lb./ft3] and  has units of [dyne/cm], so
that it is necessary to be careful with unit conversion to obtain suitable and
logical results. Hence, applying these physical properly correction and unit
conversion, Figure 12 is marked out with Matlab.

Figure 12. Flow pattern map of Mandhane et al. with and without physical correction

It is of interest to examine the relationship between the boundaries of the
map proposed in this study and those of the other maps which have been
discussed.
In the next figure, the Baker, Hoogendoorn and revised Govier-Omer
maps have been superimposed on the map shown in Figure 13. In order
to translate the Baker and Hoogendoorn maps to the log V SL-VSG axes, the
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physical properties of the air-water system and a 1-in-diameter pipe were
assumed. It is perhaps not surprising to see that the proposed map is
essentially an “average” of other three.

Figure 13. Flow regime map. Comparison of theory (solid lines) and experiment (hatched lines)
Source: “Flow regime map for Air-Water Two-Phase flow in a Horizontal pipe”. Barry Diacon. McMaster Universtity

One might argue on physical grounds that there should not be an apparent
discontinuity in the superficial liquid velocity as indicated between the
elongated bubble to stratified flow transition line and the slug to wave flow
transition line. While this might be true for a single specific system, it must
be remembered that the transition boundaries should more correctly be
viewed as transition regions, and the diagram presented represents an
average compromise over a wide variety of combinations of physical
properties and pipe diameters.
The map suggested by Mandhane et al. is for a horizontal flow, lowpressure system without large charge of gas density. Mandhane et al.
showed that the effect of physical properties on flow patterns is not as
great implied in Baker‟s map. In general, Mandhane‟s map, combined with
a simple understanding of the value of the superficial velocity, is important
in predicting the flow pattern inside a pipe. For the design of heat
exchangers and nuclear power plants, an understanding of the flow54
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pattern in a thermal hydraulics system is a very important factor, since the
constitutive equations used in a computer simulation significantly depend
on the flow patterns.
3.8.3.3 Yemada Taitel and A. E. Duckler
This model has the main goal of presenting a means for unambiguous
analytical prediction of the transition between flow regimes based on
physically realistic mechanisms for these transitions. The regimes
considered are intermittent (slug and plug), stratified smooth, stratified
wavy, dispersed bubble, and annular-annular dispersed liquid flow. The
theory predicts the effect on transition boundaries of pipe size, fluid
properties, and angle of inclination.
This model predicts the relationship between the following variables at
which flow regime transitions take place: gas and liquid mass flow rates,
properties of the fluids, pipe diameter, and angle of inclination to the
horizontal. The mechanisms for transition are based on physical concepts
and are fully predictive in that no flow regime data are used in their
development.

Figure 14. Yemada Taitel and A.E. Duckler map
Source: “State of art and selection of techniques in multiphase flow measurements”. Grazia Monni
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Introduction to the model
Taitel and Dukler (1976) proposed a flow pattern map for horizontal flow in
tubes. This map is shown in Figure 14 and is based on their analytical
analysis of the flow transition mechanisms together with empirical
selection of several parameters. The proposed map has a better scientific
basis than most of the previous attempts and thus extrapolates better than
the others maps. The parameters used by the map are: the Martinelli
parameter “X”, the gas Froude number “FrG” and the parameters “T” and
“K” and is composed of three graphs. On following lines it will be defined
these parameters.
(
(

)
|
)

|(

) |

|

*

(

)
(

+

)
|(

√
(

) |

) √

*

+

Each transition between flow patterns has got its own parameters:
Stratified to annular X,F,Y
Stratified to intermittent X,F,Y
Intermittent to dispersed bubble X,T,Y
Stratified smooth to stratified wavy X,K,Y
Annular dispersed liquid to intermittent and to dispersed bubble X,Y
To implement the map, one first determines the Martinelli parameter X and
FrG. Using these two parameters on the top graph, if their coordinates fall
in the annular flow regime, then the flow pattern is annular. If the
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coordinates of X and FrG fall in the lower left zone of the top of the graph,
then K is calculated. Using K and X in the middle graph, the flow regime is
identified as either stratified-wavy or fully stratified. If the coordinates of X
and FrG fall in the right zone on the top graph, then T is calculated. Using
T and X in the bottom graph, the flow regime is identified as either bubbly
flow or intermittent (plug or slug) flow.
All of these quantities can be determined from operating conditions, since
velocities and pressure gradients are calculated from superficial
conditions.
In this study, will be used Y = 0, which means that will be used an
horizontal tube.

Figure 15. Equilibrium liquid level for stratified flow
Source: “ A model for predicting flow regime transitions in horizontal and near horizontal gas-liquid flow.
Yemada Taitel and A. E. Duckler”

Theory
The analysis takes in consideration the conditions for transition between
five flow regimes: (SS) smooth stratified, (SW) wavy-stratified, (I)
intermittent (slug and plug), (AD) annular with dispersed liquid, and (DB)
dispersed bubble. As it can be seen, there is no distinction between slug,
plug, or elongated bubble flows, since all are considered different
conditions of the intermittent flow regime (Dukler and Hubbard, 1975).
The process of analysing the transitions between flow regimes begins with
the condition of stratified flow. The aim of this approach is to visualize a
stratified liquid and then determine the mechanism by which a change
from stratified flow can be expected to take place, as well as the flow
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pattern that can be expected to result from that change. Since the
condition of stratified flow is very important to this analysis, the first step is
the development of a generalized relationship for stratified flows.
Equilibrium Stratified Flow
Considering smooth, equilibrium stratified flow, the momentum balance on
each phase are:
(

)

SG
AG
D

Si

AL

hL

𝛼
SL
Figure 16. Equilibrium stratified flow

(

)

Then, equating pressure drop in the two phases and supposing that at
transition the hydraulic gradient in the liquid is negligible, it is obtained:

(

)

(

)

where the shear stresses are:

(

with the gas and liquid frictions factors evaluated as:
(

)

(
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where DL and DG are the hydraulic diameter:

It was established by Gazley, 1949, that for smooth stratified flow, f i ≈ fG.
Although many of the transitions considered take place in stratified flow
with a wavy interface, the error incurred by making this assumption is
small. In this work the coefficients utilized were: CG = CL = 0.046, n = m =
0.2 for the turbulent flow and CG = CL=16, n = m= 1.0 for laminar flow.
However, it is very useful to transform these equations to dimensionless
form. The reference variables are: D for length, D2 for area, the superficial
velocities, ULS and UGS for the liquid and gas velocities, respectively. By
designating the dimensionless quantities by a tilde (~), then the equation
changes into:
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) | is the pressure drop of one phase flowing alone in the pipe. X
is the parameter introduced by Lockhart and Martinelli (1949) and can be
calculated unambiguously by knowing the flow rates, fluid characteristics
and the tube diameter. Y is the relative forces acting on the liquid in the
flow direction due to gravity and pressure drop; also, it can be determined
directly. It is important to comment that all dimensionless variables with
the superscript ~ depend on ̃
, as it is possible to see in the following
equations:
̃

*

( ̃

)
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Consequently, each X-Y pair corresponds to a unique value of hL/D for all
conditions of pipe size, fluid properties, flow rate, and pipe inclinations. In
this case, pipe inclination is zero, and thus, Y=0. The solution this
equations are show as the solid curves in Figure 17. As it has been
commented before, in this situation Y=0 (horizontal pipe).
Transition between Stratified (S) and intermittent (I) or
Annular-Dispersed Liquid (AD) regimes
Considering a stratified flow with a wave existing on the surface over
which gas flows, it can be observed that as the gas accelerates, the
pressure in the gas phase over the wave decreases owing to the Bernoulli
effect, and this tend to cause the wave to grow. According to the theory of
Kelvin-Helmholtz (Milne-Thompson, 1960), the waves will grow when

*

(

)

+

hG is the distance between the equilibrium liquid level and the upper plate.
Developing this equation, the next expression is obtained:
(
*

)

+

C2, (≈AG‟/AG ) is the unity for the infinitesimal disturbance where AG‟ →AG.
When the equilibrium liquid level approaches the top of the pipe and A G is
a small, any wave of finite amplitude will cause C2 approach to zero. Thus,
for low levels the appearance of small finite amplitude wave will have so
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little effect on the air gap size, so C2 approaches 1. This is the reason
why:

With those equations we defined the conditions for the transition in pipes
from stratified (S) to intermittent (I) and to annular dispersed liquid (AD)
flow. Expressed in a dimensionless form:

*

̃

̃
̃

̃

+

where F is a Froude number modified by the density ratio:

√
(

) √

It is important to note that all the terms in the square brackets of the
equation are functions of hL/D which is, in turn, a unique function of the
dimensionless groups X and Y as shown in Figure 17. Thus, this transition
is uniquely determined by three dimensionless groups, X, Y and F. As it
has been commented before, for horizontal pipes, Y = 0.
Transition between Intermittent
Dispersed Liquid (AD) regimes

(I)

and

Annular

Two events can take place when finite waves which appear on the
stratified liquid start to grow. A stable slug forms when the supply of liquid
in the film is large enough to provide the liquid needed to maintain such a
slug. The wave is wept up around the wall as described by Butterworth
(1972), and annular or annular mist flow will result. This means that
whether intermittent or annular flow will develop depends uniquely on the
liquid level in the stratified equilibrium flow. That means that when the
equilibrium liquid level in the pipe centre line, intermittent flow will develop,
and if hL/D <0.5, annular or annular dispersed liquid flow will result. The
choice of the value hL/D = 0.5 is related with the fact that the wave
perform as a sinusoid; if the level is above the centre line, the peak of the
wave will reach the top before the trough reaches the bottom of the pipe,
and the blockage of the gas passage and slugging results. Thus, if the
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liquid level is below the centre line, the inverse will be true, which will
make slugging impossible.
As transition takes place at a constant value of hL/D = 0.5, a single value
of X determine the change in regime for any value of Y, see Figure 17. For
horizontal pipes, this value is X = 1.6.

Figure 17. Taitel and Duckler (1976) flow pattern map for horizontal flow in tube
Source: “State of art and selection of techniques in multiphase flow measurements”. Grazia Monni
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Transition between Stratified Smooth (SS) and Stratified
Wavy (SW) regimes
Above the stratified regime exist two regions: stratified smooth (SS) and
stratified wavy (SW). The waves are caused by the gas flow under
conditions where the velocity of the gas is sufficient to cause waves to
form but slower than that needed for the rapid wave growth which causes
transition to intermittent or annular flow. The phenomenon of wave
generation is quite complicated and not completely understood. In this
work it will be used the next equation for the condition of wave generation:
(

*

)

+

If expressed in dimensionless form,

√̃

̃

√

where K, as commented before, is the product of the modifies Froude
number and the square root of the superficial Reynolds number of the
liquid:
(

*
(

)

)

+ *

+

Thus, this transition between smooth and wavy annular flow depends on
the three parameters K,X, and Y. For any fixed inclination, this becomes a
two-parameter dependence on X and K. This is why in this work there is
only a curve, in which Y = 0 (s=0.01); as explained before, Y = 0 for
horizontal pipes.
Transition between Intermittent (I) and Dispersed Bubble
(DB) regimes
At high liquid rates and low gas rates, the equilibrium liquid level
approaches the top of the pipe, as is apparent from Figure 17. Because of
this liquid velocity, the gas tends to mix with the liquid, and it is suggested
that the transition to dispersed bubble flow takes place when the turbulent
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fluctuations are strong enough to overcome the buoyant forces tending to
keep the gas at the top of the tube.
Dispersion of the gas is visualized as taking place when:

[

(

)]

That expressed in a dimensionless way,
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This parameter T can be considered as the ratio of turbulent to gravity
forces acting on the gas.
All the terms of this equations are dependent only on hL/D and
consequently, on X and Y. Thus, for any value of Y, a two-dimensional
representation for this transition is possible, with X and T used as
dimensionless coordinates. In Figure 17 we can see its representation
when Y=0 (horizontal pipe).
Following the steps exposed before, and using the support software
MATLAB, the map has been built as it can be seen in the Figure 18 and
the corresponding code in ANNEX 1.
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Figure 18. Construction of Taitel and Duckler flow pattern map
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Chapter 4

Measuring of two-phase flow
quantities: the Spool Piece

4.1. Definition of the Spool Piece (SP)
As it has been said before, the aim of this study is the experimental and
theoretical analysis of horizontal air-water flow using a Spool Piece (SP). That
SP consists on a turbine, a drag disk and an impedance probe to measure the
void fraction; the pressure and the temperature will be also measured.
The experimental data will be used to construct an operating map of the SP,
able to evaluate the mass flow rates of the phases in the mixture, with relative
errors, and the prediction of the flow pattern and other quantities important to
characterise the flow.
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4.2. Physics of the Spool Piece instrumentation
4.2.1. Turbine
4.2.1.1 Single phase flow
Essentially the turbine meter is a turbine rotor that rotates as the fluid
passes through its blades. In addition, in a single-phase flow, the output is
used to calculate the fluid velocity and the volumetric flux as it is designed
to measure the bidirectional average velocity of a fluid flow.
As it can be noticed in next Figure 19 the rotor spins as the liquid passes
through the blades and the rotational speed is a direct function of
volumetric flow rate. Moreover, in the two-phase flow regimes the
instrument output signal is proportional to the combination of both the gas
fraction velocity and the liquid fraction velocity.

where A is the pipe cross section [m2], is the volumetric flow rate [m3/s],
is the mean flow velocity [m2/s] and
is the calibration coefficient that
must be evaluated in a single phase flow.

Figure 19. Axial turbine flow meter

The turbine flow meter generates, via magnetic pickup, a sinusoidal lowlevel electrical signal, whose frequency is proportional to the angular
velocity of the rotor of the axial turbine. Then,
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( )
where
( )
and
is the mean flow velocity
is the angular velocity of the rotor
is the blade inclination angle
4.2.1.2 Two phase flow
In two-phase conditions there is no agreement about which analytical
expression better matches the turbine outputs. The presence of the slip
between the two phases, the different flow regimes, and the influence of
the gas flow rate and of the liquid flow rate strongly affect the turbine flow
meter.
Two analytical models generally describe the turbine velocity, based on
different assumptions: the Rouhani model (1974) and the Aya model
(1975). However, in this Thesis is developed the Aya‟s one to obtain liquid
and gas velocities, so that the measurement of two-phase flow by turbine
meter usually incorporates an evaluation model which relates the metered
velocity to the actual velocities of the gas and liquid phases.
Aya‟s model is based on a momentum balance on a turbine blade due to
velocity differences between the two phases and the turbine blade. It
typically describes dispersed flow with gas velocity higher than the liquid
one.
Although the two-dimensional velocity profile of dispersed two-phase flow
might differ from that of single-phase flow, the gas and liquid velocities
acting on the drag disk target can be assumed to be almost the same as
the mean gas and liquid velocities exerting forces on the blades of a
turbine meter within the Reynolds number range where the flow is
turbulent. Therefore, the same symbols ( for the gas velocity and for
the liquid velocity) will be used for both drag disk and turbine meter.
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The momentum flux detected by a drag disk for dispersed flow can be
expressed as
(
where

and

)

are, respectively, the drag coefficients of a drag disk for

the gas and liquid phases. Using the ratio of drag coefficients of a drag
disk
̅̅̅

it is possible to rewrite last expression of momentum flux

where

is the slip ratio

coefficients

and

⁄ and

(

̅̅̅

[

)

is the density ratio

]

⁄

. The drag

should be taken from calibration tests for the drag

disk. Using previous parameters it is possible to define void fraction as

where

is the density of the fluid,

is the density of the gas and

defined by previous both
(

)

and
(

) . ⁄

/

(

(
)

with that expressions, one can write next one
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then, the mass flux G and the mass flow rate W can then be written as
(
√

̅̅̅

(

)
)

Thus, it is possible to obtain the mass flow rate
knowing the diameter of the pipe .

A turbine blade rotates with angular velocity
a point in the turbine is

given by AYA‟s model

. Then the turning speed of

where r is the distance from the axis of rotation. Assuming that the
frictional forces exerting on turbine blades are negligible when compared
to the forces due to momentum changes of fluids, and knowing that the
turning speed Vr is then equivalent for fluids to the imaginary velocity of a
turbine meter defined by

where ϕ is the twisting angle of a blade. Vt can be regarded as constant
over a turbine blade and corresponds with the fluid velocity detected by a
turbine meter. So,

When this is true,

Then developing these equations with a momentum balance about the
turbine blade segment, and assuming that the force that the gas flow
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exerts upon the turbine blades is equal to the force that the blades are
exerting on the liquid flow, it is reduced to:
̅
̅

{

̅

√
̅

√

where

√

̅

̅

[( ̅

̅ ) (

̅

√ ̅

(
̅

)
̅

̅

)

(

√ ̅

)

]

and

(

)

where
is the apparent density form a densitometer, Id is the momentum
flux from a drag disk, Vt the felocity from a turbine, and ̅ is the ratio of
drag coefficients of a turbine blade for the liquid and gas phasses.

4.2.2. Drag Disk
It is a device capable of measuring the force exerted by the fluid flow on a
portion of the pipe cross section, or in other words, it is designed to measure
the bidirectional average momentum flux passing through a duct. Its
dimension and geometry can vary and depending on these characteristics it
is known different kinds of drag disk. For instance, when the target is a disk
less than 10% of the pipe cross section is known as a target flow meter. The
size of the target determines the flow range of the strain gauge target flow
meter as the measure is performed by disposing a drag body or target in the
flow stream and by measuring the drag force exerted on the body by the fluid
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flow.Using of two-phase drag devices has been described by several
authors; mostly, between 1960 and 1990 it is known that it had been carried
out all the research.
For instance, Hunter and Green (1975) demonstrated that the drag
coefficient is almost constant in a wide range of Reynolds number. The same
year, Sheppard (1975) demonstrated that, in two-phase flow, if the drag
meter is installed in a spool piece, with a turbine meter, accurate calculated
measurements were attained only when the drag disc is positioned upstream
the turbine and a flow disperser is installed. Some years later, Hardy and
Smith (1990) showed that the influence of the temperature induced changes
on the resistance of the wires that could have influenced negatively the
signal reading; a dedicated system to negate these effects was studied in
order to avoid this issue.
Nowadays it is produced almost only one kind of the body-target-type meter
that detects the force exerted by the flow using a strain gauge circuitry.
The dynamic force of fluid flow or, in other words, the velocity of the
approaching stream, is sensed as a drag force on a target suspended in the
flow stream. This force is transmitted in a linear way with a lever rod and
flexure tube to an externally bonded, four active arm strain gauge bridges.
This strain gauge bridge circuit translate the mechanical stress due to the
sensor (target) drag into a directly proportional electrical output. The
electrical output is virtually unaffected by variations in the fluid temperature or
static pressure head within stated limitations of the unit, even though the flow
has influence on the drag as the drag force is usually proportional to the flow
rate squared.
Concerning the theoretical aspects, on the following lines are explained the
main characteristics of this device.

Figure 20. Drag disk scheme
Source: “State of art and selection of techniques in multiphase flow measurements”. Grazia Monni
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A body immersed in a flowing fluid is subjected to a drag force
by:
(

[N] given

)

where
is the dimensionless drag coefficient that should be taken from the
calibration tests for the instrument, [m2] is the cross section area of the
pipe and
[Pa] is the momentum flux, which is analytically expressed by:
(

)

The drag disk determines an abrupt change of section of the duct. That leads
to have a concentrated head loss, which can be measured by a differential
pressure instrument.
The output

[Pa] returned by a Drag Disk can be expressed as:

where [m2] is the cross sectional area of the pipe and
force given previously.

[N] is the drag

There is a range of Reynolds number where the output for the low end of
flow range may be affected by viscosity. That range is between 1000 and
2000. In addition, related with the occurrence of the change of flow, laminar
flow exists below Re=400 and the transition range there is between and
about Re=2000. In both regions,
may vary in an unpredictable manner.
There are two facts that can bring about low Re: on one hand it is low flow,
on the other hand high viscosity or maybe it can be because of a
combination of both.
The drag coefficient
is almost constant in a wide range of Re. It Hunter
and Green (1975) demonstrated that the variation in
over a Reynolds
number range of 2000-250000 is from about 0.97 to 1.93. They suggested
the following curve to find
values.
( )

( )

73

( )

( )

CHAPTER 4. MEASURING OF TWO-PHASE FLOW QUANTITIES: THE SPOOL PIECE

where a is the area of the target and A is the cross section of the pipe.
4.2.3. Impedance probe
The impedance method is based on the fact that the liquid and gas phases
have different electrical conductivities.
The probe impedance measurement is based on the principle that applying a
voltage to a pair of conductive plates separated by an insulator (dielectric),
the electrical charges are separated, and an electric field is generated
between the plates. That charge is proportional to the applied voltage and
the proportionality constant is a characteristic of the capacitor: electrical
capacity measured in Farad [F].

where

is the electric charge and

For parallel plates,

is the potential difference.

is

is a property of dielectric material and
If the two constituents have dissimilar electrical properties, it is possible to
obtain a correlation between the void fraction and the mixture impedance.
Thus, air is generally poor conductor with a low dielectric constant. However,
liquids have got a higher value of the dielectric constant due to a large
concentration of dipoles.
The measurements of the impedance take place in a volume defined by lines
of an electric field associated with the electrode system. These
measurements are quasi-local, that is to say, the sensor determines the
percentage of both phases not strictly in a selected cross section of the pipe
but in a certain volume, based on the electrodes height (except for wire
sensor that are installed inside the pipe and perpendicular to the flow). The
exact boundary of this volume cannot be precisely drawn due to fringe
effects.
To minimise the non-local effects, the height of the electrodes measured
along the pipe should be as short as possible, but the effect of the fringe field
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cannot be eliminated. Although short electrodes have small capacitance and
low sensitivity, a compromise is needed. The sensor was shielded to
minimise the distortion effects due to outer objects and electromagnetic fields.
The shield dimensions should be as large as possible in order to minimise
stray capacitance.
Because of the electric properties of the fluid, the impedance consists of
capacitive and of resistive components.
Measurements of capacitance from a capacitor filled with a conducting liquid,
such water is, are difficult because equivalent resistance of the liquid, which
is usually low, is connected in parallel with capacitive component of the
admittance, provided that the water component is the continuous phase in
the mixture. For low frequencies, this resistance is like a short circuit to the
capacitance. In order to cut off the effect of the resistance, the sensor
admittance has to be measured in high frequency range.
Many different types of electrodes configuration where studied by a number
of authors.
The different geometries can be classified in four general types; within each
type there are only minor differences related to the specific environment of
the probe or the number of the electrodes:

-

Coaxial
Parallel flat plates
Wire grid
Wall flush mounted circular arc

The difference in the electrode geometry results in different electric fields
within the measurement volume and hence in the sensitivity and response
of the sensors. It will be analysed two geometries: ring type and concave
type sensors. Experiments will perform to validate the design theory and to
evaluate the sensor characteristics using air-water two-phase flow in a
horizontal pipe.
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Figure 21. Scheme of ring type sensor and concave type sensor.

The capacitance measurement is sensitive to the void fraction distribution
or flow regimes due to the non-uniformity of the electrical field inside the
measuring volume. The relation between the admittance of the mixture
and the void fraction is not bijective and for a single admittance value
there could be different void fraction values, based on different flow
patterns. However, this can be compensated by first identifying the flow
pattern.
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Experimental activities

5.1 Circuit
As it is shown in the next Figure 22, one can see the location of the SP and its
main devices: 1- Impedance probe, 2- Turbine and 3- Drag Disk.

2
3

1

Figure 22. Experimental facility from Politecnico di Torino (Department of energetics)

The main components of the facility are the feed water circuit, the feed air circuit,
the mixing section and the instruments used to measure single-phase flow rates
and also pressure and temperature conditions.
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Figure 23. Scheme of the experimental facility

The water flow rate is provided from the circuit that consists on a tank, two
circulation pumps (P1 and P2) exercised at variable speed through the use of
an inverter, and a manifold that distributes the water in the test sections.
The water flow can be achieved either by using the pumps or by using the tank
head depending on which is the necessity of flow rate ranges so it is possible to
obtain diverse flow rates.
On the one hand, for high water flow rate (higher than 400 l/h) it is necessary to
use the pumps (see Figure 24); in this case water enters towards the test
section axially, through a pipe of 21 mm that connects the circuit with the feed
water loop.
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Figure 24. Scheme of the experimental facility. High flow rate

The liquid flow is measured before the test section using an electromagnetic
flow meter (ASA AW6 – 2900/1/B/1/AA) having a flow rate measurement range
of 0.9-36 m3/h and a manufacturer‟s specified accuracies of  0.5% r.v.
On the other hand, low water flow rates are obtained using both the potential
energy of the water that is stored inside the tank when

and using the pumps if
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In that case, water enters towards the test section radially, through a pipe of 10
mm that connects the mixer with the feed water loop.
Concerning the air provided, it can be injected into the circuit using compressed
air from the air network with conditions:

where Nl/h means the flow rate measured under normal conditions or standard
conditions, so that P=1,013 bar and T=20ºC.
It is also possible that the air can be injected either in series with a pressure
reduction or using a compressor that provide high flow rate under conditions:

However, the air flow rate is measured at the inlet of the test section using
different rotameters for the different ranges: (ASA E5 3000), whose range under
normal conditions is between 6300Nl/h and 63000Nl/h; and a second rotameter,
whose range under standard conditions is between 0Nl/h and 5000Nl/h. The
uncertainties based on manufacturer‟s values are 2% f.s.v. and there is a
pressure gauge near the flow meter that allows the correction of flow meter
readings.
The standard volumetric flow rate is evaluated by the next expression

(

)

(

) √

√

Then the mass flow rate is calculated using the air density (evaluated under
standard conditions).
The test section, which has a total length of 4800 mm, is composed by some
devices that are shown in the next Table 5.
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Component

Characteristics

Mixing section

Di = 20 mm

A pipe composed by two
parts

Horizontal length (Di = 20 mm, L = 1600 mm)

Quickclosing
valves
NO

Vertical length (Di = 20 mm, L = 200 mm)

NO

Connected by a 90º elbow
A second elbow is used to direct the flow into the
horizontal Plexiglas pipe
First Plexiglas test section

De = 25 mm, Di = 19 mm, L = 1200 mm
In this section the impedance probe is installed in
order to measure the void fraction

Turbine section and drag
disk section

Second Plexiglas test section

YES

Turbine (Hoffer)
Drag disk (Ramapo MARK V SN:31195)

YES

De = 25 mm, Di = 19 mm, L = 1200 mm

NO

Table 5. Components of the experimental facility

The installation of quick-closing valves is important to measure the void fraction
in the circuit and to allow the evaluation of the variation of the void fraction
along the circuit length.

5.2 Spool Piece
The SP is made up of first a Plexigas pipe here the impedance prove is installed,
followed by the turbine section and the drag section; and a last part where the
second Plexigas test section is located.

5.2.1 Turbine
The turbine, as manufactured by Hoffer, is used to measure the velocity of
the fluid. In the experimental facility there are two straight pipe lengths and
81

CHAPTER 5- EXPERIMENTAL ACTIVITIES

the turbine is inserted between an upstream length of 290 mm (15 D) and a
downstream length of 180 mm (about 8,6 D).
It is also interesting to have a quick view about the properties of the turbine,
so that is recommended to focus one‟s attention on the ANNEX 2, which
contains the equipment application sheet of the turbine.
Finally, a linear frequency-voltage converter has been developed in order to
measure the turbine signal in the range between 100-10000Hz, with a
proportional factor equal to 0,001 V/Hz.
Principe of operation of the turbine’s microprocessor
Preamplifier
The preamplifier, located on PCA180, accepts the input from the flow meter.
The Preamplifier applies amplification, low-pass filtering, and wave-shaping
to the input signal. The wave shaping function converts the signal into a
square-wave before sending it to the Microcontroller.
Microcontroller
The Microcontroller, located on PCA183, accepts the square-wave output of
the preamplifier and performs all of the calculations that are required to
control the Loop Driver. After measuring the frequency of the square-wave,
the Microcontroller uses the following equations to compute the flow rate and
current.

where
= Is the dependent on the Flow Calculation Method setting and is
either the Average K-Factor or the Linearized K-Factor from the
Frequency/K-factor table.
= Is the Flow rate Units setting of 0, 1, or 2. Where “0” is for Seconds, “1”
is for Minutes, and “2” is for Hours.
= Is the Correction Factor setting
Then, the current
(
where
= Is the 20 mA maximum Flow rate value
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If the calculated flow rate is greater than AF setting, the current will be set to
24mA to indicate “Over-range” condition. After calculating the current, the
Microcontroller digitally sends the current information to the Loop Driver.
Loop driver
The loop driver, located on PCA183, uses the digital information sent to it by
the Microcontroller to set the current of the loop. The Loop Driver also
supplies power to the Microcontroller.
Communications interface
The Communications interface, located on PCA183, provides an RS232C
port to the Microcontroller. The connector for the communication interface
may be accessed by removing the top plate. The external terminal device
provides power for the Communication Interface. The Communication
Interface is used to configure and trouble-shoot the transmitter
System Response Time
The analogue output response time to reach steady state due to a change in
the flow rate is approximately (1/8seconds) when flow stops, the time for the
analogue output to return to 4mA will be between 3 and 12 seconds,
depending on the Maximum Sample Time (MST) setting. MST is adjusted
using the NB=(DATA) command, where NB is a value between 1 and 80.
The default MST setting is NB=1. Adjusting the MST is only recommended
for low flow applications where the minimum input frequency is bellow 1Hz.
5.2.2 Drag disk
The drag disk, as manufactured by Ramapo, is capable of measuring the
force exerted by the fluid flow on a portion of the pipe cross section.
As it has been said on previous lines, the dynamic force of fluid flow is
sensed as a drag force on a target suspended in the flow stream. The strain
gauge bridge circuit translates the mechanical stress due to the sensor into
directly proportional electrical output:
(
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where
is the target cross section,
is the drag coefficient and
is an
electrical proportional factor. In single-phase flow, the drag coefficient is
almost constant in a wide range of Re number (104-107).
In the experimental case, the electronic of the target flow meter produces, by
a strain gauge, a signal in the range between 0-10V, corresponding to the
force that the fluid flow applies to the target. Conversion is linear, and the
declared force factor is:
*

+

where
is the electrical signal in V,
is the supply voltage of the
Wheatstone bridge and is the force expressed in kg due to the interaction
between target and fluid.
Using two-phase full-flow drag devices has been described by several
authors. However, between 1960 and 1990 it is known that it had been
carried out all the research.
Returning to the point 5.2.2, it is necessary to obtain an accurate value of .
For two-phase applications, a drag disk cannot easily be used because of the
variation of the momentum flux in the cross section due to void migration to
the centre of a tube. Even with full-flow drag devices, it is difficult to
determine the correct value of the momentum flux to be applied. The only
know parameters are the cross-sectional void fraction obtained from
measurements and the individual phase mass flows. Anderson (1980)
developed a simple model with cross-sectional averaged properties. Using a
two-velocity separated flow model, it was assumed that the forces on the
drag body were equal to the sum of the individual forces due to both phases.
After some algebraic manipulation, the drag force was shown to be equal to
[

(

)

(

) (

)]

This model is the same used by Aya to analyse the behaviour of a turbine
meter and a drag meter in a SP.

As in the case of the turbine, it is added the application sheet of the drag disk
used in the laboratory facility in the ANNEX 3.
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5.2.3 Impedance probe
Firstly, it is important to indicate which the dimensions of this device in the
experiment are. Thus, the two characteristic parameters are:

In the experiment, the electrical behaviour of the system must be analysed
as equivalent impedance. Thus, external probes installed in the outer wall of
the Plexiglas pipe are used. Because of the presence of water (conductive
fluid) and because of the excitation frequency used (167 kHz), the system
cannot be considered as purely capacitive. Then the equivalent impedance is

The model of the system (wall + fluid phases‟ distribution) has to be analysed
as an electrical system constituted by a network of resistances and
capacitances connected in series and/or in parallel. The values of R and C
depend on electrical properties of the materials and also on the geometry of
the system. As concave probes can be approximate as parallel plates,
neglecting the curvature of the electric field, it is possible to write

where is the excitation frequency. Using a simplified model of flow pattern,
the
can be expressed as a function of this parameter

Figure 25. Scheme of the measurement cross-section and electrical properties of the materials
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In order to provide probes excitation and impedance measurement, next
electrical circuit of has been designed. The aim of this design is
to provide an output signal between 0 and 15 volts, corresponding to
an impedance value function of the phase distribution in the control volume.
It consists on a signal which provides a sine wave, 5Vpp/167kHz applied to
one of the two electrodes. The output signal (voltage between the electrodes)
is sent to an amplifier, a full wave rectifier and a low pass filter (100Hz) and
then sent, by the National Instruments DAQ system, to the pc in order to
analyse the electrical signals (Volt).

Figure 26. Electrical scheme. Oscillator
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Figure 27. Electrical scheme. Measurement system
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5.2.4. Measurement methodology
The mixture of air and water is prepared in a mixing pipe (Di = 21 mm) where
air enters along the radial direction and water along axial and/or radial pipe
direction.
Single-phase flow rate is measured before the inlet section (pressure and
temperature in the rotameter have to be measured for each run in order to
correct the volumetric air flow rate).
In the test section, the absolute pressure at the inlet of the SP is measured
using an absolute pressure transducer Rosemount 3051/1 operating in the
range between 0.5-10 bar. Hence, pressure drop in the SP and in the second
or first Plexiglas section have also to be measured.
The SP instrument signals (turbine, drag disk, impedance probe) and the
pressure signals are gathered with a National Instruments DAQ system (NI
USB-6218) using LabView® environment. Each channel connected to the PC
has got its respective connected device.
-

Channel 0: Turbine signal
Channel 1: Drag signal
Channel 2: Pressure signal
Channel 3: Impedance probe signal
Channel 4: Pressure drop

Before starting experimental tests, it is absolutely necessary to follow some
steps that are noted down in the laboratory.
After that instrument calibration using single-phase water flow, it is necessary
to register turbine and drag signals for each water flow rate, in order to
calculate
and
.
Concerning the range of flow rates of both air and water, in the two-phase
campaign air flow rates will be analysed between 0.0632 and 3.06 kg/s and
water flow rates between 1.67·10-5 and 5.6·10-4 kg/s.
Once each previous step has been completed and the corresponding
equipment is ready, it should be defined an experimental methodology to try
to decrease the experimental error, which is always present in laboratory
measures. Thus, for each run:
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1)
2)
3)
4)

Fix water flow rate
Fix air flow rate
Measure air pressure inside the air rotameter
Register the signals for about 30s; instantaneous values, standard
deviations and mean values. Using sample frequency equal to 1kHz,
the mean value is evaluated each second using 1000 measurement
points.
5) Act the quick-closing valves, discharge the water contained in the
test section and weight it. Water mass in the test section will be used
to calculate the volumetric void fraction in the test section. About 510 times for each determined water/air rate.
6) Restart the flow verifying that the conditions are unchanged (mass
flow rates and pressures). About 5-10 times for each determined
water/air rate.
5.2.5. Experimental matrix
A very important thing to do while measuring is to check if the information
obtained is coherent and logical in order to repeat the measure when
necessary. Once all the experimental data has been taken and checked, it is
necessary to put in order all the data obtained.
First of all, it is important to decide which range is chosen and therefore
construct a matrix to approach accurately the experimental task. As it has
been mentioned previously, for each RUN it has been taken at least five
measurements and after that, it must be calculated the mean of all the values
in order to work with more reliable data.
Run WH2O [Kg/s] Wair [kg/s]
1
0.027778
0.000911
2
0.069444
0.000908
3
0.111111
0.000913
4
0.027778
0.00224
5
0.069444
0.00224
6
0.111111
0.00224
7
0.027778
0.004414
8
0.069444
0.004341
9
0.111111
0.004417
10
0.166667
0.000091
11
0.276333
0.000091
12
0.421167
0.000091
13
0.5525
0.000091
88

Run
21
22
23
24
25
26
27
28
29
30
31
32
33

WH2O [Kg/s] Wair [kg/s]
0.552167
0.000893
0.309722
0.002209
0.415444
0.002209
0.552167
0.002209
0.320833
0.004309
0.413056
0.004341
0.558222
0.004366
0.258333
0.002684
0.418111
0.002688
0.5575
0.002688
0.301944
0.003534
0.4165
0.003539
0.555556
0.003534
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14
15
16
17
18
19
20

0.149556
0.275556
0.417111
0.562222
0.183333
0.2825
0.418722

0.00045
0.000451
0.000452
0.00045
0.000903
0.000903
0.000901

34
35
36
37
38
39

0.016667
0.027778
0.094444
0.016667
0.027778
0.108333

0.002515
0.002474
0.002515
0.003216
0.003272
0.003272

Table 6. Range of air and water flow rates

In the ANNEX 4 it can be found also all the data in order to check and
understand better the experimental information obtained.
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Experimental analysis

6.1. Single-phase calibration
The first step to begin the experimental analysis is to know how our instruments
work, that is to say, to calibrate them. In order to make this some experiments
have been done with a single-phase flow (water). In this section it will be
explained how the turbine and the drag disk have been calibrated.
6.1.1 Calibration of the Turbine
Once the measures have been done and the data needed obtained, to
calibrate the turbine it is needed to use the expressions explained in the
point 5.2.1 and also the technical characteristics of the turbine used in the
laboratory (see the ANNEX 2). The aim of this analysis is to find the
parameter Kt and also to find the regression straight to understand the
behaviour of the turbine when is changing the flow of water.
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To calibrate the turbine it is necessary to find out the regression which
relates the signal of the turbine (St) with the flow of water. This fact can be
seen easily on the following figure.
3.6
3.4

S Turbine [V]

3.2
3
2.8
2.6
2.4
2.2
2
0

0.1

0.2

0.3
0.4
WH2O [kg/s]

0.5

0.6

Figure 28. S Turbine [V] vs. mass flow rate of water [kg/s]. Single-phase (water)

Firstly, it should be remarked that the non-continuous straight indicates the
minimum water flow rate (single-phase flow) where the turbine is designed
to work. As one can see in ANNEX 2, the range of water flow rate is
between 900-13600l/h or 0,25-3,8kg/s. To improve the knowledge of the
performance of the turbine in points close to the limit straight or even leftlimit straight points, it should be done a deep study about the response of
the turbine when one is working with water (single-phase flow) and also
with water flow rate less than 0,25kg/s. However, it is possible that the
performance of the signal follows a non-linear behaviour as in this area it
cannot be applied the expression

Nevertheless, on this study one is focused on the linear performance of
the turbine and that is why it has been chosen for the monophasic
calibration, water flow rates higher than 0,25kg/s. The regression straight
of these data follows the next equation:
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[ ]
with a correlation coefficient of

Thus, the data fits with accuracy in a lineal regression. The fact that the
points fit perfectly in lineal regression is what it was supposed to be, as the
expression that relates the signal with the water flow is:

The explanation is easy, the higher is the water flow, the faster that the
turbine rotates, so the signal sent to the computer is higher. Also, it can be
seen that when there is no flow (W H2O = 0) the signal of the turbine is 2, as
commented before.
Once previous Figure 28 has been constructed, it is interesting to check
how the parameter Kt behaves when changing the Reynolds number. How
it was expected, the Kt parameter remains almost constant among a value
that in this device is about 2100 V·s/m3.
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Figure 29. Kt vs. Reynolds number
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6.1.2 Calibration of the Drag Disk
Following the method used with the turbine, to calibrate the drag disk it is
needed to know its technical information and also to use the expressions
explained in the point 4.2.2.
In the next figure, the curve of calibration is shown.
5
4.5
4

S Drag [V]

3.5
3
2.5
2
1.5
1
0.5
0
0.2

0.3

0.4
0.5
W H2O [kg/s]

0.6

0.7

Figure 30. S Drag [V] vs. mass flow rate of water [kg/s]. Single-phase (water)

In this case, the regression is polynomial of the second degree, and as the
equation reflects, when there is no flow of water, the value of the drag‟s
signal is zero Volts. It is easy to understand why the data fit to a seconddegree equation if we know this equation:
(

)

In addition, the correlation coefficient is:

It is clear that the fact that makes the curve follow a second-degree
equation is that the velocity is squared.
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As it has been done with the Kt parameter for the turbine calibration, now
the Kd*Cd parameter is plotted versus the Reynolds number. As it was
supposed to, the parameter almost remains constant. Then, it can be
considered that the Kd*Cd parameter is more or less 23 V/ (kg·m/s2).
30
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Figure 31. Kd*Cd vs Reynolds number.

6.2 Two-phase
6.2.1 Calibration of the Impedance Probe
Once the single flow calibration is made, the next step is to calibrate the
impedance probe so as to be able to know exactly the void fraction. To do
this, with the method of quick-closing valves, the void fraction has been
measured and then contrasted with the data obtained by the impedance
probe. The results can be observed in the next Figure 32.
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Figure 32. Impedance vs. void fraction

With the plotted graph, firstly can be observed an anomaly that can be due to
an experimental error in the measurement of void fraction. Compared with
other points with a SImpedance approximately of 2.5V, one can conclude
and decide to eliminate this point. After, one can construct next expression of
the regression straight.
[ ]
In addition, the correlation coefficient is:

As the figure shows, if the proportion of air increases, that is to say, the void
fraction increases; the signal that the impedance probe sends to the
computer also increases. It can be useful to calculate the percentage of error
that the signal can reach comparing the response of the impedance in front
of the theoretical response of the impedance which can be calculated thanks
to previous regression straight. Thus,
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Figure 33. Percentage of error vs. void fraction

Seeing previous Figure 33, one can detect different areas where the
impedance probe measures with a high error or in other words, the
uncertainty of the response of this device is high. To sum up, it is remarkable
that for responses of this device around 2.5V and 3.1-3.3V the error between
the response of the device and the calculated one (with the regression) is
quite low.
After this analysis, one notices that previous Figure 23 can be studied in
other way. If the sample is divided into groups depending on which flow
pattern is characteristic, following expressions are obtained:

Flow pattern
Bubbly/Plug/Intermittent

[ ]

R2
0,8634

Annular

[ ]

0,8632

Slug
Stratified/Slug (High velocity)

[ ]
[ ]

0,8417
0,8888

Expression

Table 7. Expressions concerning the response of the impedance and the void fraction
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Stratified/Slug (High velocity)

Figure 34. SImpedance [V] vs. void fraction. Parameterized by flow pattern

Therefore, having a look previous Table 7 and Figure 34 it can be concluded
that is better to stratify by flow patterns when one would like to know the
relation between the response of the impedance probe and the void fraction.
Moreover, with the same aim, it can be plotted another graph comparing
between experimental and theoretical void fraction and also separating by
groups. Theoretical void fraction expressions appeared is previous Table 7.
Thus, the graph obtained is
1
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Figure 35. Experimental void fraction vs. Theoretical void fraction. Parameterized by flow
pattern

97

1

CHAPTER 6. EXPERIMENTAL ANALYSIS

With this Figure 35, it is easy to obtain the percentage of error between the
theoretical void fraction and the experimental void fraction. With that, the
highest error in this regression takes place in Run 15 and Run 25 with a
value about 20% in both cases. Run 25 is an annular-intermittent flow, so
due to the non-continuous behaviour in its axial direction its experimental
void fraction has result higher than its theoretical one. Run 15 is also an
intermittent flow, so as the previous one, its particular performance may
influence the calculated void fraction.

6.3 Experimental results
6.3.1 Void fraction
In order to analyse the void fraction, first of all it is checked if the void fraction
has been measured properly because it will mean that the impedance probe
is well calibrated. To decide if the calibration has been done properly is
needed to compare the theoretical correlations with the data obtained.
To make that, the data obtained in the laboratory will be introduced in the
Figure 36 so as to check if the void fraction fits with the models presented.

Figure 36. Experimental data introduced in theoretical void fraction correlations graphics
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The first thing one can notice when looking this figure, is the fact that most of
the experimental data has a flow quality (x) very small, and there are only a
few points with x bigger than 0.02; this is because the flow quality is:
̇
̇
So as has been commented before, the density of water is much bigger than
the air one, so the flow quality is always very small.
As the figure above shows, the experimental data fits properly in the void
fraction correlations, so this means that the data has been taken correctly. In
the figure above it is possible to observe how there are some regressions
that fit better than others, that is why the next graphic has been done, plotting
the Wallis regression and the experimental data. The Wallis correlation in:

*

(

) (

)

(

)

+

Figure 37. Experimental data contrasted with the correlation of Wallis

In this figure, as it was expected, it is possible to see how the Wallis
correlation fits very well with the experimental data. Which means that the
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data obtained in the laboratory and then analysed is logical with the void
fraction correlations.
6.3.2 Pressure drop
Firstly, it is important to review what the pressure drop is. So that, the total
pressure drop of a fluid is the sum of the variation of potential energy of the
fluid, kinetic energy of the fluid and that due to friction on the channel walls.
Thus, the total pressure drop ∆ptotal is the sum of the static pressure drop
(elevation head) ∆pstatic, the momentum pressure drop (acceleration) ∆pmom,
and the frictional pressure drop ∆pfrict:

On this experiment it has been calculated the pressure drop (
can be marked out on the next figure.

) and it
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Figure 38. Pressure drop [mbar] vs. water flow rate [kg/s]. Parameterized by air flow rate [kg/s]

Last graph shows what it was expected. The main factors affecting
resistance to fluid flow are fluid velocity through the pipe and also fluid
viscosity or, in other words, what kind of fluid there is. Firstly, it can be
observed a quadratic distribution of pressure drop depending on the water
flow rate. That is to say, keeping constant an air flow rate, pressure drop
increase in a quadratic way with the water flow rate. High flow velocities or
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high fluid viscosities result in a larger pressure drop across a section of a
pipe. First phenomenon can be noticed, for instance, when one is measuring
the most water flow rate, there is the most pressure drop when it is flowing in
the conduit the most carry of air so that when there is more velocity of the
fluid. On the other hand, it can be noticed the more pressure drop when there
is more carry of water circulating through the conduit so when there is more
viscosity of the fluid. In this sense, it can be appreciated that low velocity will
result in lower or no pressure drop as each curve cross the origin of the
graph.
Once it has been plotted the total pressure drop, it is interesting to focus on
the parameters that formed it. Thus,

as one is working in a horizontal tube and how this parameter
depends on the sinus of the inclination, this term is equal zero.
Concerning the

, it can be calculated using Friedel correlation as it

has been explained on point 6.7.4.1 So that, with Matlab and applying the
accurate code it can be marked out next Figure 39.

Figure 39. ΔPfrict [mbar] vs. log(x)
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First consideration that must be done is that the Friedel correlation
overestimates the value of the pressure drop. It is an important factor as
calculating pressure drop using Friedel gives a superior value than in the
experiment so that it can be considered a conservative way to estimate the
pressure drop. Concerning the flow patterns, it is interesting to notice that for
flow patterns such as Plug and Bubbly flows the pressure drop is much
higher than for Slug, Wavy and Annular flows (approximately 50-100 mbars).
In order to verify that the Friedel correlation overestimates the pressure drop
measured on the laboratory it is possible to plot another figure.

Figure 40. Dp Friedel vs. Dp laboratory

6.3.3 Flow pattern maps
An important way to check if the work made is correct is to compare the
flow patterns observed at the laboratory with the flow patterns expected.
This flow patterns expected have been found by introducing the
experimental data obtained with the spool piece in the models developed
with MATLAB. In what follows, a critical study of this comparison is
presented. First, will be exposed all the maps with the experimental data
and at the end of this point, a short analysis of them.
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First of all is shown a table with the flow-pattern observed in each run.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Q water [l/h]
100
250
400
100
250
400
100
250
400
600
995
1516
1989
538
992
1502
2024
660
1017
1507
1988
1115
1496
1988
1155
1487
2010
930
1505
2007
1087
1499
2000
60
100
340
60
100
390

Q air[l/h]
2734
2723
2738
6720
6720
6720
13243
13024
13252
274
272
274
272
1350
1353
1357
1351
2710
2710
2703
2680
6626
6626
6626
12927
13024
13100
8053
8064
8064
10602
10617
10602
7546
7423
7546
9647
9815
9815

Flow pattern observed
Stratified with slow slug
Stratified with slug (faster)
Stratified with slug (faster)
As Run 3
As Run 3
Slug/annular wavy
Annular intermittent/slug
Annular wavy
Annular wavy
Plug
Plug/bubbly
Bubbly
Bubbly/dispersed
Intermittent
Intermittent
Intermittent/bubbly
Dispersed/bubbly
Slug
Slug-intermittent
Bubbly/intermittent
Bubbly
Slug-annular
Intermittent-bubbly
Annular-intermittent-bubbly
Annular-intermittent
Annular
Bubbly-intermittent
Bubbly
Annular-intermittent
Bubbly-intermittent
Annular-intermittent
Annular-intermittent
Annular-intermittent
Stratified
Stratified/slug
Slug
Stratified wavy/slug
Stratified wavy
Slug

Table 8. Flow patterns observed

It is important to comment that in the flow pattern maps it is not always
possible to tell the difference between some kind of flow patterns. That is
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why in the next points when contrasting the flow patterns observed with the
ones obtained with the maps, the information will not be exactly the same.
For instance, whereas in the flow pattern map we can see slug or churn,
sometimes when deciding the flow pattern by looking to the pipe, it was
seen an intermittent flow.
6.3.3.1. Hewitt and Roberts
To compare the experimental results with the theoretical model, the
calculations needed have been done in order to introduce the
experimental data in the graphics obtained with the MATLAB.
In this case, it is only necessary to find the superficial momentum flux of
each phase and to plot it. The superficial momentum flux can be
calculated with the expression explained in the point 3.8.3.1.
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Figure 41. Flow-pattern map of Hewitt and Roberts with experimental data

In order to make it clearer, the data has been classified in a table so as
to compare the flow patterns observed with the flow patterns calculated.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Q water [l/h]
100
250
400
100
250
400
100
250
400
600
995
1516
1989
538
992
1502
2024
660
1017
1507
1988
1115
1496
1988
1155
1487
2010
930
1505
2007
1087
1499
2000
60
100
340
60
100
390

Q air[l/h]
2734
2723
2738
6720
6720
6720
13243
13024
13252
274
272
274
272
1350
1353
1357
1351
2710
2710
2703
2680
6626
6626
6626
12927
13024
13100
8053
8064
8064
10602
10617
10602
7546
7423
7546
9647
9815
9815

Flow pattern observed
Stratified with slow slug
Stratified with slug (fast)
Stratified with slug (fast)
Stratified with slug (fast)
Stratified with slug (fast)
Slug/annular wavy
Annular intermittent/slug
Annular wavy
Annular wavy
Plug
Plug/bubbly
Bubbly
Bubbly/dispersed
Intermittent
Intermittent
Intermittent/bubbly
Dispersed/bubbly
Slug
Slug-intermittent
Bubbly/intermittent
Bubbly
Slug-annular
Intermittent-bubbly
Annular-intermittent-bubbly
Annular-intermittent
Annular
Bubbly-intermittent
Bubbly
Annular-intermittent
Bubbly-intermittent
Annular-intermittent
Annular-intermittent
Annular-intermittent
Stratified
Stratified/slug
Slug
Stratified wavy/slug
Stratified wavy
Slug

Flow pattern map
Plug-Churn
Plug
Plug
Plug-Churn
Plug
Plug
Churn
Plug
Plug
Plug
Plug
Plug
Plug
Plug
Plug
Churn
Churn
Churn
Plug-Churn
Churn
Churn
Plug
Churn
Churn
Plug
Plug
Plug-Churn
Plug
Plug
Plug
Plug
Plug
Plug
Churn
Annular
Annular
Churn
Annular
Annular

Table 9. Comparison flow pattern observed and flow pattern Hewitt and Roberts map

6.3.3.2 Mandhane
To have another point of view, and to validate the experimental results, the
data will be compared also with the model of Mandhane (see point 3.8.3.2).
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In this case, the variables to find are the superficial velocity of gas and
water, and it can be easily done using the equations explained in that point.

Figure 42 . Flow-pattern map of Mandhane with experimental data
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In this figure, the data obtained in the laboratory have been plotted and now, it
is possible to compare and contrast information given by this flow pattern map
and the flow patterns observed.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Q water [l/h]
100
250
400
100
250
400
100
250
400
600
995
1516
1989
538
992
1502
2024
660
1017
1507
1988
1115
1496
1988
1155
1487
2010
930
1505
2007
1087
1499
2000
60
100
340
60
100
390

Q air[l/h]
2734
2723
2738
6720
6720
6720
13243
13024
13252
274
272
274
272
1350
1353
1357
1351
2710
2710
2703
2680
6626
6626
6626
12927
13024
13100
8053
8064
8064
10602
10617
10602
7546
7423
7546
9647
9815
9815

Flow pattern observed
Stratified with slow slug
Stratified with slug (faster)
Stratified with slug (faster)
Stratified with slug (fast)
Stratified with slug (fast)
Slug/annular wavy
Annular intermittent/slug
Annular wavy
Annular wavy
Plug
Plug/bubbly
Bubbly
Bubbly/dispersed
Intermittent
Intermittent
Intermittent/bubbly
Dispersed/bubbly
Slug
Slug-intermittent
Bubbly/intermittent
Bubbly
Slug-annular
Intermittent-bubbly
Annular-intermittent-bubbly
Annular-intermittent
Annular
Bubbly-intermittent
Bubbly
Annular-intermittent
Bubbly-intermittent
Annular-intermittent
Annular-intermittent
Annular-intermittent
Stratified
Stratified/slug
Slug
Stratified wavy/slug
Stratified wavy
Slug

Flow pattern map
Stratified
Bubble, elongated bubble
Bubble, elongated bubble
Bubble, elongated bubble
Slug
Stratified
Bubble, elongated bubble
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Slug
Wave
Wave
Slug
Wave
Wave
Slug

Table 10. Comparison flow pattern observed and flow pattern Mandhane map
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6.3.3.3 Taitel and Yemada
The last map to analyse is the one that Taitel and Yemada made. To
introduce the data in the map, the: Martinelli parameter X, the gas Froude
number FrG and the parameters T and K have to be calculated for each
point. The expressions are explained in the point 3.8.3.3.
To plot the points in the map, the next steps have been followed. First of
all, all the parameters plotted (X, FrG, K and T) have been calculated for
each run. Then, following the Figure 17, has been selected the parameter
needed for each run. Finally, the points have been plotted in the Taitel and
Yemada flow pattern map.

109

CHAPTER 6. EXPERIMENTAL ANALYSIS

Figure 43. Flow-pattern map of Taitel and Yemada with experimental data
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

Q water [l/h]
100
250
400
100
250
400
100
250
400
600
995
1516
1989
538
992
1502
2024
660
1017
1507
1988
1115
1496
1988
1155
1487
2010
930
1505
2007
1087
1499
2000
60
100
340
60
100
390

Q air[l/h]
2734
2723
2738
6720
6720
6720
13243
13024
13252
274
272
274
272
1350
1353
1357
1351
2710
2710
2703
2680
6626
6626
6626
12927
13024
13100
8053
8064
8064
10602
10617
10602
7546
7423
7546
9647
9815
9815

Flow pattern observed
Stratified with slow slug
Stratified with slug (faster)
Stratified with slug (faster)
As Run 3
As Run 3
Slug/annular wavy
Annular intermittent/slug
Annular wavy
Annular wavy
Plug
Plug/bubbly
Bubbly
Bubbly/dispersed
Intermittent
Intermittent
Intermittent/bubbly
Dispersed/bubbly
Slug
Slug-intermittent
Bubbly/intermittent
Bubbly
Slug-annular
Intermittent-bubbly
Annular-intermittent-bubbly
Annular-intermittent
Annular
Bubbly-intermittent
Bubbly
Annular-intermittent
Bubbly-intermittent
Annular-intermittent
Annular-intermittent
Annular-intermittent
Stratified
Stratified/slug
Slug
Stratified wavy/slug
Stratified wavy
Slug

Flow pattern maps
Wavy flow
Wavy flow
Wavy flow
Wavy flow
Wavy flow
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Intermittent (plug/slug)
Annular dispersed
Annular dispersed
Intermittent (plug/slug)
Intermittent (plug/slug)
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Annular dispersed
Wavy flow
Wavy flow
Wavy flow
Wavy flow
Wavy flow
Annular dispersed

Table 11 Comparison flow pattern observed and flow pattern Taitel and Yemada map
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6.3.3.4 Analysis of the maps
This analysis is made so as to make a decision about which of the three
maps analysed fit better with this study. As commented before, the three
maps plotted with the experimental data fit with quite accuracy to the flow
patterns observed in the pipe. Then, to choose one model, in the maps of
Hewitt and of Mandhane, more or less 50 % of the points are nearly
exactly what the maps predict. However, in the map of Taitel and Yemada,
as can be seen above, most of the points fit perfectly, so the maps could
be taken as a good model, but further study and analysis should be
carried out so as to decide which one is definitely better.

6.4 Response of devices
6.4.1 Response of devices
Firstly, it is important to know the range where one is working to have a quick
look and also to realize which the flow rates studied are. Thus, it should be
remembered that in the two-phase experimental campaign air flow rates will
be analysed between 0.0632 and 3.06 kg/s and water flow rates between
1.67·10-5 and 5.6·10-4 kg/s.
Once the experimental matrix have been selected and studied depending on
what water and air flow rate is more interesting, one can have a better view
of the results plotting some graphics in order to understand better which is
the response of devices such as the turbine or the drag disk and also to
notice different correlations between some interesting parameters presented
before. In the experiment, there are two variables controlled by us, which are
both flow rates of air and water. Thus, firstly it is necessary to show what
happens with the signal of the turbine and the drag disk modifying these flow
rates.
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Figure 44 Sturbine [V] vs. mass flow rate of water [kg/s]. Parameterized by air mass flow rate
[kg/s]

On the one hand, seeing previous Figure 44 it can be noticed that depending
on the percentage of air/water mass flow rate and therefore depending on
the void fraction, there are important differences in the response of the
turbine. Firstly, it can be detected a non-linear behaviour at lower water flow
rate or, in other words, the turbine has been designed to work between a
range of water flow rate. If one sees the ANNEX 2, the turbine is designed to
work between QH2O=900-13600l/h or W H2O=0.25-3.8kg/s. However, this value
corresponds to a water single-phase flow and as now one is working under
two-phase flow conditions, it is interesting to locate a straight separating the
linear and no-linear area in each case. Thus, after obtaining previous
distribution of points shown in Figure 44, depending on which air flow rate
this separation can be located in different water flow rate as it is shown in
next Table 12.

113

CHAPTER 6. EXPERIMENTAL ANALYSIS

Wair [kg/s]

WH2O limit [kg/s]

9,1E-5

-

4,5E-4

-

9.00E-04

0,05

2,2E-3

0,1

2,5E-3

0,15

3.00E-03

0,2

4,4E-3

0,2

Table 12. Linear and non-linear area of the turbine

Inside the linear range, it can be calculated and used next expression which
describes the response of the turbine in function of the water flow rate.
(

)

Knowing last expression it is possible to calculate Kt for each group of points.
However, as for each group, if points where W H2O ≤ 0.25kg/s are neglected,
one has at maximum three points, so it quite a little sample to make an
accurate statistical analysis. Nevertheless, if it is calculated the mean of each
Kt of all groups of points it is obtained a value approximately of 2.2 V/(kg/s)
so it fits with previously calculated value in point 7.1 (V·s/m3) with its
respective unit conversion. That is to say, one of the characteristics of the
turbine is its value Kt, which must be constant.
In addition, it should be noticed that in the linear area the more air flow rate,
the more response of the turbine keeping constant a water flow rate. This
phenomenon is due to the difference of velocity between the two phases.
The air has got much more velocity than the water inside the tube, so when
there is more water its effects of slowing down the rotation of the turbine are
higher than when there is less water. Thus, depending on which flow pattern
is circulating inside the pipe it will be a different response of the turbine.
It is also possible to plot another interesting graph where appears the density
of the mixture in front of the water flow rate and separating each group by the
air flow rate. Thus,
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Figure 45. Density of the mixture [kg/m3] vs. water flow rate [kg/s]. Parameterized by air flow rate
[kg/s]

Previous Figure 45 shows a linearity of the density [kg/m3] in front of the
water flow rate so that the more water flow rate, the higher is the density of
the mixture. Moreover, seeing previous expression of the response of the
turbine it can be seen that it has more power in the response of the turbine
the total flow rate than the density as how it rises if it had more power the
response of the turbine should decrease instead of increasing. In addition, it
can be noticed a linear behaviour of the density when it is rising the water
flow rate.
Once it has been seen the response of the turbine if the flow rates are
modified, it should be done the same with the drag disk. Thus, the following
graph can be obtained.
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Figure 46. SDrag [V] vs. water flow rate [kg/s]. Parameterized by air flow rate [kg/s]

The first difference it can be noticed compared with the previous one is that
all points follow a quadratic regression that crosses the origin. It is
understandable as the response of the drag disc follows next formula
explained in previous point 6.2.2.
(

)

where the momentum flux is defined by
(

)

Then, the momentum flux is the sum of two quadratic expressions so this
parameter follows also a quadratic curve.
As it can be noticed in the graph, such as in previous figure concerning the
response of the turbine, the more air flow rate, the higher is the signal of the
drag keeping constant the carry of water. This fact is difficult to appreciate
when working in low water flow rate as exist a higher dispersion. However, if
one has a look on the experimental matrix, it can be noticed. In this response
of the drag, there are also two factors that vary the signal of this device which
are the velocity and the void fraction of each phase. Keeping constant the
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water flow rate, the higher water flow rate, the higher is the difference
between the responses of the signal. That is why at higher water flow rate,
the power of the quadratic exponent on the velocity is bigger as there are
both more velocity of the air and much more power of the water flow rate as it
is multiplying to the density of water which is much higher than the air‟s one
(≈1000 times). In this sense, it is recommended to see previous Figure 46.
For instance if one looks at the highest water flow rate (≈ 0.55 kg/s) and
precisely the two extremes of Wair (≈ 0.0045 kg/s and 0.00009 kg/s) one find
that between these two there is a multiplying factor of 50. However, when
one is working at the lowest water flow rate (≈0,02 kg/s) although there was
more or less the same multiplying factor between the two extremes of Wair,
the water flow rate and therefore the velocity of water is decreasing about
27,5 times so applying the quadratic exponent to this multiplying factor
appears a higher difference in the response of the turbine when there is more
carry of water.
In order to know which the performance of the momentum flux is, it is
possible to plot next figure.
(

)
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Figure 47. ρV2 [kg/m·s2] vs water flow rate [kg/s]. Parameterized by air flow rate [kg/s]
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As it can be seen in previous Figure 47 exists a quadratic relation between
the momentum flux and the water flow rate. It could be noticed if one looks at
previous definition of this parameter, which has a quadratic dependence with
the velocity of the water.
6.4.2 Void fraction
Another interesting thing to study is the void fraction obtained from the
impedance probe signal. As before, it can be useful to have plotted the figure
void fraction vs. the water flow rate. Thus,
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Figure 48. Void fraction vs. water flow rate [kg/s]. Parameterized by air flow rate [kg/s]

How it was expected, the higher water flow rate the lower is the void fraction
keeping constant the air flow rate as it follows the expression

Nevertheless, this graph does not represent exactly the previous expression
for some reasons. At first, as one is working with the method of quick-closing
valves to calculate the void fraction, it is difficult to obtain the same volume of
water each run as sometimes in one range of values of water and air flow
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rate, the flow pattern is an intermittent one (i.e. churn or slug), so it has
unsteady properties and the mean void fraction has been evaluated using a
statistic approach. The best points where this fact can be observed is where
one has the highest air flow rate (blue points). As it can be seen on the
experimental matrix, with Wair=4.4E-3 kg/s from W H2O=0.15 kg/s there is an
intermittent flow pattern so it is difficult to have an accurately measure of this
parameter.
Concerning the void fraction, it is possible to plot another figure where
appears also the flow quality.
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Figure 49. Void fraction vs. flow quality

It is important to distinguish between void fraction and flow quality. On the
one hand flow quality refers to the mass, whereas void fraction is based on
the surface occupied by the phases. Last figure follows a logarithmic
distribution how it is expected compared with observations of other reported
works. The experimental results from this study have provided data points for
0.2<α<0.9. As superficial liquid velocity increases, the increase in liquid
holdup causes the void fraction versus superficial gas velocity curves to shift
lower. In previous Figure 49, the groupings of various flow patterns on the
variation of void fraction with flow quality are explained as follows. From the
measured void fraction of this study, bubble and slug flows are confined to
low-range flow quality with void fractions ranges 0.2<α<0.55 and
0.45<α<0.78 respectively. Annular flow is in the high flow quality region with
a void fraction of 0.7<α<0.9.
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6.5 Spool Piece map
Once all the data has been exposed, a very useful analysis to do is to build the
spool piece map so as to know how the signals of the spool piece work.
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Figure 50. Sturbine [V] vs WH2O [kg/s]
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Figure 51. SDrag [V] vs WH2O [kg/s]

120

Wair=2.2E-3[kg/s]

CHAPTER 6. EXPERIMENTAL ANALYSIS

3.6

SImpedance [V]

3.4
3.2
3
2.8
2.6
2.4
2.2
2
0

0.2

0.4

0.6

0.8

1

void fraction

Bubbly/Plug/Intermittent

Annular

Slug

Stratified/Slug (High velocity)

Figure 52. Simpedance [V] vs. Alpha (void fraction)

6.5.1. AYA’s model
The model of AYA has been used to calculate the mass flow rate and other
quantities of two-phase flow. The theoretical model is based on assumptions
concerning the characteristics of a drag disk and a turbine meter. Using this
model, it is possible to make an analysis of the data taken at the laboratory.
In what follows, a critic analysis of the results will be exposed.
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Figure 53. Wair experimental vs. Wair AYA’s model

The figure shows that most of the points calculated with the model of AYA
are in the range of fifteen per cent of error, which means that the data has
been obtained correctly. However, we can also see that some points are
outside that range, this happens because there are always experimental
errors or possible inaccuracy when making the measurements. Moreover,
the group of points circled was measured the same day so it is possible that
it was something wrong during the experiment.
In the next figure it is shown the Aya‟s model applied in order to find the
water flow rate.
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Figure 54. Wwater experimental vs. Wwater AYA’s model

In this figure it has been plotted the water mass flow experimental versus
water mass flow calculated with AYA‟s model. As happened in the previous
figure, most of the points calculated with AYA‟s model are in the range of
fifteen per cent of error. Also as happened with the previous figure, there are
some points that are out of the range. However, the number of these points
is much lower than in Figure 44.
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Conclusions

As the first step in this work, a comprehensive study was undertaken in order to
obtain an adequate knowledge of two-phase flow and also to reach all
necessary concepts to be able to understand the performance of this kind of
flows and how they are characterized and affected by. Once it was acquired a
solid theoretical base, it was possible to develop all knowledge and apply them
in order to obtain a model, where using the signals provided by the devices of
the Spool Piece it was possible to know and to predict parameters such as
mass flow rate of both air and water, void fraction and flow pattern. However,
due to the more accuracy of the existent Aya‟s model it has been decided to
use it for describing the Spool Piece of the energetics laboratory from the
Politecnico di Torino. Some studies in every parameter that characterizes twophase flow were carried out and they were useful not only to develop the model,
but also to improve the knowledge about two-phase flow behavior.
Firstly, the devices of the Spool Piece were calibrated in monophasic regime in
order to make sure about the correct response of them. Moreover, after these
calibrations there was a deep and orderly sampling in quite a wide range of
both air and water flow rate to obtain data of each one and therefore to have
enough information about parameters such as pressure, pressure drop,
responses of three devices (turbine, drag disk and impedance probe), void
fraction and mass flow rates. In addition, as the conduit was made by a
transparent material, it was possible to see which was the flow pattern that was
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flowing in each sample and therefore it was able to compare this flow pattern
against the relative one obtained from flow pattern maps, which have been
marked out thanks to the existence of the expressions defining the transition
between flow patterns. Thus, to discern which is a good map for the Spool
Piece and which is not.
Concerning the experimental results, it was obtained a wide number of
considerations and reflections about what was studied that can represent an
encouragement for following researchers in different fields of investigation.
Firstly, respect the calibration of the devices, it was noticed the existence of a
non-linear area in the response of the turbine when working with monophasic
regime there was low water flow rate. However, under this conditions it was not
studied this performance so it could be a good chance to improve the
knowledge of the turbine. In this sense, when it was carried out the calibration
of the drag disk, it was detected the best modeling with the parameterization of
the response of the impedance probe as function of the flow pattern. Secondly,
in the response of the devices they were found some interesting aspects
concerning not only the responses of the three devices, but also in
characteristic parameters such as the density and the momentum flux of the
mixture, the void fraction and the pressure drop. Finally, it was used the model
of Friedel to compare it with the pressure drop obtained in the Spool Piece and
to verify the overestimation that this model presents. Moreover, it was selected
the Wallis correlation in order to obtain a theoretical void fraction of the Spool
Piece just knowing the flow quality.
Future work should extend the sample into a wider range of flow rates in order
to verify what was studied on this Thesis and also to obtain more data and
information not only about the range studied, but also about new ranges of flow
rates. Concerning this information, it should be studied if as the case of this
study, Manhane and Hewitt and Roberts are the best flow pattern maps to study
the Spool Piece. In addition, in the monophasic calibration of the turbine it
should be studied its performance close and inside the non-linear area to
improve the knowledge of the response of the turbine. Moreover, aspects like
the correlation of Wallis should be also investigated with new ranges of fluid
flow rates.
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A.1. Matlab code for the construction of Yemada Taitel and A.E. Dukler map

clear all
close all
clc
%
T
R
P

Atmospheric conditions
= (273 + 20);
%Temperature laboratoy [K]
= 0.082;
%Gas constant [atm·L/mol∑K]
= 1;
%Pressure laboratory [bar]

% Properties of the fluids
M = 28.96;
%Molecular mass air [g/mol]
rog= ((P*M)/(R*T));
%Density of air [g/dm^3]=[kg/m^3]
rol = 1000;
%Density of water [g/dm^3]=[kg/m^3]
mut = 1*10^-3;
%Viscosity of water [Poise]
vl= 1.004E-6;
%Kinematic viscosity of water at 20∫C. [m^2/s]
mug = 1.83*10^-5;
%Viscosity of air [Poise]
% Geometry
Dg = 0.021 ;
A = pi/4;

%Pipe diameter [m]
%Section of the pipe [m^2]

% Martinelli Parameter
n = 0.2;
C = 0.046;
F_R=sqrt((rog/(rol-rog))/(Dg*9.81));
s= 0.01;
g=9.81;

%Sheltering coefficient [0.01-0.03]
%Standard gravity [m/s^2]

%% CURVE A
WaA=0.0001:0.001:0.1;
%Mass flow rate of air [kg/s]
WwA=0.001:0.01:10;
%Mass flow rate of water [kg/s]
%Wa = [0.00001 0.0001 0.001 0.01 0.1];
%Ww = [0.000001 0.00001 0.0001 0.001 0.01 0.1 1 10];
KA=1;
for i = 1:length(WaA)
for j= 1:length(WwA)
x(i,j) = WaA(i)/(WwA(j)+WaA(i)); %Flow quality
ULsA(j)
UGsA(i)
NomA(j)
DenA(i)

=
=
=
=

WwA(j)/(pi*Dg^2/4)/rol;
WaA(i)/(pi*Dg^2/4)/rog;
((ULsA(j)*Dg/(mut/rol))^(-n)*rol*ULsA(j)^2/2);
((UGsA(i)*Dg/(mug/rog))^(-n)*rog*UGsA(i)^2/2);

XttA(i,j) = (NomA(j)/DenA(i))^0.5;
if XttA(i,j)<=10^-2
hldA(i,j) = 0.1;
elseif XttA(i,j)>10^-2 && XttA(i,j)<1
hldA(i,j) = 0.0536*log(XttA(i,j))+0.321;
elseif XttA(i,j)>1 && XttA(i,j)<=10
hldA(i,j) = 0.1513*log(XttA(i,j))+0.4869;
elseif XttA(i,j)>10 && XttA(i,j)< 1000
hldA(i,j) = 0.0402*log(XttA(i,j))+0.73;
elseif XttA(i,j)>= 1000
hldA(i,j)=0.99;
end
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C2A(i,j) = 1-hldA(i,j);
AlA(i,j) = 0.25*(pi-(acos(2*hldA(i,j)-1)) + (2*hldA(i,j)-1)*sqrt(1-(2*hldA(i,j)1)^2));
AgA(i,j) = 0.25*(acos(2*hldA(i,j)-1)-(2*hldA(i,j)-1)*sqrt(1-(2*hldA(i,j)-1)^2));
UllA(i,j) = A/AlA(i,j);
UggA(i,j) = A/AgA(i,j);
FA(i,j) = F_R*UGsA(i);
FFA(i,j) = (UggA(i)*(sqrt(1-(2*hldA(i,j)-1)^2))/((C2A(i,j)^2)*AgA(i,j)));
F2A(i,j) = FA(i,j)^2*FFA(i,j);
if F2A(i,j) >=0.6 && F2A(i,j)<=1
fA(KA)=FA(i,j);
xttA(KA)=XttA(i,j);
KA=KA+1;
end
end
end
loglog(xttA,fA,'r*')
axis([0.001,10000,0.001,10])
hold on
%% CURVE B
FB= (0.1:10);
XttB= 0*FB +1.6;
plot(XttB,FB,'y*');
%% CURVE D
WaD=0.00001:0.01:0.7;
WwD=0.001:0.1:10;

%Mass flow rate of air [kg/s]
%Mass flow rate of water [kg/s]

KD=1;
for i = 1:length(WaD)
for j= 1:length(WwD)
xD(i,j) = WaD(i)/(WwD(j)+WaD(i)); %Flow quality
ULsD(j)
UGsD(i)
NomD(j)
DenD(i)

=
=
=
=

WwD(j)/(pi*Dg^2/4)/rol;
WaD(i)/(pi*Dg^2/4)/rog;
((ULsD(j)*Dg/(mut/rol))^(-n)*rol*ULsD(j)^2/2);
((UGsD(i)*Dg/(mug/rog))^(-n)*rog*UGsD(i)^2/2);

XttD(i,j) = (NomD(j)/DenD(i))^0.5;
if XttD(i,j)<=10^-2
hldD(i,j) = 0.1;
elseif XttD(i,j)>10^-2 && XttD(i,j)<1
hldD(i,j) = 0.0536*log(XttD(i,j))+0.321;
elseif XttD(i,j)>1 && XttD(i,j)<=10
hldD(i,j) = 0.1513*log(XttD(i,j))+0.4869;
elseif XttD(i,j)>10 && XttD(i,j)< 1000
hldD(i,j) = 0.0402*log(XttD(i,j))+0.73;
elseif XttD(i,j)>= 1000
hldD(i,j)=0.99;
end
C2D(i,j) = 1-hldD(i,j);
AlD(i,j) = 0.25*(pi-(acos(2*hldD(i,j)-1)) + (2*hldD(i,j)-1)*sqrt(1-(2*hldD(i,j)1)^2));
AgD(i,j) = 0.25*(acos(2*hldD(i,j)-1)-(2*hldD(i,j)-1)*sqrt(1-(2*hldD(i,j)-1)^2));
UllD(i,j) = A/AlD(i,j);
UggD(i,j) = A/AgD(i,j);
SllD(i,j)= pi-acos(2*hldD(i,j)-1);
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DllD(i,j)= 4*AlD(i,j)/SllD(i,j);
SiiD(i,j) = sqrt(1-(2*hldD(i,j)-1)^2);
TD(i,j)= sqrt(((4*C/Dg)*(ULsD(j)*Dg/vl)^(-n)*(rol*(ULsD(j)^2))/2)/((rolrog)*9.81));
T2D(i,j) = TD(i,j)^2;
if T2D(i,j)>= ((8*AgD(i,j))/((SiiD(i,j)*UllD(i,j)^2*(UllD(i,j)*DllD(i,j))^(n)))-0.2) && T2D(i,j)<= (((8*AgD(i,j))/((SiiD(i,j)*UllD(i,j)^2*(UllD(i,j)*DllD(i,j))^(n))))+0.2) && XttD(i,j)>= 1.6;
fD(KD)=TD(i,j);
xttD(KD)=XttD(i,j);
KD=KD+1;
end
end
end
%% CURVE C
WaC=0.000001:0.0001:0.01;
WwC=0.001:0.01:2;

%Mass flow rate of air [kg/s]
%Mass flow rate of water [kg/s]

KC=1;
for i = 1:length(WaC)
for j= 1:length(WwC)
xC(i,j) = WaC(i)/(WwC(j)+WaC(i));

%Flow quality

ULsC(j) = WwC(j)/(pi*Dg^2/4)/rol;
UGsC(i) = WaC(i)/(pi*Dg^2/4)/rog;
NomC(j) = ((ULsC(j)*Dg/(mut/rol))^(-n)*rol*ULsC(j)^2/2);
DenC(i) = ((UGsC(i)*Dg/(mug/rog))^(-n)*rog*UGsC(i)^2/2);
XttC(i,j) = (NomC(j)/DenC(i))^0.5;
if XttC(i,j)<=10^-2
hldC(i,j) = 0.1;
elseif XttC(i,j)>10^-2 && XttC(i,j)<1
hldC(i,j) = 0.0536*log(XttC(i,j))+0.321;
elseif XttC(i,j)>1 && XttC(i,j)<=10
hldC(i,j) = 0.1513*log(XttC(i,j))+0.4869;
elseif XttC(i,j)>10 && XttC(i,j)< 1000
hldC(i,j) = 0.0402*log(XttC(i,j))+0.73;
elseif XttC(i,j)>= 1000
hldC(i,j)=0.99;
end
C2C(i,j) = 1-hldC(i,j);
AlC(i,j) = 0.25*(pi-(acos(2*hldC(i,j)-1)) + (2*hldC(i,j)-1)*sqrt(1-(2*hldC(i,j)1)^2));
AgC(i,j) = 0.25*(acos(2*hldC(i,j)-1)-(2*hldC(i,j)-1)*sqrt(1-(2*hldC(i,j)-1)^2));
UllC(i,j) = A/AlC(i,j);
UggC(i,j) = A/AgC(i,j);
KKC(i,j)=sqrt((rog*(UGsC(i)^2))*(ULsC(j)/vl)/((rol-rog)*9.81));
if KKC(i,j)<= 2/(sqrt(UllC(i,j))*UggC(i,j)*sqrt(s)) && KKC(i,j)>=
(2/(sqrt(UllC(i,j))*UggC(i,j)*sqrt(s))-0.5);
fC(KC)=KKC(i,j);
xttC(KC)=XttC(i,j);
KC=KC+1;
end
end
end
plotyy(xttD,fD,xttC,fC,@loglog);
title('Construction of Yemada Taitel and A.E. Dukler flow pattern map');
xlabel('Xtt');
ylabel('Y1:T or F, Y2:K');
legend('A', 'B', 'D', 'C');

131

A.2. Turbine. Equipment application sheet
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A.3. Drag disk. Equipment application sheet
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A.4. Experimental matrix
WH2O[Kg/s]

Wair[kg/s]

x

α

Sturb.[V]

1

2.78E-02

9.11E-04

3.18E-02

0.784

2.102

0.016

2.543

1.032

1.686

2

6.94E-02

9.08E-04

1.29E-02

0.699

2.065

0.095

3.129

1.028

5.626

3

1.11E-01

9.13E-04

8.15E-03

0.670

2.216

0.377

3.028

1.111

8.933

4

2.78E-02

2.24E-03

7.46E-02

0.844

2.045

0.085

2.856

1.053

2.685

5

6.94E-02

2.24E-03

3.12E-02

0.796

2.635

0.212

3.197

1.066

7.323

6

1.11E-01

2.24E-03

1.98E-02

0.728

2.870

0.628

3.190

1.182

14.227

7

2.78E-02

4.41E-03

1.37E-01

0.894

3.822

0.242

3.500

1.079

5.000

8

6.94E-02

4.34E-03

5.88E-02

0.847

3.623

0.465

3.399

1.134

12.265

9

1.11E-01

4.42E-03

3.82E-02

0.791

3.566

0.788

3.333

1.197

21.585

10

1.67E-01

9.14E-05

5.48E-04

0.296

2.432

0.504

2.221

1.449

3.932

11

2.76E-01

9.08E-05

3.29E-04

0.253

2.633

0.945

2.159

1.503

8.281

12

4.21E-01

9.12E-05

2.16E-04

0.213

2.965

2.132

2.057

1.698

18.075

13

5.53E-01

9.08E-05

1.64E-04

0.193

3.260

3.651

2.062

1.901

27.577

14

1.50E-01

4.50E-04

3.00E-03

0.548

2.361

0.465

3.026

1.357

8.460

15

2.76E-01

4.51E-04

1.63E-03

0.462

2.636

1.253

2.555

1.494

15.649

16

4.17E-01

4.52E-04

1.08E-03

0.400

3.109

2.473

2.490

1.720

25.004

17

5.62E-01

4.50E-04

8.01E-04

0.269

3.407

4.030

2.303

1.987

33.477

18

1.83E-01

9.03E-04

4.91E-03

0.544

2.407

0.616

2.984

1.373

14.578

19

2.83E-01

9.03E-04

3.19E-03

0.474

2.779

1.504

2.914

1.527

25.418

20

4.19E-01

9.01E-04

2.15E-03

0.430

3.255

2.751

2.665

1.728

28.627

21

5.52E-01

8.93E-04

1.62E-03

0.306

3.579

4.475

2.486

2.037

44.731

22

3.10E-01

2.21E-03

7.10E-03

0.649

3.312

2.371

2.959

1.684

33.081

23

4.15E-01

2.21E-03

5.29E-03

0.645

3.486

3.791

2.972

1.931

87.220

24

5.52E-01

2.21E-03

3.98E-03

0.408

3.957

5.823

2.733

2.339

101.767

25

3.21E-01

4.31E-03

1.33E-02

0.671

4.051

3.481

2.996

1.908

73.576

26

4.13E-01

4.34E-03

1.04E-02

0.639

4.199

4.618

3.014

2.202

109.150

27

5.58E-01

4.37E-03

7.76E-03

0.480

4.386

6.996

2.990

2.708

157.962

28

2.58E-01

2.68E-03

1.03E-02

0.631

3.391

2.385

3.128

1.670

39.405

29

4.18E-01

2.69E-03

6.39E-03

0.480

3.668

4.226

2.988

2.054

96.690

30

5.58E-01

2.69E-03

4.80E-03

0.450

3.961

6.372

2.950

2.432

119.305

31

3.02E-01

3.53E-03

1.16E-02

0.685

3.777

2.504

3.151

1.716

53.609

32

4.17E-01

3.54E-03

8.43E-03

0.597

3.991

4.481

3.044

2.143

109.928

33

5.56E-01

3.53E-03

6.32E-03

0.494

4.158

6.825

2.975

2.609

148.212

34

1.67E-02

2.52E-03

1.39E-01

0.870

2.815

0.136

3.009

1.194

0.280

35

2.78E-02

2.47E-03

8.71E-02

0.851

2.756

0.164

3.182

1.198

1.682

36

9.44E-02

2.52E-03

2.77E-02

0.771

2.929

0.634

3.169

1.296

16.447

37

1.67E-02

3.22E-03

1.72E-01

0.920

3.310

0.182

3.400

1.195

0.966

38

2.78E-02

3.27E-03

1.12E-01

0.904

3.245

0.225

3.362

1.195

2.803

39

1.08E-01

3.27E-03

3.14E-02

0.775

3.170

0.693

3.269

1.299

17.226
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Sdrag [V] SImp [V] Pabs[bar]

Dp[mbar]

