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ABSTRACT

Two-phase gas-liquid flow in pipes is of great practical importance in the nuclear
and petroleum industries, etc. Currently, in thermalhydraulic analysis which requires
modelling of a two-phase flow medium, such as boiling liquids, condensing vapors, etc.,
a variety of computer codes are employed to solve the time dependent mass and
momentum equations in different parts of the flow system. To improve the numerical
simulations, more detailed experimental knowledge of two-phase flow is required. Most
instrumentation available today provides some of the required information but have
various disadvantages ranging from poor sensitivity to geometrical limitations.

This work focuses on the design of a High Speed Ultrasonic Pulse-Echo system
for two-phase flow parameter measurement. The ultrasonic system utilizes four ultrasonic
(10 MHz frequency) transducers positioned in the axial direction on the surface of a 2.1
cm diameter cylindrical pipe, operating in pulse-echo mode. Two of the transducers are
placed on the top of the pipe and the other two on the bottom of the pipe to measure the
liquid level or film thickness. The liquid and gas superficial velocities studied in this
work ranged from Ujs=0.019 m/s to U=0.14 m/s and from Ug=0.24 m/s to Ug=4.33 m/s
respectively, at standard conditions (1 bar, 20°C). This system was designed to acquire
the data in real time 170 frames/s (A-scans/s) and the sampling rate was 2us displaying
the data at every 6msec with a spatial resolution of 0.0071 mm.

The theoretical basis for obtaining liquid level measurements, which can be used to

determine the two-phase flow parameters, such as two-phase flow pattern
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characterization, void fraction measurements, plug, bubble and slug velocities as well as
wave amplitude and frequency for a stratified wavy and annular flow regime are

discussed. The Ultrasonic System hardware and analysis software is also presented.

The High Speed Ultrasonic Pulse-Echo System can characterize accurately each
different flow regime and flow regime map can be established where the flow regime
map obtained in the present work is in good agreement with'the previous theoretical and
experimental works. The High Speed Ultrasonic Pulse-Echo System also proved to give
accurate results for the determination of the liquid level within +1.5% and the time
averaged liquid level measurements performed in the present work agree within £10%
with the theoretical models. Time averaged void fraction measurements for a stratified
smooth flow, stratified wavy, plug flow and annular flow qualitatively agree with the
theoretical predictions. Liquid plug and bubble velocities measurements for gas
superficial velocities lower than 0.48 m/s qualitatively and quantitatively agree with the
correlations, while for higher gas superficial velocities it was proved that there is only
qualitative agreement between the results due to the inability of the correlations to predict
accurately. For slug velocity there is only qualitative agreement with the correlations,
where the discrepancy is likely due to limitations in the correlations. Finally, wave height

and frequency for a stratified wavy and annular flow were determined.
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CHAPTER1

1.1 Introduction

Two-phase flow of gas and liquids occurs in many applications in the power and
process industries such as the nuclear industry, petroleum industry, etc. In a nuclear
power plant, heat transport loops, two-phase flow is commonly encountered in the heat
transfer from the fuel to the coolant and in the steam generators. In a CANDU fuel
channel, an accurate prediction of the void fraction is essential in reactor operation and
safety analyses, because it has a direct impact on the pressure drop and critical heat flux,
and hence the overall mass flow rate circulating through the fuel channel. Currently, in
the thermalhydraulic analysis which contains a two-phase flow medium, such as boiling
liquids or condensing vapors, a variety of computer codes are employed which solve the
time dependent continuity and conservation equations for flow in different parts of the
system. To improve the numerical models, more detailed knowledge for physical
phenomena is required. Most instrumentation available today provides some of the
required information and has various disadvantages ranging from poor sensitivity to
geometrical limitations. The complexity in the prediction and the design of gas-liquid
systems lies in the simultaneous existence of the gas and liquid phases. The interface
between the two phases can be distributed in many configurations and these are called
flow patterns (also known as flow regime maps), which as was discussed earlier is a very
important feature of two-phase flow. Thus, in this chapter, flow patterns and the

fundamentals of two-phase flow will be discussed as a background to the work followed



by the objectives of the work.

1.2 Background of Two-Phase Flow

For the purpose of demonstrating the two-phase flow instrumentation developed
in this thesis, horizontal concurrent gas-liquid two-phase flow will be studied. A pictorial
representation of two-phase flow is shown in Figure 1-1 where A; is the cross sectional
area occupied by the liquid and A, is the cross-section area occupied by the gas. The

liquid holdup and gas volume fraction are defined as:

A A
o:,=—Ai and ag=—Af—; ; (1-1)

where, A is pipe cross-sectional area. The superficial velocities of the liquid and gas
phases (Us and Uy;) are defined as the volumetric flow rate for the phase divided by the

pipe cross sectional area:

O 0,
U,=—and U, =—; 1-2
Is A 8s A ( )

where O and Q, are the volumetric flow rate of liquid and gas respectively and A is the
pipe cross sectional area. The defining characteristic of two-phase flow is the
simultaneous flow of two phases of different densities and viscosities. In gas-liquid flow,
gas moves much faster than liquid except in downward flow. The difference in the in situ
average velocities between the two phases results in a very important phenomenon --- the
“slip” of one phase relative to the other, or the “holdup” of one phase relative to the other
[1]. This makes the in situ volume fractions different than the input volume fractions.

Although “holdup” can be defined as the fraction of the pipe volume occupied by a given



phase, holdup is usually defined as the in situ liquid volume fraction, while the term
“void fraction” is used for the in situ gas volume fraction as shown in Figure 1-1, After
the in situ volume fraction is known, the average phase velocity can be defined for each

phase as follows:

)
g:% and :——gz-——Ugs (1'3)

Ug
Al al Ag «ag

where U; and U, are the true average velocities of liquid and gas phases, which are

normally larger than the superficial velocities.

A=A, + A,

Figure 1-1: Void fraction: A is the area of the pipe, I is the interfacial area, Ag area occupied by
the gas, A, area occupied by the liquid, and D is the diameter

Concurrent volumetric flow of gas (Q,) and liquid (Q)) in horizontal channels may
assume one of the patterns presented in Figure 1-2. In general, most of the flow regimes
in horizontal channels show a non-homogeneous pattern, which is due to the effect of
gravity on the denser fluids. This generates a tendency of stratification in the vertical

direction, which means that the liquid flow has a tendency of occupying the lower part of



the flow channel forcing the gas flow to the upper part of the flow channel. However, the
flow components, especially liquid, are also subject to other forces such as: surface
tension, viscosity and dynamically generated body forces [2]. The two latter ones act
mainly in a horizontal direction, one against and one with the flow, respectively. At high
gas velocities, the frictional and dynamic forces of the gas component also become
dominant. Hence in gas-liquid flow, the interface between the two phases can exist in a
wide variety of forms, depending on the flow rate, fluid properties of the phases and the
geometry of the system. Though authors define each flow regime somewhat differently
most agree that there are six basic structures [1,2,3,4]. Figure 1-2, shows a pictorial
representation of the flow patterns in horizontal pipe flow. These basic structures are
called stratified smooth (SS), stratified wavy (SS), elongated bubble (plug flow-PL), slug

flow (SL), annular flow (AN) and dispersed bubble flow (DB).

Stratified smooth (SS) flow is usually observed at relatively low flow rates of gas
and liquid, where liquid flows at the bottom of the tube and the gas flows along the top.

The surface of the liquid is smooth. Hence the two phases are well separated.

As the gas flow rate is increased the smooth interface with the liquid becomes

rippled and wavy. This pattern is called stratified wavy flow (SW).

If the liquid flow rate is increased further, while the gas flow is maintained low,
an intermittent flow pattern will develop in which gas pockets are entrapped in the main
liquid flow due to the surface wave that touches the top surface of the tube. This is
termed as plug flow (PL) or elongated bubble flow since the liquid plugs the flow

channel between two gas bubbles.



If the gas flow rate is increased at high liquid flow rates, a slug flow regime will
develop (SL). The major difference between plug flow and slug flow is that in plug flow
there are no entrained gas bubbles in the liquid slugs and the interface is stable. In slug
flow there are many entrained bubbles of various sizes and the interface is usually

unstable.

At high gas flow rates, annular (also referred to as annular-mist) flow can occur.
The liquid flows as a film around the pipe wall and a gas core forms in the middle. The
gas core may contain some entrained liquid droplets. In this flow pattern, the gas flow
rate needs to be high enough to support the gas core in the middle and prevent the liquid

film from collapsing.

At high liquid flow rates dispersed bubble flow usually occurs. The liquid phase is

continuous while the gas phase is distributed as discrete bubbles.

A flow pattern map, which is a two-dimensional map depicting flow regime
transition boundary, is used to determine which flow pattern will occur for different gas
and liquid superficial velocities. Although dimensionless variables are preferred in theory
(due to ability to translate from one problem to another), the dimensional coordinates
such as superficial velocities are much more generally used in practice. The generation of
flow pattern maps falls into two categories. One type is the experimental flow pattern
map generated directly from experimental data. Figure 1-3 shows a commonly used
experimental flow pattern map, which was generated from a large amount of
experimental data which included different fluid types [3]. It is completely empirical and

limited to the data on which it is based. The second type of flow pattern map is the
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mechanistic flow pattern map [4], such as the one shown in Figure 1-4.

STRATIFIED SMOCTH FLOW

gr‘ o :J STRATIFIED WAVY FLOW

ELONGATED BUBBLE FLOW

SLUG FLOW

ANNULAR FLOW

DISPERSED BUBBLE FLOW

Figure 1-2: Schematic of flow patterns in horizontal pipes; Stratified Smooth (SS), Stratified
Wavy (SW), Elongated Bubble Flow or Plug Flow (PL), Slug Flow (SL), Annular Flow (AN), and
Dispersed Bubble Flow (DB).
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1.3 Thesis Objectives

The main goal for this thesis is the development and construction of an Advanced
High-Speed Ultrasonic Pulse-Echo system for the dynamic measurement of two-phase
flow parameters. The system will be applied to horizontal gas-liquid two-phase flow to
measure the following parameters: liquid level measurements, flow pattern identification,
void fraction measurements, plug velocity, bubble velocity, slug velocity and wave
amplitude and height. The system shall be tested for the gas and liquid superficial
velocities ranging from U;=0.019 m/s to U;=0.14 m/s and from Ug=0.24 m/s to
U,s=4.33 m/s respectively, at standard conditions (1 bar, 20°C). These conditions shall
ensure that the following flow regimes are present for evaluation of the ultrasonic system:
stratified smooth (SS), stratified wavy (SW), plug flow (PL), annular flow (AN).

This thesis is structured as follows: In Chapter 2 a general introduction to the
existing two-phase flow measurement systems and the advantages and disadvantages of
each type of system is outlined with the objective of demonstrating the need for a new
advanced system. Chapter 3 discusses the basic background of ultrasonic theory
pertaining to this work and describes the ultrasound measurement system to identify the
fundamental capabilities of the ultrasonic system. Chapter 3 also will discuss the
experimental apparatus used in this work. Chapter 4 will summarize the calibration and
accuracy of the High Speed Ultrasonic Pulse-Echo System and the results of the static
flow verification tests. Chapter 5 will describe the performance of the High Speed

Ultrasonic Pulse-Echo System applied to horizontal two-phase gas/liquid flow. Chapter 6



provides the conclusions and Chapter 7 suggests potential for further research to improve

this system.



CHAPTER 2

Review of Diagnostic Techniques for Two-Phase Flow
Parameters Measurements

Some of the methods currently available for two-phase flow measurement are:
impedance methods, optical methods, radiation methods and ultrasonic methods. In
addition, several imaging techniques for analyzing the two-phase flow data, such as
nuclear magnetic resonance imaging (NMR), x-ray computerized tomography (CT) and
Ultrasonic Computerized Tomography (UCT) have been developed. These techniques
can be divided into intrusive and non-intrusive technique according to whether flow
fields are disturbed or not by the measuring equipment. Furthermore, in this chapter the
advantages and disadvantages of these techniques for measurement of two-phase flow
parameters are discussed for gas-liquid two-phase flow applications. A summary table of

all techniques is shown in Table 2-1.

2.1 Impedance Methods

The impedance method is based on the fact that the liquid and gas phases have
different electrical conductivities and relative permittivities [5, 6]. This impedance
method can be classified into two categories, depending on the liquid material selected:
the electrical conductivity method and the capacitance method. A conductivity probe

makes use of the difference in conductivity of the phases {6]. Mi and Ishii et al [7, 8] used
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an impedance method where eight electrodes were placed at equal distances around the
circumference of a cylindrical pipe of 50.8 mm i.d. to investigate the void fraction in a
slug flow regime.

Capacitance transducers measure the difference in dielectric constants between
the phases. Different electrode configurations have been examined by a number of
investigators [9, 10]. Alboulewafa and Kendall [11] designed a helical capacitance
sensor for measuring volume fraction in air-water, oil-water and air-oil mixtures. Even
though these types of capacitive sensors are quite linear, in order to allow a good
sensitivity to be achieved, they are in general quite lengthy, i.e. for a 5 cm i.d. tubes the
authors recommended a sensor length of 21.6 cm. Hence they are suitable for volume
averaged measurements. It is apparent that this condition imposes a major limitation as
the minimum size of the liquid waves that can be appropriately detected is limited by the
length of the sensors. Capacitance transducers have also been used by Girard et al. [12] to
determine the liquid film thickness in annular two-phase flows in reflux condensation
experiments. It must be noted that for capacitance transducers that are in electrical
contact with the fluid, in order to detect only the electrical permittivity of the media they
must operate under a high frequency excitation mode (20-30 MHz). The use of high
frequency excitation sources introduces electric instabilities making the instrument very
sensitive to stray capacitances and proximity effects. In most of the current techniques,
the electrodes are attached to a portion of the test section making them quite difficult to
calibrate and almost impossible to move once they are installed. A more detailed review

about electrical devices can be found in [6].
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2.2 Optical Methods

Optical techniques are in many ways similar to acoustic techniques. In the same
manner as sound attenuation can be used to measure mass fractions, light attenuation is
also related to the amount of scatters in the medium. The absorption of light was used to
determine the concentration of titanium dioxide particles in a suspension by Jalava et al.
[13]. For opaque media it is not possible to measure the through-transmission of light.
Depending on the nature of the scatters in the flow it can, however, be possible to
measure Doppler shifts of reflected light. This technique is often referred to as Laser
Doppler Velocimetry (LDV). In general, through-transmission optical methods can only
be used in transparent systems, thus excluding their use in metallic pipes. De-Lasa et al.
[14] used a method based on a U-shaped optic fiber. The curvature of the U is large
enough for the angle incidence to be larger than the angle of total reflection for gas
bubbles. At the same time the radius must be small enough for the angle of incidence to
be smaller than the angle of total reflection when the fiber is in contact with water. With
this setup, light will be lost in liquid (water), but conserved in gas. A mix of the two
phases results in a partial absorption of the light. Andreussi et al. [15] used a fiber optic
probe to measure the local void distribution in coccurent slug flow. Recently, much effort
has been devoted to the development of optical techniques such as LDV (Laser Doppler
Velocimetry) and PIV (Particle Image Velocimetry) [16]. However, there still remain
open issues on these techniques that the probes inserted into flow fields not only disturb
the flow inevitably but can gather the information only at the neighbouring regions

around the probes, and optical methods give rather spatially-averaged information over
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the measured flow fields.

2.3 Imaging Techniques

Until now, the methods described above have been more or less direct sensing
methods, which measure the properties of the flow directly. Another approach can be to
generate some type of image of the flow, and to use information extracted from this
image to determine the properties of interest. The following two subsections give

examples of two such techniques.

2.3.1 Nuclear Magnetic Resonance Imaging

Nuclear Magnetic Resonance imaging (NMR) [17] is a non-invasive method
based on the magnetic properties of the nuclei of certain atoms. Each nucleus has a spin
quantum number characterizing the stable ground state of the nucleus. Associated with
the spin of the nucleus, there is an angular momentum, p and a proportional magnetic
dipole moment, 4 = yp, where the scalar y is the gyromagnetic ratio. In an NMR
experiment, the atoms interact with a static magnetic field. The nuclear spins orient
themselves in this field, and hence the nuclear magnetic moments orient in this static
field, so that the nuclear spins are either parallel or anti-parallel to the field. The magnetic
moments precess at a certain frequency (Larmor-frequency), characteristic of the nucleus
and proportional to the strength of the applied magnetic field. A broadband Radio-
Frequency pulse (RF) is then transmitted orthogonally to the static field, and the
magnetic components of the RF-field interact with the nuclear magnetic moments. When

the frequency of the RF-signal is equal to the Larmor-frequency an energy transfer
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occurs, which results in a flip of the nuclear spin, i.e. a resonance phenomenon. This
energy absorption is recorded and can be used to determine concentrations and other
properties. NMR has received a lot of attention due to the advances made in medical
imaging. NMR is also useful in many non-medical applications, for example in
measuring flow velocity in paper fiber suspensions [18]. However, if some of the objects

to be measured in a multiphase flow are magnetic materials, NMR will not work.

2.3.2 Radiation Techniques

Although techniques based on small probes are accurate and give good time-
resolution, they only measure local properties of the flow. In order to obtain information
of the entire flow profile, a setup with several probes or a scanning configuration has to
be used. With Computerized Tomography (CT) an image of a cross section of the flow is
obtained. This technique has recently been used to obtain parameters such as void
fraction and void distribution in two-phase flow systems [20]. Tomography based on
penetrating radiation (i.e X-rays or y-rays) has been used in medical applications since the
mid-50’s [20] to locate or examine a specific organ without the need of surgery. By the
early 70’s, the methods for inverse had been developed which allow strongly to be usable
in practice. In medical imaging, techniques involving penetrating radiation are placed in
two categories: attenuation techniques and emission techniques. Some of these
techniques have recently been adapted to engineering applications, such as multiphase
flow measurements. Attenuation techniques involve an external source of radiation,

usually X-rays or y-rays, but sometimes also ultrasound. The ultrasonic CT is described
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in more detail in Section 2.4. X-rays and y-rays are often used in a through-transmission
mode. This means that a signal is transmitted through the flow, from all different angles,
while sensors at the opposite side of the object record the signal. The procedure is
repeated for all angles as shown in Figure 2-1. These projections can then be used to
reconstruct an image of the sample object [20]. A method using high speed X-ray
tomography for measuring void fraction distribution was presented in [21]. Absorption or
scattering of radioactive emissions (y, X, f and neutrons) has been widely used [22].
Even though the absorption of y rays has been successfully used in determining the void
fraction in steam-water flow, their applicability for large moving flow structures, i.e.
slugs, requires the use of very strong source. The difference in the absorption of f
particles by the water and the gas makes this technique applicable for the measurement of
void fraction. This technique has the same drawback as the absorption of y rays and is
mostly useful when the liquid is dispersed in a gas core (dispersed annular flow).
Furthermore, the use of B particles becomes almost impossible when the test section is
made of a thick absorbent material.

More sophisticated non-intrusive methods, such as real time neutron radiography
(RTNR) or X-ray computed tomography (X-CT), allow for the measurement of the
distribution of void fraction. Notably, the results obtained by Harvel et al. [21] show
reconstruction of two-dimensional cross-sectional images taken at frequencies up to 250
Hz. For instance, Harvel et al.’s work also used an RTNR technique to determine lateral
void fraction with respect to time. A key drawback of these techniques is that they require

quite heavy shielding structures.
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Transmitter

Receivers

Figure 2-1: X-ray Sensor configurations for tomographic flow measurements through
transmission setup. The sensors take turn transmitting a signal through the flow while the
others are used as receivers

2.4 Ultrasonic Applications to Two-Phase Flow Measurements

Knowing the limitation of the techniques that were described earlier to two-phase
flow measurements it is clear that there is still need for more development in the
instrumentation for two-phase flow analysis. However, from past studies [23,25,46] it
was proved that the ultrasonic methods may offer more practical applications and can be
used when other alternative are not possible. Therefore in the next section a review of the
ultrasonic techniques to two-phase flow is presented.

Ultrasonic measurement is based on time-varying deformations or vibrations in
media, which is generally referred to as acoustics. A given medium substance is
comprised of atoms, which may be forced into vibration motion about their equilibrium
positions. Many different patterns of vibration motion exist at the atomic level; however,
most are irrelevant to acoustics and ultrasonic measurements. Acoustics is focused on
particles that contain many atoms that move in unison to produce a mechanical wave. A

detailed discussion about the basic ultrasonic theory and the High Speed Ultrasonic
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Pulse-Echo System used in this work is given in the next chapter. This section reviews
some of the ultrasonic techniques currently used by other researchers for two-phase flow
measurements.

There are three ultrasonic methods for two-phase flow diagnostics, namely the
pulse-echo, transmission, and the Doppler shift methods. A summary of all techniques is
shown in Table 2.1. at the end of this chapter.

The Doppler shift method has relative advantage as applied in low void fraction
liquid flow velocity measurements and gas bubble velocity measurements. Morriss and
Hill [24] developed a Doppler velocity method for two-phase pipe flow. With this
method, representative images can be obtained in air-water flow for large values of water
holdup, however sharper focusing is needed to resolve millimetre scale bubbles
accurately.

The pulse-echo method was intensely studied by numerous authors for two-phase
flow measurement. Chang et al. [23, 25] developed an ultrasonic system to measure the
instantaneous liquid levels; time averaged void fraction and interfacial area in a gas-
liquid two-phase system by using the pulse-echo and transmission methods. The two
techniques are non-interfering and can be applied to metal pipes. With special transducers
or temperature delay devices can withstand high temperatures of up to 400° C. By this
technique, it is possible to measure moderately transient bubbly flow of the order of 1s
time intervals, and with a spatial resolution of 0.075 mm. Using a polynomial regression
method, it is possible to recognize flow patterns such as stratified smooth, stratified

wavy, plug flow and slug flow for an interval of 10s, and it was observed that as the flow
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entrainment increases, the accuracy of the results decreases. Chang and Morala’s system
can measure the bubble velocity up to 0.7 cm/s. However, it is clear that this method
cannot be directly applied to bubble flow or to any flow that contains a high degree of
entrainment, and more transducers are necessary for more accurate results. Gai and Beck
[26] presented a method for flow imaging by using multiple receivers per transmitted
signal, which can be an advantage regarding to the data acquisition system and flow
imaging. Further studies for the liquid level measurements were performed by Serizawa
and Nagane [27] and suggested that the problem associated with the pulse-echo method
are its large sensing area and its incapability of detecting a sharp edge of the interfacial
waves. The beam of the transducer is an important trend in measuring the liquid level. A
narrower beam has poor detection capability due to smaller scattering angles at the
reflection interface. The measured film thickness is a decreasing trend with an increase in
the inclination angle.

Another important aspect for two phase flow measurement is to reconstruct a
cross sectional image of the flow by using ultrasonic computerized tomography. In this
mode, one can determine important parameters for two-phase flow measurements such as
local void fraction, averaged void fraction, and distribution of phases in a two-phase flow
system. Therefore, Xu and Han [28, 29] developed an ultrasonic transmission system for
tomographic imaging of gas-liquid two-phase flow based upon a fast binary back-
projection image reconstruction algorithm. They used 42 transducers in parallel scanning
and fan-shaped beam scanning geometry. Yet, the experiments are presented only for

simulated phantoms or static. Dynamic flow phenomena were not demonstrated. Multiple
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continuous tomographic images are needed which can be achieved by the time history of
cross sectional variations. With this system it is not possible to distinguish two or three
bubbles that are close together (they are visualized only as a single bubble) but it can
separate two bubbles if the distance between them is larger than 14 mm. The measurable
speed for a bubble is less than 1.7 m/s with this system and the image reconstruction 41.7
frames/sec. However, in this case the image reconstruction algorithm needs to be
improved rather than increasing the number of the transducers. As the number of
transducers is higher, it takes more time to reconstruct the image and also the number of
the transducers is restricted by the pipe diameter. Yang and Schlaberg [30] developed a
method that employs 36 transducers having a fan shaped beam profile to effectively
cover the cross-section. With this configuration, 100 frames/sec were achieved using a
parallel image processing technique. It was also demonstrated that a better reconstruction
quality is achievable by widening the beam angle to 70° of the ultrasound transducers
without increasing the number of the transducers. Improvements of the quality are also
achieved by the use of multiple receiver data acquisition modes in combination with the
transmission mode. Warsito et al. [31, 32] developed an ultrasonic transmission technique
for three phase flow imaging. By this method it is possible to investigate only time
averaged cross section distributions and the method also may be applied to a real time
three component imaging of three phase system by developing a better transducer array
of data acquisition, and development of a better reconstruction algorithm. Wiegand et al.
and Hoyle [33, 34] developed a pulse-echo ultrasound tomography technique that

generates cross-sectional image of the flow, which forms the basis for the deduction of
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flow parameters, such as the void fraction, etc. By computer simulation, different sensor
arrangements were studied and it was proved that by using a multi-segment sensor there
is a significant improvement in the signal to noise ratio and image quality. Yet, this
method was not tested on real targets, and because a larger number of transducers and
equipment are necessary for achieving such configuration, this method may be difficult to

implement in industrial applications.
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Table 2.1 - Diagnostic Techniques for two-phase flow measurement

: Local |Averaged Void
Technique | Interfering S;i:iy tr:xi(s)i‘::]n ¢ Tr:r?ssiten ¢ Rlzkize Void Void fraction lel(?:;
& fraction | fraction (distribution d
Conductance; Yes Yes Yes Yes No Yes No Limited Yes
Capacitance No Yes Yes Yes Yes No Yes Limited Yes
Optical Yes Yes Yes Yes Yes Yes Yes Limited Yes
techniques
Gamma ray No Yes Yes [Need Strong] Yes No Yes Limited Yes
Source
X-ray No Yes Yes Yes Yes No Yes Yes Yes
Neutron No Yes Yes No Yes No Yes Yes Yes
Radiography
Ultrasonic No Yes Yes Yes Yes | Limited Yes Yes Yes
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Table 2.2 - Ultrasonic Techniques for Two-Phase Flow Measurements

Diagnostic No of Flow Flow Pattern Bubble Phase [ u8&Plug [Averaged | o) voig
Author Transd- " . . Flow Void .
Method System Recognition ’Locallsatlon Velocity . . Fraction
ucers Velocity fraction
Morala Pulse-Echo 1 Horiz. P. |SS,SW,PL,SL 1 No No Yes No
&Chang
Morala Pulse-Echo 2 Horiz. P, ]SS,SW,PL,SL 1 Yes No Yes No
&Chang
Chang & ™ 2 Vertical P. No 1 Limited No Yes No
Morala
£<20%
Serizawa  |Pulse-Echo 1 orizontal | Liquid Level - No No No No
&Nagane et Plate and
al inclination
angle
Xu &Han et | TM-UCT 42 Phantoms [|SS,SW,PL,SL, - No No No Yes
al (H) AN
Young& | TM-UCT 36 Phantom | Bubble Flow 34 Yes No - Yes
Schelberg at (a=70° (H)
al (1.61mv/s)
Wiegang & [Pulse-Echo 30 Phantom | Bubbly Flow 3 Yes - - Yes
Hoyle et al UCT
(0.5m/s)
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CHAPTER 3

Two-Phase Ultrasonic Measurement System and Experimental
Setup

An application of the high-speed ultrasonic pulse-echo system to two-phase flow
diagnostics is explored in this chapter. In section 3.1, the basic theory of ultrasonic
measurements to two-phase flow application is presented; then in section 3.2 the
measurements system is presented in detail. Finally, in section 3.3 the experimental setup

for the verification of the measurement system is described.
3.1 Ultrasonic Propagation Theory

Ultrasonic measurement is based on time-varying deformations or vibrations in
materials, which is generally referred to as acoustics. All material substances are
comprised of atoms, which may be forced into vibrational motion about their equilibrium
positions. Many different patterns of vibrational motion exist at the atomic level;
however, most are irrelevant to acoustics and ultrasonic measurement. Acoustics is
focused on particles that contain many atoms that move in unison to produce a
mechanical wave. When a material is not stressed in tension or compression beyond its
elastic limit, its individual particles perform elastic oscillations. When the particles of a
medium are displaced from their equilibrium positions, internal (electrostatic) restoration
forces arise. It is these elastic restoring forces between particles, combined with inertia of

the particles that leads to oscillatory motion of the medium.
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Ultrasonic vibrations travel in the form of a sound wave, with a frequency (f) and a
wavelength (1). Also, ultrasound requires an elastic medium such as a liquid or a solid.
Shown in Figure 3-1 are the basic parameters of a continuous wave (cw). These

parameters include the wavelength (A) and the period (7) of a complete cycle.

L
1

/\ A R

Figure 3-1: Wave propagation — the wavelength A and the period T of a complete cycle

In a perfect elastic medium at a given temperature and pressure, the velocity of
ultrasound, c, is constant. The relationships between c, f, A and T is given by:
A=c/f or A=cT; 3-1)
where, c is the sound velocity from the given material and fis the frequency of the sound
wave which represents the number of the waves which passes a particular point per
second. Ultrasonic waves can be propagated either longitudinally or transversely in a
medium. The particle movement responsible for the propagation of longitudinal and shear

waves is shown in Figure 3-2.
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Figure 3-2: Wave propagation — longitudinal wave; shear wave

As can be seen from the Figure 3-2 in longitudinal waves, the particle oscillations
occur in the longitudinal direction or the direction of wave propagation. Since compress-
ional and dilatational forces are active in these waves, they are also called pressure or
compressional waves. Compressional waves can be generated in liquids, as well as solids
because the energy travels through the atomic structure by a series of compression and
expansion (rarefaction) movements. In the transverse or shear waves, the particles
oscillate at a right angle or transverse to the direction of propagation. Shear waves require
an acoustically solid material for effective propagation and, therefore, are not effectively
propagated in materials such as liquids or gases. Shear waves are relatively weak when

compared to longitudinal waves. In fact; shear waves are usually generated in materials

25



using some of the energy from longitudinal waves.

3.1.1 Propagation at an interface between media

In the majority of the situations presented in this work, the boundaries
encountered by a travelling ultrasonic wave is considered to be normal to the propagation
vector of the wave as shown in Figure 3-3. When a wave travelling in the +x direction
interacts with a boundary between two different materials, a portion of the incident wave
will be reflected back in the —x direction and another portion will be transmitted into the
second material and continue travelling in the second medium in the +x direction. The
amplitudes of both the transmitted and reflected waves, as well as the phase of the
reflected wave, are determined by the reflection and transmission coefficients both of
which are functions of the acoustic impedances of both materials. In the case of air/water
system, 99% of the signal is reflected back. The acoustic impedance of a material, Z, is
defined as the density of the material (p) multiplied by the speed of sound in that material
(c). Z1 is the acoustic impedance of the first material in which the incident wave is
travelling and Z:2 is the acoustic impedance of the second material. When interacting with
a simple interface at normal incidence, both reflection and transmission coefficients are
entirely real and as such are multiplied with the incident wave to calculate the reflected
and transmitted waves. The transmission (7) and reflection (R) coefficients for a wave
encountering an interface at normal incidence as described above are given as (3-2) and
(3-3), respectively.

I, __4z7, (3-2)

T==+
I, (2,+2,f
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I, |Z+Z,

r=l_ [Ez‘_zn]z (3-3)
In the transmission case, since Z1 > 0, T is entirely real and must always be greater than
zero, hence no phase shift occurs when a wave is transmitted through a boundary.

As can be seen from equation (3-3), if R is likewise entirely real, it lies in the
range [-1,1]. This implies that the reflected wave is a scaled and negated version of the
incident wave when R < 0. It can easily be seen from equation (3-3) that this inversion
occurs when Z1 > Z,. In the case of two-phase flow experiment, Z1 > Z2 for the
liquid/air interfaces, but not when travelling from the liquid into the plexiglas at the
liquid/wall tube interface. Based on these properties of the wave propagation it is possible
to detect different mediums such as a plexiglas/liquid interface or a liquid/air interface as
encountered in the present work and even measure them if the sound velocity through
that medium is known. Therefore based on the ultrasonic properties, very useful
information can be obtained by the time-of-flight of the wave, which is based on the
propagation velocity of the ultrasound through media. Having known the propagation
velocity through a medium and measuring the time-of-flight of a wave, the distance that

the wave travels through the media can be determined very accurately by:

h=c-t/2 , (3-4)
where h is the material thickness, c¢ is the material sound velocity and ¢ is the time of

flight.
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Figure 3-3: Wave propagation at a boundary between two different media; Z; acoustic
impedance of medium I; Z; acoustic impedance of medium 11

3.1.2 Ultrasonic Transducer and Excitation Theory

The transducers used in this work are 6 mm diameter 10 MHz center-frequency
wideband transducers. A schematic representation of the ultrasonic transducer is
represented in Figure 3-4. An ultrasonic transducer converts electrical energy to
mechanical energy, in the form of sound, and vice versa. The waves they produce can be
approximated as plane waves in the “near field”. The “near field” is defined by the region

for which the path length from the transmitter to the receiver satisfies equation (3-5):
r<— , (3-5)

where r is the path length from the transmitter to the receiver, 4 is the wavelength, and d
is the diameter of the transducer. Since the transducers used are 6 mm diameter, i.e., their

radius is roughly 3 mm, thus d%/ A can be calculated for the center frequency of 10 MHz
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to be approximately 60 mm in water. This implies that as long as the liquid level is less
than 6.1 cm in thickness, the liquid level can be measured within the near field, hence
less error due to the divergence effects. The cross-section of the ultrasound beam is
roughly constant and the same area as the footprint of the transducer element over the
near field. Beyond the near field, the beam diverges as per equation (3-6):

sin2a=0.5 4 : (3-6)
r

where r is the radius of the transducer. In the present work, the divergence angle beyond
the near filed translates to a = 1.69° (in water) and thus the cross-section becomes larger
and attenuates faster resulting in less accurate results. As indicated by Filipczynsky et al

[35] the best directional characteristics of longitudinal waves are achieved when A<< 2r.

Figure 3-4: Schematic representation of an ultrasonic transducer; near field and far
field.
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3.1.3 A-scan and C-scan Algorithms

An A-scan algorithm displays the amount of received ultrasonic energy as a function
of time as shown in Figure 3-5. The relative amount of received energy is plotted along
the vertical axis and elapsed time (which may be related to the sound energy travel time
within an object) is displayed along the horizontal axis. Also the signal displayed by the
A-scan is a radio frequency signal (RF), more specifically a fully rectified RF signal. In
the A-scan presentation, the attenuation of an ultrasonic signal can be determinate as well
as the liquid level by the position of the signal on the horizontal axis. A more detailed
description of an A-scan is presented in Chapter 4 (Section 4.1). The key items of interest
in the A-scan are the initial pulse (labelled (a) in Figure 3-5) and the reflected pulse from

the gas/liquid interface (labelled (c) in Figure 3-5).

Ultrasonic C-scan algorithm is one of the methods used in non-destructive
examinations to analyze cracks or certain defects through a material. A C-Scan algorithm
is the plotting of a collection of gated amplitudes of ultrasonic A-Scan signals. The C-
scan presentation provides a plan-type view of the location and size of the object to be
tested as shown in Figure 3-6. The plane of the image is parallel to the scan pattern of the
transducer. C-scan presentations are produced usually with an automated data acquisition
system, such as a computer controlled scanning system. Typically, a data collection gate
is established on the A-scan and the amplitude or the time-of-flight of the signal is
recorded at regular intervals as the transducer is scanned over the test piece. The relative

signal amplitude or the time-of-flight is displayed as a shade of grey or a colour for each
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of the positions where data was recorded. The C-scan presentation provides an image of

the features that reflect and scatter the sound within and on the surfaces of the test.

A-scan
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Figure 3-5: Typical representation of the wave from an A-scan where (a) is the initial
pulse, (b) is the wave reflected from the tube-wall/lliquid interface, (c) is the wave
reflected from the liquid/gas interface, multiple reflection from the tube/liquid interface,
(d) is reflected from liquid/gas interface and tube wall/liquid interface.
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Figure 3-6: C-scan algorithm; typical representation of a side view and top view of a
scanning object.

3.2 Overall Description of the Measurement System

The measurement system developed in this work to monitor the two-phase flow
phenomena is comprised of three physical parts: a Computer (PC), a Multiplexer and four
Ultrasonic Transducers as shown in Figure 3-7. The Computer (PC) is equipped with: a
Data Acquisition Card (Digitizer — Compuscopel2100 model-100MHz), a Motion
Controller Card (DMC1800) and the Winspect Data Acquisition Software. The Winspect
software initiates a data acquisition cycle by first setting the multiplexer to the correct
channel via a DMC 1800 parallel connector unit and then by sending a software trigger
to the digitizer. The digiﬁzer has the capability to send a synchronous external trigger

pulse when it receives a software trigger, and so begins the acquisition at the same time it
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sends the external trigger pulse and at the instant an echo is received. This pulse is used
to trigger the Pulser/Receiver unit from the multiplexer to generate a pulse to send to the
four transducers. The echoes received by the transducers produce the RF signal, which
travels back to the Pulser/Receiver unit from the multiplexer, and is amplified and passed
on to the digitizer which then acquires and digitizes the data. The Staveley Sonic 260
multiplexer reports its current channel number as a binary value on four-output channel
address lines. These lines are available on the parallel connector of the unit. The
Winspect software then processes this RF data, and a liquid level estimate is generated

and displayed on both C-scan or on an A-scan processors.

The multiplexer is set to RUN automatically, which means that all four
transducers receive an electrical pulse and at the interval of 6 msec the second pulse
occurs and so on until the scanning time is completed. For the present experiments, the

scanning time was chosen to be between 3 seconds and 10 seconds respectively.

3.2.1 PC based Ultrasonic Signal Control and Analysis System

The computer (PC) used for this research is a Pentium® 4 CPU series computer
with 1.60 GHz processor frequency and 1.00 GB of RAM, running Microsoft Windows
XP. This computer was chosen to ensure adequate processor speed and RAM to support
the needs of the analysis required in the present work. The program performs several
computationally intensive tasks such as communicating between the compuscope
digitizer and the motion controller collecting 16 MB of data from up to eight ultrasonic

transducers, and performing a C-scan to allow for real-time data analysis (30 frames/s)
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instead of storing the data and then post-processing it after the experimental run.

a. Operational System

Microsoft Windows was chosen as the operating system for the computer to allow
easy interoperability with other lab computers. Specifically, the Microsoft Windows XP
version was used since the Winspect Software only works on this system without any

modification.

b. Winspect Data Acquisition and Processing Software

Winspect Data Acquisition Software is an advanced commercial software
package used for building inspection and material characterization systems [36]. This
software was chosen for its multitasking capability, as it allows communication between
the data acquisition card and motion controller card, and it analysis the amplitude and
time of flight data, in real time. Also, it processes fast enough on A-scan data, live gated
data and as a post—proceésing engine on saved data. The Winspect processor that was
used in the present system was a C-scan algorithm that collects continuously the data in
real time. This processor has the capability to set the scanning time (ex. 3 sec, 10 sec) that
is needed to acquire the data as well as the timestep that is needed in order to acquire the
data in real time (30frames/s and anything greater is high speed) such as 170 frames/sec
and it saves the data directly into the memory.

c. Digitizer- Compuscope 12100

The digitizer card (Gage Compuscope 12100) is used to process the digital signals

using its own fast processor. It has on-board memory, running in parallel with the PC-
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processor and is a multi-card master/slave system which can provide 2 channels of
simultaneous A/D conversion, therefore allowing for a very fast data acquisition time,
where a trigger occur every 2ps. Data transfer rates from digitizer memory to PC memory
is 50 MB/s. This digitizer operates normally without using any IRQ line, but it has the
capability of generating an interrupt on one or more of several events, including the
following: trigger, end of capture and memory full which is a real advantage for the

present system since the multiplexer can be externally triggered.
d. Motion Controller card- DMC 1800

The DMC 1800 is directly installed in the PC slot. This controller has a non-
volatile program memory, fast encoder speed and provides two channels for high-speed
communication FIFO for sending and receiving commands. In the present system, a
program was loaded into and run on the DMC 1800 motion controller. This continuously
looping program reads the four discrete inputs representing the multiplexer channel
address, and converts these inputs to a program variable within the DMC 1800 controller.
Winspect software can then interrogate the controller for the value of this variable, thus

obtaining the current multiplexer channel address.
J- Multiplexer, Staveley Sonic 260

This multiplexer is an eight-channel multiplexer that works as a broadband
ultrasonic analyzer, and includes a pulser/receiver, and a stepless gate. The

pulser/receiver section has operator controls with discrete, calibrated settings as well as
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continuous adjustment capability. The pulser section generates short, large amplitude
electric pulses of controlled energy which, when applied to an ultrasonic transducer, are
converted into short ultrasonic pulses. The receiver section amplifies the voltage signals

produced by the transducer, which represent the received ultrasonic pulses.

g. Panametrics Transducers

Four Panametric Ultrasonic Transducers (Model # A112S 10MHz %” 6mm
diameter) contact were used for this work. The transducers were attached to a coaxial
cable via an SMB jack on the side of each transducer near the rear end connected to the
multiplexer unit via coaxial cable. The transducers were mounted on the pipe by pressing
them using a spring system. This method was chose upon due to good acoustic coupling
efficiency, simplicity, and ease of mounting. A common silicone lubricant (high vacuum
grease) was used which acted as an acoustic coupling layer. During testing, it was
observed that it was important to ensure the cleanliness of the transducers surface and the
tube prior to mounting since any foreign object present between the transducer and tube

surface give false echoes or attenuated the signal introducing errors in the measurement.
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Figure 3-7: Schematic representation of the equipment used for ultrasonic pulse-echo
measurements

3.3 Experimental Setup

Figure 3-8 shows a schematic diagram of the experimental setup for horizontal
two-phase flow in a cylindrical pipe. The pipe has an inner diameter of 2.1 cm and was
made of glass to allow visualization of the flow patterns. Water and air at atmospheric
conditions are injected into the end of the pipe and single phase flow rates have been
measured by two Brooks rotameters (models 1110-08H2A 1D, 1110-10H3A1D), before

the mixing section. All reported superficial gas velocities are at standard conditions (1
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bar, 20°C). The superficial velocity of the liquid was varied between 0.019 m/s and 0.14
m/s and the superficial velocity of the gas ranged from 0.24 m/s to 4.33 m/s. The
superficial velocities were calculated as the ratio between the volumetric flow rate of the
phase and the cross-sectional area of the pipe. The errors in the determination of the
superficial velocities were therefore due to the error associated with the rotameters in
providing the volumetric flow rates, and the error in the determination of the pipe
diameter. The pipe diameter was determined ultrasonically, so that its error is a combined
measure of the imprecision in the determination of the speed of sound in water, the
transducer resolution and the imprecision in locating the transducer at the bottom of the
pipe while performing the pipe diameter measurements. Based on these considerations,
the relative error of the superficial velocities was estimated to 2%.

At the entrance of the liquid into the pipe there is a mixing section that is used to
enhance the onset of fully developed two-phase flow. The measurement transducers are
located downstream from the mixer section with a maximum IL/d = 119.8 cm (251.5
divided by 2.1 LD. tube diameter) to allow the flow to be developed as much as practical
for the experimental system. Transducer 1 and transducer 3 were mounted on the top
surface of the pipe at a distance approximately L=263cm (transducer 1) and L=251.5cm
(transducer 3) respectively a distance between them is 11.5 cm. Transducers, 2 and 4
were mounted on the bottom surface of the pipe at roughly a distance of L=266cm
(transducer 2) and L=254cm (transducer 4) respectively with a separation distance of
12cm. The separation distance is chosen to obtain reasonable time of flight results and

ensure transducers were not located next to a mechanical joint of the piping system. The
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difference in location between a top and bottom transducer was chosen to avoid the

interference of the signals received by the transducers.

Mixing Section Air-water
separation

3 D=ll5cm tank

i.d=2.1cm

Rotameter

I:I Drain

U_®_.{><K__Water Inlet

Gas Rotameter H

D——@——{ﬁ]d———Air Inlet

Pressure Regulator

Figure 3-8: Experimental apparatus for air-water two-phase flow measurement
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CHAPTER 4

High Speed Ultrasonic Pulse-Echo System Characterisation

This chapter presents an overview of the calibration results, C-scan results and

signal processing involved for the dynamic measurements of two-phase flow parameters.

4.1 Determination of Measurements Accuracy

The experimental system used for the calibration was a horizontal cylindrical pipe
partially filled with a known amount of water (static). The liquid level was measured
using one ultrasonic contact transducer, model # A112S 10MHz 4” (6mm) diameter
working in a pulse-echo mode. A typical result from the A-scan is shown in Figure 4-1,
where the first signal (a) represents the initial pulse, the second signal (b) is the echo that
comes from the tube wall/liquid interface, the third signal (c) is the signal from the
liquid/air interface and all the echoes that come after (c) represents multiple echoes from
the tube wall/liquid interface or liquid/air interface. In order to proceed for any liquid
level measurements or any other measurements the sound velocity through the water
should be known. Therefore the sound velocity for the present experiment was measured
when the tube was full with liquid. By knowing the diameter of the tube (50 mm) and the
time (At) that the sound travelled through the liquid the sound velocity was calculated to
be 1480+1.5 m/sec, where the theoretical value is 1500m/s at T= 22° C [37]. The errors in
the measured sound velocity could be due to a difference in the water temperature where

was T=20°C. The time delay for sound reflections is converted into thickness by simply
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applying equation (4-1) as follows:

h=c><-[;—t , 4-1)

where c is the speed of sound in the liquid phase, At is the time interval between reflected
signal from the tube-wall/liquid interface (b), and liquid/gas interface (c) as shown in
Figure 4-1. The liquid thickness can be also obtained from the geometrical representation

of the apparatus using the following relation:

h

‘Geometry

=r(l1—cos g) " (4-2)

where hgeomenry is the liquid thickness in the tube, r is the tube radius and @ is the angle as

is shown in Figure 4-2. The void fraction is simply defined by equation (4-3):

_ (thal "Vziquid )
a= v =1- Vliquid/ Viotal » (4-3)

total

where V,o,a, =z-r-L .and L is the tube length. In all the present tests, measured
quantities are L = 350 mm; r = 25 mm; V., =§r2 (8 —sin 8) where @ is calculated from
the transcendent equation (4-4):

f-sinf=2zx(1-), 44)

where a is the void fraction and is simply defined by equation (4-3).
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Figure 4-1: Typical representation of the wave from an A-scan where (a) is the initial
pulse, (b) is the wave reflected from the tube-wall/liquid interface, (c) is the wave
reflected from the liquid/gas interface, multiple reflection from the tube/liquid interface

Figure 4-2: Liquid level measurements; geometrical representation in a horizontal tube
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Figure 4-3 represents the liquid levels calculated based on the liquid volume in
the tube (h-geometry) as a function of liquid levels measured by the ultrasonic pulse-echo
technique (h-ultrasonic). A least squares fit analysis is applied to show the accuracy of
the measurements. The points fit very well on a line through the origin, with a coefficient
of determination R; = 0.9996 and an accuracy of measurements less than 1.5% absolute
error. The measurement error is due to a combination of the following factors: the
transducer resolution, the imprecision in the determination of the speed of sound in water,
the imprecision in locating the transducer exactly at the bottom of the pipe. In addition,
although not due to an error of the measurements, a difference in the results between the
geometrically calculated levels and the measured ones in Figure 4-3 may come from the
capillarity effects at the interface between the water surface and the pipe walls, where the

water surface curbs towards the walls, thus affecting the overall water level.

60
E 50
2
4 40 -
§
5

30 -
g
£
§‘ 201 y = 0.9994x
g R? = 0.9996
® 10 + avg error=1.39%
£

0 T T T T T

0 10 20 30 40 50 60

h- ultrasonic measurements (mm)

Figure 4-3: Measurement accuracy results for a 50 mm i.d. tube
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4.2 C-scan Experimental Results by High Speed Ultrasonic Pulse-Echo
System

For a better understanding of the signal processing involving a liquid level
that corresponds to a plug flow regime is chosen as it is shown in Figure 4-4. In the
present configuration each transducer sends a signal and when a liquid/air boundary
is encountered each transducer receives its own echo back. This data is acquired in
real time using a C-scan algorithm as was explained in Chapter 3. An example of the
real time data acquisition obtained by C-scan, with transducer # 2 placed on the
bottom surface of the tube, is shown in Figure 4-5. As the figure shows, C-scan plots
show the proper liquid level as a function of time (several A-scans) in the case of
plug flow. It is hard to interpret a C-scan, because some of the unidentified points
represent noise due to the sudden change of level and high frequency noise.
Therefore before a liquid level estimate can be made, some signal processing must

be done for a successful repeatable measurement to be obtained.

Figure 4-4: Plug flow regime representation and signal detection



Time of flight

/(microseconds)

25 30 35 40

Q
g
=
1]
=}
o
C:/\
879
o 2
wn -

Liquid
Plug

Figure 4-5: C-scan image using transducer # 2 from the bottom of the pipe with no filter
applied

4.2.1 Signal Processing

The RF signal received by the digitizer from the transducer via the multiplexer
consists of the desired signal, which contains information about liquid level, void
fraction, plug velocity, etc. However not all the RF data received is useful, such as
multiple repetitions, therefore a gate was used that allows only the acquisition of the
signal that travels a distance equal to the diameter of the tube and all other repetition
echoes are ignored. As was mentioned in the earlier discussion some signal processing is
required to improve the waveforms and implicit the C-scan for a more clear interpretation
of the results. The pre-subtraction and post-subtraction signals are shown in Figure 4-6

(a, b, ¢), by using data for the liquid level from a plug flow regime. The first step in the
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process is to filter the signal to remove the unidentified points. The second process is to
rectify the waveform and finally apply an enveloping function. This has the effect of
tapering the ends of the data array without affecting the center portion significantly. The
filtering is done via point-by point multiplication with the center half of the signal being
multiplied by unity while both the beginning and end quarters are multiplied by
coefficients which taper from unity at the center of the segments to zero at the ends. The
filter is used to cut down on noise in the next step of processing due to sudden changes at
the ends of the data segment. Once the waveform signal processing is completed, the C-
scan images shown in Figures 4-7 to 4-10 can be very easily interpreted. These C-scan
images can be interpreted by extracting the A-scan waveforms that were described earlier
which give the time of flight and implicitly the liquid level. Figure 4-7 represents a
typical result by the C-scan and A-scan method as it was detected by transducer # 1
placed on the top surface of the tube in the case of a plug flow regime. During a 3
seconds data acquisitiox; time, transducer # 1 was able to record the instantaneous
location of the tube wall/gas interface and liquid/tube-wall interface. More specifically
from Figure 4-7 it is observed that between Os and 1.3s acquisition time the transducer
recorded the instantaneous location of the tube wall/gas interface where between 1.3s and
1.6s it shows that a liquid/ tube wall interface is present and again after 1.6s acquisition

time a tube-wall/gas interface exists.
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Figure 4-7: C-scan and A-scan representation of the ultrasonic signals detected by
transducer # 1, 1- initial pulse, 2- tube wall/liquid interface, 3- liquid/air interface

Figure 4-8 represeﬁts the C-scan plot as was detected by transducer # 2 placed on
the bottom surface of the tube at roughly 4 cm distance from transducer #1. As can be
seen from the figure, this transducer recorded the instantaneous location of the liquid/gas
interface and liquid/tube-wall interface. The liquid/tube-wall interface is encountered in
the region between 1 and 1.7s acquisition time and it is recognized by the fact that the

sound travelled a distance through the water equal to the diameter of the pipe.
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Figure 4-8: C-scan and A-scan representation of the ultrasonic signals received from
transducer2, 1- initial pulse, 2- tube wall/liquid interface, 3- liquid/air interface

Figure 4-9 shows the C-scan plot obtained by transducer # 3 that is placed at
11.5cm distance from transducer # 1. By comparing Figure 4-7 and 4-9, it can be
observed that the only difference between them is that the transducer # 3 shows the
instantaneous location of the liquid/ tube-wall interface between 1.2s and 1.55s
acquisition time, which corresponds to a moment earlier than can be detected by
transducer # 1. This is expected due to the distance between the two transducers. The
same result can be observed by comparing Figure 4-8 and Figure 4-10 where, transducer

#4 records the liquid plug earlier than transducer # 2.

49



Scanning Time

C-scan (Color Plot)

5 10 15

30

235

20

sec
1.5

10

05

00

Figure 4-9: C-scan and A-scan representation of the ultrasonic signals received from

miracatonds a;w]e of flight microsecond;
2 25 30

35

A-scan

=
]

)]

500 A-scans

| -
—]

-

-

jT ]

transducer 3, 1- initial pulse, 2- tube wall/liquid interface, 3- liquid/air interface

C-scan 3

4 Time of flight microseconds
/Z Usec (microseconds)
10 15 2 25

Scanning Time
sec
10 15 20 25 30

05

Figure 4-10: C-scan and A-scan representation of the ultrasonic signals received from

30

A-scan

A

N
1

500 A scans

transducer 4, 1- initial pulse, 2- tube wall/liquid interface, 3- liquid/air interface

50



4.2.2 Detection of At and Liquid Level Calculation

The waveform resulting from the above method is analyzed with a peak-detection
algorithm to identify the amplitude peaks. The algorithm is part of a program written in
Visual Basic and its purpose is to automatically provide liquid level information inside
the tube from the C-scan processor. The algorithm first reads the time-of-flight data from
the C-scan files and stores them into variables. A logic diagram for this algorithm is
presented in Appendix A. It then converts all the data into A-scans for each sample. The
user has the option to set the algorithm to read the data starting with the signal that
corresponds to the tube-wall/liquid interface or tube-wall/gas interface. The algorithm
then detects all the other peaks from the A-scan that are greater than a set percentage of
the amplitude of the highest peak by finding the highest remaining peak, therefore it can
identify the signal coming from the reflection at the liquid/gas interface, or tube-
wall/liquid interface, reads the time-of-flight of that signal and calculates the liquid level
using equation (4-1). More information about the peak detection algorithm is presented in

Appendix A.
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CHAPTER 5

Experimental Results for Horizontal Two-Phase Flow System

In this chapter, two-phase flow parameter measurements obtained by the high-
speed ultrasonic pulse-echo system are discussed. The two-phase flow pattern
characterisation for stratified smooth (SS), stratified wavy (SW), plug flow (PL), slug

flow (SL) and annular flow (AN) is performed.

5.1 Liquid Level Measurements

The instantaneous location of the liquid/gas interface was accomplished by using
the C-scan method described in Chapter 3. Then a peak-detection algorithm is used to
convert the raw ultrasonic; C-scan (20,000 A-scans) data provided by the four transducers
during a 3s acquisition period into liquid level measurements. Figure 5-1 and 5-2 shows
the liquid level measurements performed for various gas and liquid superficial velocities.
As can be seen from Figure 5-1, for a constant gas superficial velocity (Ug=0.24m/s) and
increasing liquid superficial velocity from 0.019m/s to 0.072m/s, the liquid level
increases almost linearly with liquid flow velocity as expected. Therefore it can be
implied that the gas/liquid interface is smooth. Figure 5-2 shows the variation of the
averaged liquid level as a function of gas superficial velocity. Initially the system is setup
in stratified smooth flow with a gas superficial velocity of Ug=0.48m/s, and a liquid

superficial velocity of 0.048m/s. For increasing gas superficial velocity from 0.48m/s to
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1.92m/s, the time average liquid level decreases with increasing gas flow velocity as
shown in Figure 5-2. At the same time the liquid level oscillates between a minimum
“Min” and a maximum “Max” value which corresponds to region number (1) in the
figure, therefore the gas/liquid interface is no longer smooth and a transition from
stratified smooth to stratified wavy (SS/SW) has occurred. Note the oscillations are small
and in the range of 2mm which correspond to a wave amplitude consistent with stratified
wavy flow. However increasing the gas superficial velocity it is observed that the
average liquid level continues to decrease but the oscillations between the minimum
liquid level “Min” and maximum liquid level ‘Max” continue to increase. When the
minimum liquid level is about 3.8mm (which represents approximately 20% of the
diameter of the pipe) and the maximum liquid level is approximately 15mm which is

almost 75 % of the diameter of the pipe a transition from stratified wavy to slug flow

(SW/SL) occurs. This is shown in region number (2) of Figure 5-2. Essentially the
system has demonstrated that it can measure the liquid level and identify different

phenomena that occur.
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Figure 5-1: Time averaged liquid obtained by the high-speed ultrasonic pulse-echo

system in a horizontal two-phase flow system for Ug=0.24m/s.
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flows at the bottom of the pipe and the gas at the top and the interface between them is
smooth. While transducer #1 from the top of the tube shows that there is no liquid level in
the tube which means that no liquid touched the top surface of the tube. Hence this flow
pattern corresponds to a stratified smooth (SS) flow regime as represented in Figure 5-3c.
Optical visualisation (by eye) through the glass tube confirmed that the flow pattern was

stratified smooth.

¢ Uls=0.019m/s;Ugs=0.24 m/s
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Figure 5-3: Typical liquid level transient waveform for stratified smooth flow detected by
transducers #1 and #2. (a) — liquid level as a function of time; (b) — liquid level in cross-
section of the pipe, (c) —stratified smooth flow pattern

For a gas superficial velocity of 0.96 m/s and a liquid superficial velocity of
0.019m/s, a time dependent variation in the liquid level between maximum and minimum

value is observed. Typical liquid level transition detected by transducer #2 for this
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combination of superficial velocities is shown in Figure 5-4, and it is observed that the
gas/liquid interface is disturbed with a rippled surface which appears to give the stratified
wavy flow pattern (SW) as shown in Figure 5-4c. Note transducer #1 indicated that no
liquid touched the top of the tube (the liquid level is zero). Optical visualisation through

the glass tube confirmed the flow pattern as stratified wavy flow (SW).
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Figure 5-4: Typical liquid level transient waveform for stratified wavy flow detected by
transducer #2 and #4; (a)- liquid level as a function of time; (b) — liquid level in cross-
section of the pipe, (c) —stratified wavy flow pattern.

For a gas superficial velocity of 1.92m/s and a liquid superficial velocity of
0.072m/s slug flow is observed. Figure 5-5 shows a typical liquid level transient for this
combination of superficial velocities detected by transducer #4 from the bottom and

transducer #3 from the top. Transducer #4 shows that the liquid level oscillates between a
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minimum liquid level of 0.31cm and maximum liquid level of 1.16cm. Transducer #3
from the top records some liquid level in the region of 0.7s and 1.3s at a moment later
than transducer #4 recorded and this is expected because of the distance between the
transducers. Therefore from these indications it can be implied that the gas/liquid
interface is not smooth and this flow pattern is known as the slug flow regime.

For gas superficial velocity of Ug=0.96m/s and liquid superficial velocity of
Uj=0.097m/s plug flow can be observed. The difference between slug flow and plug flow
is that the liquid level associated with the liquid plug does not oscillate between a
minimum and maximum value and the gas/liquid interface is smooth as shown in Figure
5-6 and 5-7. As can be seen from the figures, this combination of velocities results in a
long swell wave developed which completely blocks the pipe, forming a liquid plug,
hence a plug flow regime was formed. Additional information that the liquid touches the
top surface of the pipe is confirmed also by the results obtained using the top transducers

# 1 and # 3 respectively as shown in Figure 5-7.
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Figure 5-5: (a) Typical liquid level transient for slug flow detected by transducer #4 from
the bottom and transducer #3from the top; (b)- Slug flow regime representation.
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Plug Flow at Uls=0.72 m/s & Ugs=0.96 m/s
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Figure 5-6: (a) Typical liquid level transient for plug flow detected by two bottom

transducers, (b)-cross-sectional representation.
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Figure 5-7: (a) Typical liquid level transient for plug flow detected by two top

transducers; (b) Plug flow regime representation.
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Figure 5-8 shows an example of the liquid level evolution obtained for gas
superficial velocity of 4.33m/s and liquid superficial velocity of 0.072m/s. The liquid
film formed at the top of the pipe is thinner than that formed at the bottom of the pipe as
it was expected, due to gravity effects. Also it should be noted that the liquid film
presents a maximum and minimum liquid level, hence it can be implied that there are
some waves formed at the gas/liquid interface. These characteristics correspond to an

annular flow regime where the liquid is swept up and around the pipe to form an annulus.

a Transducer #2 & #4
Annular flow at Uis=0.072 m/s & Ugs=4.33 m/s « Transducer #1 & #3
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Figure 5-8: Typical liquid level transient waveform for annular flow detected by four
transducers; (a)- liquid film as a function of time; (b) — liquid film in cross-section of the
pipe

61



5.3 Two-Phase Flow Regime Map

For a quantitative description of the conditions which lead to the transition of
flow regimes from one pattern to another, a flow regime map is created based on the
superficial velocities of the liquid and gas. Over 70 data points were used to define the
flow map for this experimental work that is shown in Figure 5-9. The flow regime map
obtained by the high speed ultrasonic pulse-echo system is compared (Figure 5-9) with
Lightstone et al. [38] experimental results by capacitance method. As seen from Figure 5-
9, good agreement between the present experiment and Lightstone et al. [38] experiment
is obtained. The present results are also compared with Mandhane et al. [3] experimental
results. Figure 5-10 shows that the results are in good agreement.

Figure 5-11 shows a comparison of the present results with the theoretical model
of Taitel and Dukler [4]. As Figure 5-11 shows there is good agreement between the
experimental and theoretical results. The small discrepancies between predicted and
observed transitions for stratified smooth to stratified wavy and slug to annular flow are
quite acceptable to within error. However there is disagreement between Taitel and
Dukler’s [4] model and the current experimental results for the transition from stratified
smooth to stratified wavy (SS/SW) to plug or slug flow. This discrepancy likely arises
from the simple assumptions made in Taitel and Dukler’s model [4], where the gas phase
velocity (ug) for the transition from stratified smooth to stratified wavy was assumed to
be as follows:

1/2
4 =
u, Z[M} ; (5-1)

spgul
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where, g is the gravitational acceleration, p; is the density of the liquid, p, is the density
of the gas, u; is the liquid velocity and s is the sheltering coefficient. For a transition from
stratified smooth to intermittent flow, Taitel and Dukler [4] considered the gas velocity as
per equation (5-2) as the transition criteria.

1/2

8(p—py)A :
Pe am,

(5-2)

where B=0.5, g is the gravitational acceleration, p; is the density of the liquid, p, is the
density of the gas, A is the liquid height and A,, A; are the gas and liquid cross sectional
area. From equation (5-1), it can be observed that the transition from stratified smooth to
stratified wavy is predicted without knowledge of the characteristic of the interfacial
waves. Furthermore there is no account for the change in liquid velocity or any

consideration of the liquid velocity at all, as the slug forms as seen from equation (5-2).
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Figure 5-9: Two-Phase flow regime map; comparison of the present results with
Lightstone et al experimental results [38].
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Figure 5-11: Two-Phase flow regime map; comparison of the present results with Taitel
and Dukler Model [4].
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5. 4 Void Fraction

5.4.1 Liquid Level and Void Fraction for Stratified Smooth Flow (SS)

The liquid level as a function of liquid superficial velocity (Ujs) and at a constant
gas superficial velocity (Ug =0.24m/s) is shown in Figure 5-12 and shows that the liquid
level increases almost linearly with increasing liquid superficial velocity as expected. A
comparison with the theoretical prediction of Taitel & Duckler [4] shown in Figure 5-12
shows that the liquid level for a stratified smooth flow (SS) results are in good agreement
with theoretical predictions. Thus the theoretical prediction of Taitel and Dukler [4] for

stratified smooth flow as per equation (5-3) predicts accurately this type of flow regime.

4C, (uLSD]—" p,(u,’)

% D\ v, 2
X = — ssn=m=l1 (5-3)
4C; (u;'D ) psus')’
D\ v, 2

where, Cg=C=16 for a laminar flow, uLs, uLs are the liquid and gas superficial velocities,
D is the pipe diameter; vy, v¢ are the kinematics viscosity of liquid and gas; p;, pg are the

liquid and gas density and X is the Martinelli parameter.
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Figure 5-12: Liquid level for stratified smooth flow regime as a function of liquid
superficial velocities at constant gas superficial velocity Ug=0.24 m/s; comparison with
Taitel& Dukler’s 1-D Model[4].

Once the liquid level for a stratified flow regime is known the void fraction can be
determined. For stratified smooth flow, a smooth gas/liquid interface in the x-axis (cross-
section) is considered. The void fraction was calculated by dividing the cross-sectional

area filled with gas to the total cross-sectional area of the pipe shown in Figure 5-13:

e 1< A,
Nl A ' 2

where, N is the number of measurements, Aj; is the cross-sectional liquid area and A is the
total cross-sectional area of the pipe. The cross-sectional area of the pipe filled with

liquid is given by:
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h,
A= R* - {“]25 = sin_'(l & _Ile—ljjl = (R —h, )(ZRhu = huz )”2 ’ (5-5)

where R is the radius of the pipe and h;; is the instantaneous liquid level.

(a) (b)

Figure 5-13: Longitudinal representation of stratified smooth flow, based on liquid level
data read by the instrumentation (a) and cross-sectional representation (b).

By measuring the instantaneous liquid level during 3s acquisition period, void
fraction can be simply determined using equations (5-4) and (5-5). Typical
experimentally observed time and cross sectional averaged void fraction for the stratified
flow regime is shown in Figure 5-14 as a function of liquid superficial velocities. As
Figure 5-14 shows, with increasing liquid superficial velocity, the void fraction decreases
in almost linear fashion. Lightstone et al. [38] used a capacitance method to measure the
instantaneous and time averaged void fraction and developed 1-D [38] and 3-D
theoretical models [39]. The results obtained for the void fraction by the high speed
ultrasonic pulse echo system are in good agreement with those obtained by Linghtstone

and Chang [39] for the capacitance method as Figure 5-14 shows. For lower liquid
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superficial velocities than the experimental data the 3-D model predicts a higher void
fraction. At a higher liquid superficial velocity (Uis>0.04 m/s), the present experiment
agrees well within £10% of the 3-D Model. The fact that one dimensional model shows a
lower value is could be due to the assumption that there is equal pressure drop in each

phase and no pressure differential across the fluid-fluid interface as per equation (5-6)

and (5-7).
2 g iig oo : (5-6)
dz A A
S .
—E—rg—g—wif'—:o : (5-7)
dz A A

where, A, is the gas cross sectional area, A, is the liquid cross sectional area, S, S; are the

gas and liquid wetted pipe perimeter, S; is the interfacial perimeter, 7,, 7; are the gas wall

and liquid-wall shear stress, 7; is the interfacial shear stress
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Figure 5-14: Cross-section averaged void fraction under stratified smooth flow regime
as a function of superficial liquid velocity (Uj) at constant gas superficial velocity
(Ugs=0.24m/s); Comparison with 1-D and 3-D Models [38,39]

5.4.2 Liquid level and void fraction for a stratified wavy flow

The time averaged liquid level as a function of gas superficial velocity for two
different liquid superficial velocities is shown in Figure 5-15. As expected, the liquid
level decreases with increasing gas superficial velocity and the liquid level is higher for a

higher liquid superficial velocity. The present results for stratified wavy flow (SW) are
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compared with Taitel and Dukler’s

following assumptions:

4AC, (u,D % pL(uz)2
X2 D \v, 2

4C, (uy) " peus)’
D \vg 2

1-D Model [4]

LREm=E

. Taitel and Dukler [4] used the

(5-8)

where, Cg=C =16 for a laminar flow, uLS, uLs are the liquid and gas superficial velocities,

D is the pipe diameter; v., v are the kinematics viscosity of liquid and gas; p;, p¢ are the

liquid and gas density and X is the Martinelli parameter.

As Figure 5-15 shows, the present results qualitatively agree with 1-D Model.

For a higher gas superficial velocity of 0.049 m/s there is also quantitative agreement

between the present results and Taitel and Dukler’s 1-D Model [4], but for lower gas

superficial velocity of 0.019m/s there is a discrepancy between the two results. The

discrepancies between the experimental and predicted results at low gas and liquid

superficial velocities could be due to the assumption of equal pressure drops in each

phase for laminar-laminar flow and not considering any surface wave at all as per

equation (5-9) and (5-10).

_AL(%)_TWLSL +7,5,+p A g =0

dP

- AG(E)— T.696 1t 75, + pgA;8 =0

(5-9)

(5-10)

However with increasing flow rates the validity of the assumption improves, hence, the

analyses of Taitel & Dukler [4] apply except for low flow rates.
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The void fraction for a stratified wavy flow was calculated using the same
equations that were used for stratified smooth flow and the results are shown in Figure 5-
16. Void fraction for a stratified wavy flow is increasing with increasing gas superficial
velocity as is shown in Figure 5-16 and for an increase in the liquid superficial velocity is
decreasing as was expected. Comparing the present results with those obtained by
Lightstone et al. [38] 1-D Model it is observed that there is qualitative agreement

between the two results to within +20%.

0.021
—— Uls=0.019m/s
--¢--Uls=0.019m/s Taitel & Dukler's 1-D Model [4]
0.018 1 — = Uls=0.049m/s
- -m - - Uls=0.049 m/s Taitel & Dukler's 1-D Model [4]
E 0.015
)
2 0.012 -
~ Un=0.040/5 Uis=0.019m/s
el
=
g 0.009 1
e |
A
¥ 0.006 -
0.003 -
0 T T T  { T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Ugs (m/s)

Figure 5-15: Time averaged liquid level for a stratified wavy flow as a function of gas
superficial velocity at liquid superficial velocities of U;=0.019 m/s and 0.048 m/s;
comparison with Taitel & Dukler’s 1-D Model [4].
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Figure 5-16: Cross-section averaged void fraction under stratified wavy flow regime as a
Sfunction of gas superficial velocity (Ujs) at liquid superficial velocities of U;s=0.019m/s
and U;;=0.049m/s; comparison with Lightstone et al 1-D Model[38].

5.4.3 Void Fraction in a Plug Flow Regime

In order to calculate the void fraction for a plug flow regime by present technique,

the cross-sectional shape of the elongated bubble was assumed to be elliptical. The area

of the ellipse is A = 7-r;-r,, where r; is the semi-major axis of the ellipse (the horizontal

axis, as per Figure 5-17) and r; is the semi-minor axis. Then, the cross-sectional area of
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the gas/liquid interface in a pipe filled with water in a plug flow regime is given by
subtracting the cross-sectional area of the gas (ellipse, r;, r2) from the cross-sectional

area of the pipe (circle, R):
Ay = (R —rry) (5-11)

The semi-minor axis of the ellipse is calculated as r; = R — h;/2, where hj; is the

instantaneous liquid level as measured by instruments and the semi-major axis can be

calculated with an approximation as: r, =+/R? —(kh/2)’ . Considering the liquid cross-

sectional area given by equation (5-11) the void fraction for plug flow can be calculated.
The ellipse approximation works well for small diameter pipes. The ellipse-like shape of
the elongated bubble in the cross-section is due to the surface tension of the liquid, which
tends to push the liquid up on the pipe walls. For larger tube diameter, this approximation
does not hold anymore because the curvature of the gas/liquid interface at the contact
with the walls is too large. Therefore, in these situations, the shape will be a combination
of an arc of a circle in the upper side of the elongated bubble, following the pipe wall
shape, and a linear shape at the bottom, at the liquid surface, with curvatures in the areas
where the free surface of the liquid wets the pipe walls. For a better estimation of the
cross-sectional shape of the elongated bubble, additional experimental work and analysis

is necessary.
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Figure 5-17: Longitudinal representation of plug flow, based on level data read by the
instrumentation (a) and instantaneous corresponding cross-sectional representation (b)

The time averaged void fraction as a function of liquid superficial velocity for
different gas superficial velocities for plug flow regime is shown in Figure 5-18. Figure
5-18 shows that for an increase in gas superficial velocity form 0.48 m/s to 0.96 m/s the
void fraction increases which is in agreement with the 1-D Model results obtained by
Lightstone et al. [38]. This could be explained from the simple fact that for higher gas
flow rates, the formation of the water bridge becomes a very effective method for
pushing the liquid out of the pipe resulting in the observed increase in void fraction.
Comparing the present results with the 1-D model of Lightstone et al. [38] there is good
agreement within +40%, as is shown in Figure 5-18. The discrepancy between the present
results and 1-D model arises from the fact that in the present results the void fraction is
higher than the in the case of 1-D Model. This could be due to the changes in the plug
shape and frequency which Lightsone’s 1-D Model [38] does not take into account as per

equation (5-6) and (5-7).
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Figure 5-18: Time and cross-sectional averaged void fraction measurements for different
liquid superficial velocities under plug flow regime for Ug=0.96m/s and U y=0.48m/s.
Comparison with Lightstone’s et al. 1-D Model[38].

5.4.4 Film Thickness and Void Fraction in an Annular Flow Regime

Liquid film thickness at the top and bottom of the tube as a function of the liquid
superficial velocity at Ug=4.33m/s for an annular flow regime is given in Figure 5-19.

As Figure 5-19 shows, the liquid film thickness is dependent on the liquid
superficial velocity, increasing the liquid superficial velocity the liquid film thickness

increases. At the same time, the liquid film thickness from the bottom is thicker than that
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from the top as expected, due to gravity effects. Figure 5-19 shows a comparison of the
present results for the averaged film thickness in an annular flow regime with the
theoretical predictions by Laurinat and Hanrantty [40]. It is observed that there is
quantitative agreement between the two results but the theoretical model shows lower
values for the film thickness than the present experiment. This can be explained by the
fact that Laurinat and Hanrantty’s model [40] does not take into account the fact that the
film thickness from the bottom is thicker than that from the top as per equations (5-12 to

5-15)

m 6.59F, i

d, b3 +(or, I

YuRe ) Ve ) 12,
F,=2—2="-|_% [ L 5-13
A M (VchpG i

.4
¥, (Re )= [(0.566 Re,,” | +(0.0303Re )“r (5-14)
ReG:—@’——;’f& Re,, = 4? Q=U,-A (5-15)
G L

where m is the average height around a pipe circumference, d; is the pipe diameter, Fp is
the flow factor for horizontal pipes, Y (Rerr) is the dependency of dimensionless liquid
level gamma on liquid film Reynolds number for horizontal pipes, Re;r Reg are the
Reynolds number of gas phase and liquid film respectively, v;, V¢ are the kinematic

viscosity of gas and liquid respectively, p., p¢ are the liquid and gas density, Ug, UL are

the liquid and gas velocities, Q is the volumetric flow of the liquid in the film, and P is
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the pipe diameter.

The cross-sectional liquid/gas interface for an annular flow is considered to be
circular as shown in Figure 5-20. If Ay and h; are the instantaneous liquid films as
measured by the system, then the diameter of the circular gas area is d = D — hy, — hy,.
Therefore, the cross-sectional area of the pipe filled with liquid is given by subtracting
the cross-sectional area of the gas (circle, d) from the cross-sectional area of the pipe

(circle, D):
Aji = n(D* — (D- hyy— hyy)* )14 (5-16)

Then the void fraction for annular flow is calculated using equation (5-11) by

considering the liquid cross-sectional area given by equation (5-16).

The time averaged void fraction as a function of liquid superficial velocities at a
constant gas superficial velocity Ugs =4.33m/s is shown in Figure 5-21. From the Figure it
is observed that as the liciuid superficial velocity increase the void fraction decrease. It is
evident; the results are also confirmed from the liquid level measurements that were
discussed before, where it was shown that as the liquid superficial velocity increases the
liquid level also increases. The present results are compared with Lightstone et al. 1-D
Model [38], theoretical prediction. Figure 5-21 show that the results agree both

qualitatively quantitatively and within +5%.
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Figure 5-19: Liquid film thickness at the top and bottom of the tube as a function of the
liquid superficial velocity at Ug=4.33m/s for an annular flow regime.
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Figure 5-20: Cross-sectional averaged film thickness for an annular flow regime,

comparison with averaged film thickness obtained by Lauriant and Hanratty’s model
[40].
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Figure 5-21: Longitudinal representation of annular flow, based on level data read by
the instrumentation (a) and instantaneous corresponding cross-sectional representation
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Figure 5-22: Cross-sectional averaged void fraction as a function of liquid superficial
velocity at Ugs=4.33m/s.; Comparison with Lightstone et al 1-D Model [38].
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5. 5 Other Two-Phase Flow Parameters

5.5.1 Wave amplitude and frequency in stratified wavy flow

In this section the amplitude and frequency of the waves in a stratified wavy
regime are discussed. The high speed ultrasonic pulse echo system was capable of
measuring the amplitude of the waves for the liquid superficial velocities of 0.048 m/s
and 0.019m/s respectively. The dependency of the wave amplitude on the gas superficial
velocity is presented in Figure 5-22 and shows that there is an increase in the wave
amplitude with increasing gas superficial velocity, which was expected since the waves
are driven by the gas flowing above the liquid surface. For the lower liquid superficial
velocity of 0.019 m/s however, the wave amplitudes were too small to infer a dependency
on the gas superficial velocity. Figure 5-24a and 5-24b shows a comparison of the liquid
level evolution in time for different liquid superficial velocities of Uj=0.049 m/s and
U;s=0.019 m/s respectively, at a constant gas superficial velocity, Ug = 1.92 m/s. For a
liquid superficial velocity of 0.049m/s the liquid level was approximately 0.7 cm while
for a liquid superficial velocity of 0.019 m/s, the liquid level was 0.35 cm. Therefore the
gas superficial velocity above the liquid level was higher for the higher level since the
cross-sectional area occupied by the gas becomes smaller, and that caused the higher
amplitudes of the waves, on the order of 0.4 mm, as opposed to less than 0.1 mm in the
case of the lower liquid superficial velocity. Actually, in the latter case, the regime was at
the transition point between stratified smooth and stratified wavy and the amplitudes of

less than 0.1 mm were measured near the resolution limit of the ultrasonic system. Figure
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5-23 shows the evolution of wave frequency with increasing the gas superficial velocity
and as it is observed that the wave frequency is increasing with increasing the gas

superficial velocity as was expected.
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Figure 5-23: Wave amplitude as a function of gas superficial velocity in stratified wavy
flow for U;=0.049m/s
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Figure 5-25: Comparison of the liquid level evolution in time for different liquid
superficial velocities Uj;;=0.049 m/s (a) and U;;=0.019 m/s (b), at constant gas superficial
velocity, Ui = 1.92 m/s.

86



5.5.2 Plug and Bubble Velocity Measurements

Plug and slug flow velocity measurements can be conducted since the particular
shape of the gas/liquid interface can be tracked by using multiple transducers located at
different axial positions on the pipe. In the case of plug flow, both the plug and the
elongated bubble can be observed by the transducers and their velocities can be
determined accurately. Therefore the plug and bubble velocity was determined by
tracking one of the edges of the plug obtained by two probes as shown in Figure 5-25a
and 5-25b and by using equation (5-17),

Uplug = AZ / At (5-17)
where AZ is the known distance between the two transducers and At is the time interval
between the moments when the same edge of the plug was detected by the transducers.

The dependency of the bubble velocity on the superficial liquid velocity is
presented in Figure 5-26 for two different superficial velocities of gas (Ug=0.48 m/s and
Ug=0.96 m/s). The effect of increasing gas superficial velocity is clearly seen, as the
bubble velocity is also increasing. At the same time by increasing liquid superficial
velocity a slight increase in the bubble velocity is also observed. The present results are
compared with the theoretical correlation by Wallis et al. [41] given by the following

relation (5-18) for a rising bubble velocity in a vertical pipe:
Up=12(U,+U,)+ 0.345,/gD (5-18)

where, Up is the bubble velocity, Uj; and U, are the liquid and gas superficial velocities,

g is the gravitational acceleration and D is the diameter of the pipe.
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However in the case of horizontal flow the gravitational acceleration (g) can be

neglected, hence equation (5-19) becomes:

Up=12(U, +U,,) (5-19)
Also Suo and Griffith [42] used the following relation for the slug velocity:
Upg=1.19U,+U,,) (5-20)

Figure 5-26 shows a comparison of the present results with the experimental
results obtained from equation (5-19). As can be seen from the figure for a lower gas
superficial velocity of 0.48m/s the results agree quantitatively and qualitatively, but at a
higher gas superficial velocity of 0.96m/s, there is only quantitative agreement between
the results. It is shown that increasing liquid superficial velocity the theoretical model
gives a lower bubble velocity than the experimental results and this could be due to the
fact that the experimental correlation does not take into account the size and the change
in shape of the bubble. The same results are obtained for the plug velocity. The only
difference that arises for the plug velocity is that the velocity is higher than the bubble
velocity and this is expected since the liquid plug acts as a bridge for the gas bubble.
Figure 5-27 show a comparison of the present results obtained for the plug velocity with
the experimental correlation by Wallis et al. [41]. The same results as for the bubble
velocity are obtained but the discrepancies between the experimental correlation and the
present results are even higher. Therefore it is clear that the changes in the plug shape and
frequency has an impact on the plug velocity which is not considered by Wallis et al.

since he used intrusive techniques for the plug and bubble velocity measurements.
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Figure 5-26: Plug velocity calculation using transducer # 1 and transducer # 3
positioned on the top surface of the pipe with 12cm distance between them for
Uis=0.072m/s and Ug=0.96m/s
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and Ugs =0.96 m/s ; comparison with Wallis et al. correlation [41].

5.5.3 Slug Flow Velocity Measurement

In the case of slug flow, the slug shape changes during the range of the acquisition
time. Furthermore, slug flow is more difficult to investigate because of its more
complicated nature, consisting in the formation of many smaller bubbles in the vicinity of
the main slug bubble. The results for the slug velocity measurements are represented in

Figure 5-28 with an error of 25% in the calculations. The present results are compared
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with Suo and Griffith [32] correlation. Suo and Griffith [42] used the following

correlation for the slug velocity:
Us =1.19(Us+ Uy (5-21)

where Us is the slug velocity, Uy - liquid superficial velocity, and U, - gas superficial
velocity. Figure 5-28 shows that the present results agree qualitatively with Suo and
Griffith [42] correlation but disagree quantitatively. The slug velocity increases with
increasing gas flow velocity but the correlation results show a higher slug velocity than in

the present results.

---¢----Uls=0.012m/s Suo & Griffith correlation[42]
4 Uls=0.12m/s Present experiment

4.5

25 - s

|

0 T T T
0.00 1.00 2.00 3.00 4.00

Ugs (m/s)

Slug Velocity (m/s)

Figure 5-29: Slug velocity as a function of gas superficial velocity for constant liquid superficial
velocity U;=0.012m/s; comparison with Suo and Griffith correlation [42].

92



5.5.4 Annular flow wave amplitude

The interface between the phases in annular two-phase flow is generally not
smooth, but covered with a complex pattern of waves, due to the high gas superficial
velocity. This characteristic of the annular flow affects a number of important
phenomena, like the pressure drop, droplet entrainment, mass and heat transfer within the
system.

The ultrasonic system proved capable of measuring small ripples developed at the
interface during the annular flow with an error of +40%, where the error is due to the
limitation in the sampling rate (6ms). These small amplitude waves are very common in
annular flow and were reported by many authors in literature (Hewitt, [43], Whalley,
[44]). The results of the wave amplitude measurements are presented in Figure 5-28. It
can be observed that the wave amplitudes decrease with the increasing of liquid
superficial velocity which gives the film thickness. This result is confirmed by the work

of Mouza et al. [45] who observed the same trend.
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Figure 5-30: Annular flow; wave height as a function of liquid superficial velocity for a constant

gas superficial velocity Ug=4.31m/s.
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CHAPTER 6

Concluding Remarks

In the present study, a new ultrasonic two-phase flow measurement technique has
been developed, which uses ultrasonic pulse-echo signals from four transducers to detect
the instantaneous location of the gas/liquid interface in a horizontal pipe. The ultrasonic
measurement system developed in the present study not only provides the measurement
functions required for the identification of horizontal two phase flow pattern, but also
allows for real time characterization. It is straight-forward to identify the various
horizontal two phase flow patterns such as stratified smooth, stratified wavy, plug flow,
slug flow and annular flow from the measurement results. In addition to the identification
of flow patterns, quantitative information for each flow pattern can be obtained, which
include time averaged void fraction, plug velocity, slug velocity, wave amplitude and
frequency and film thickness. With appropriate data acquisition, the length of the plug or
slug bubble can also be obtained.

The system has been developed with the capability to acquire the data in high
speed 170 frames/s (A-scans/s) using multiple transducers without reducing the
acquisition time. The transducers to be used for a given experimental run are chosen in
software, allowing consecutive runs to use the multi-transducer capability and the high-

speed single transducer capability without hardware changes. All data are displayed on-
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screen in real time (6 msec) with a sampling rate of 2p in the form of a C-scan or
numerical readout and liquid level versus time strip chart for each transducer.
Additionally, time stamped data is saved to a text file readable by a spreadsheet program
allowing for post-analysis.

Specific advantages for the High Speed Ultrasonic Pulse-Echo System are the
ability to measure two-phase flow phenomena non-intrusively, through metallic and
transparent pipes. Non-intrusive measurement is important as this allows for detailed
knowledge of the two-phase flow parameters without disturbing the flow. With proper
transducers, two phase flow parameters under high temperature conditions can be
measured.

The following conclusions are obtained from the studies performed in this work:

e The High Speed Ultrasonic Pulse-Echo System performed well in the
interpretation of the flow regimes and accurate flow regime maps can be established
using this system. The flow regime map established in the present work is in satisfactory
agreement with Lightstone et al. 1-D Model [38] and Mandhane experimental map [3].

o The High Speed Ultrasonic Pulse-Echo System also proved to give accurate
results within +1.5% in the determination of the liquid level measurements. Time
averaged liquid level measurements performed in the present work agree well within
+10% with Taitel and Dukler [4] theoretical model.

e Time averaged void fraction measurements for a stratified smooth flow, stratified
wavy, plug flow and annular flow qualitatively agree with Lightstone et al. [38]

theoretical model. In the case of slug flow regime, the High Speed Ultrasonic Pulse-Echo
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System gave less accurate results for the gas/liquid interface since there is high
entrainment of gas bubbles. In addition, due to the angle between gas/liquid interfaces
with ultrasonic waves, the scattered signal in some cases will not return to the transducer
and some bubbles may block the signal scattered from the actual liquid/gas interface.
Therefore in the case of slug flow regime, the void fraction is more difficult to determine
accurately because of the high entrainment of gas bubbles in the slug body.

e Liquid plug and bubble velocity measurements for lower gas superficial velocities
than 0.48m/s qualitatively and quantitatively agree with Wallis et al. [41] correlations,
but for higher gas superficial velocities there is only qualitative agreement between the
results. The discrepancies is likely due to the accuracy of the correlation to predict the
plug and bubble velocities since the correlations do not take into account any change in
the plug or bubble shape. For slug velocity, there is only qualitative agreement with Suo
and Griffith’s [42] correlation. Again, the discrepancy is due to inaccuracy in the
correlation predictions because of the slug shape effects.

e Finally, wave height and frequency for a stratified wavy flow were determined
and there was a clear indication that as the gas superficial velocity was increasing, the

height of the wave and frequency was also increasing.
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CHAPTER 7

Recommendations for Future Work

Although horizontal pipe flow has been extensively studied in this work, there are
some remaining analyses that can be used to improve the performance of the High Speed
Ultrasonic Pulse-Echo system. Therefore in this chapter the aspects regarding
improvements of the present work such as plug shape in cross section and longitudinal
section, interfacial plug velocity measurements, wave frequency in a stratified wavy

regime will be discussed.

In the case of plug flow measurements more experiments should be conducted to
verify the assumptions that were made regarding the shape of the plug, which would
directly affect the results for void fraction and interfacial area in this particular case. In
the present work, the cross-sectional shape of the plug was considered to be elliptical.
Experiments could be performed for the determination of the plug shape by using four
transducers or even eight in special configurations. One of them involves placing the
transducers circumferentially and operating in pulse-echo mode. Then each transducer
can provide information about the liquid level or gas/liquid interface. Therefore data
collected from all the transducers will give the cross-sectional shape of the plug. This
shape can then be reconstructed by using an interpolation algorithm. It should be noted

that the accuracy in reproducing the plug shape is given by the number of transducers
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used, which also can be limited by the pipe diameter and the interpolation method. Also
the plug flow measurements should be conducted at various conditions that may affect
the plug cross-sectional shape, like gas and liquid superficial velocities, the pipe
diameter, different pipe materials or even pipe roughness that may affect the superficial
tension that is responsible for the plug cross-sectional shape.

A second configuration that can be used, which is intended to provide information
about the axial profile of the plug flow is to use the same configuration that was
employed in the present work. This means two of the transducers placed on the top
surface of the pipe and the other two on the bottom surface of the pipe. The axial distance
between the transducers should be increased to about 15c¢m, and the acquisition time for
the system should be also increased to 10s. In this way, more information can be obtained
regarding the length of the gas bubble and plug interfacial velocity.

In the case of stratified wavy flow regime, although the ultrasonic system offers
the capability to count the waves in stratified wavy flow, the frequency of the waves
could not be determined accurately, in part because the acquisition time of 3 seconds was
too short to allow for an accurate estimation of the wave frequency. Yet, the waves can
be counted over a certain time interval to accurately calculate an average frequency of the
waves. Therefore it is recommended that this measurement should be done in the future
for an acquisition interval of at least 10 seconds for an accurate estimation of the wave

frequency.
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NOMENCLATURE

A-cross-sectional area of the pipe
Ag-cross-sectional area occupied by the gas
Aj-cross-sectional area occupied by the liquid
AN-annular flow

c-sound velocity

DB-dispersed bubbles

f-frequency

g- gravitational acceleration

hi-liquid level

PL-plug flow

Qg-volumetric gas flow rate

Qy-volumetric liquid flow rate

SL-slug flow

SS-strtaified smooth

SW-stratified wavy

ts-time of flight

U,-gas average velocity

Ugs- gas superficial velocity

Uj-liquid average velocity

Uy — liquid superficial velocity
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Vi- volume of liquid
Viotal -total volume
X-Martinelly parameter
ag-gas volume fraction
ay-liquid volume fraction
a-void fraction
d-film thickness
A-wavelength
vg-kinematic viscosity of gas 1.5*10exp(-5) m"2/s
vi-kinematic viscosity of liquid 10exp(-6) m"2/s
pg-gas density
pr-liquid density
Z-acoustic impedance
Upg-plug velocity
Us-slug velocity
Ug-Bubble velocity
At —time interval
AZ-interval distance
L-length
SNR - Signal to Noise Ratio
PC - Personal Computer

RAM - Random Access Memory

106



A/D — Analog-to-Digital converter

P/R - Pulser-Receiver

CS12100 — CompuScopel12100

IRQ — Interrupt Request

DMC 1800- Galil Motion Controller

1, 2, 3, 4 — Ultrasonic Panametrics Transducers
FIFO - First-In-First-Out data flow in the buffer

SMB - System Management Bus
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APPENDIX 1 - Peak Detection Algorithm Logic Diagram

User opens from the graphical interface the
Winspect C-Scan data file to be analvsed

y
Algorithm reads data info from C-Scan file header

(Number of A-Scans (lines in file), Number of Samples (in one line), A-Scan Start
Moment, A-Scan End Moment, Data Start Moment, Data End Moment, Data Range)

Calculates duration of an A-Scan
Ascanlnterval = (DataEndMoment — DataStartMoment) / NumberOfScans

Y

Calculates duration of a single sample inside an A-Scan
SampleLength = (AscanEndMoment — AscanStartMoment) / (NumberOfSamples)

Y

User sets from the grafical interface the initial moment of
the A-Scan, when the ultrasonic pulse is initiated

\ 4

User sets from the grafical interface the moment from which the algorithm starts
reading the A-Scan, in order to disregard the initial bang (non-valid peak)
(SkipBangMoment)

A 4
User sets from the grafical interface the noise level below which the

algorithm does not consider any signal in the A-Scan as a valid peak
(NoiseLevel)

A 4

User initiates C-Scan file analysis from the graphical interface

) 4
No

User checks if SkipBangMoment and
NoiseLevel have appropriate values

Yes

[ CONTINUE ]
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| coNTINUED |

A

Initialize A-Scan Number (line in file) and Sample Number

AscanNumber = 1, SampleNumber = 1

\4

Start reading new A-Scan (line in C-Scan file)

v

A

Calculate time interval of current A-Scan

AscanTime = AscanNumber * (AscanEndMoment — AscanStartMoment)

!

Read current ultrasonic data sample

v

Move to next sample
SampleNumber +1

DataSample(AscanNumber, SampleNumber)

|

Calculate time elapsed until current sample
Time = SampleNumber * SampleLength

|

Calculate distance traveled by ultrasound

until current sample
Distance = Velocity * Time/2

Check if current sample is a valid peak
Time > InitialMoment

DataSample(AscanNumber, SampleNumber) > NoiseLevel

No

Move to next A-Scan
AscanNumber +1

Display
A-Scan

v Yes

Set value for water level for current A-Scan
WaterLevel (AscanNumber) = Distance

A\ 4

Write water level value to external file

.

No

Check if reached end of A-Scan

Yes
v

No

Check if reached End-Of-File
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APPENDIX 2 - Peak Detection Algorithm (Visual Basic Source
Code)

“Declaring variables module”

Const ForReading = 1, ForWriting = 2, ForAppending = 3
Dim NoOfSamples As Integer ‘Samples in one Ascan’

Dim NoOfAscans As Integer

Dim AscanStart As Single, AscanEnd As Single ‘Time interval for the
Ascans (for each pulse, or line in file)

Dim SampleLength As Single ‘Length of a sample

Dim DataStart As Single, DataEnd As Single 'Time interval for all data
in the file’

Dim DataRangeMin As Single, DataRangeMax As Single

Dim cale As String, cale2 As String 'cale is for the data file read,
and cale2 is for the water level file written out

Dim Cursor As Integer

Dimefs . £, £2 'f is for opening the input data file, while f2 is for
creating and writing on output water level data file’

Dim str As String
Dim sel As Byte

Dim Data (1000, 3000) 'Values for all samples in an A-Scan are stored
in this variable’

Dim SampleNo As Integer 'Index for samples in an A-Scan
Dim AscanNo As Integer 'Index for A-Scans

Dim NumberLength As Byte 'Number of digits of a number used to
identify numbers in file

Dim NumberStart As Integer
Dim NoiseLevel As Single

Dim WaterLevel (1000) As Single 'The water level calculated for each
Ascan’

Dim InitialMoment As Single 'The initial moment used for looking for a
reflection’

Dim UnitX As Single, UnitY As Single
Dim OriginX As Single, OriginY As Single

Dim viteza As Single
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Dim timp As Single 'Time inside an A-Scan’

Dim distanta As Single

Dim AscanTime As Single 'Time when each A-Scan starts (AscanNo 8
(AscanEnd - AscanStart)’

Dim FirstSignal As Boolean 'This refers to the signals received by the
transducer in an A-Scan. This is used when looking for the reflection
on water surface, considered when FirstSignal = True)

Dim TubeDiameter As Single

Dim Pause As Boolean
Dim ShowAscan As Boolean

Dim SkipSamples As Integer ‘Number of samples skipped in an A-Scan
during reading data’

Dim SkipAscan As Integer 'Number of A-Scans (lines) skipped during
reading file’

Dim SelectedFile As String

Private Sub Commandl_ Click()

Frame3.Visible = False

SampleNo = 0

cale = SelectedFile

Set fs = CreateObject ("Scripting.FileSystemObject")

'Open file for transducer 1. Do the same thing for the other
transducers. If they are in the same file, include a for...next loop to
repeat the operation for each transducer’

Set f = fs.OpenTextFile(cale, ForReading)

GoTo 40

30

MsgBox "The path entered in the box was not found. Please try again."

Exit Sub

40
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For i = 1 To 9 + AscanNo 'Read each line in the header

Cursor = 0

NumberLength = 0

Cursor = 0

Tf & = 1 OF i = 3 0.1 = 508 d=0F 0 =79 Then
GoTo 90

End If

str = f.ReadLine

Text2.Text = str

'If i = 2 Then 'Analyze second line
NumberStart = 0
Do 'Read the first number in line
Text2.SelStart = Cursor
Text2.SellLength = 1

If Text2.SelText = " " Or Text2.SelText =

'End of the number in current line

Text2.SelStart = NumberStart
Text2.SelLength = NumberLength
If i = 2 Then

NoOfSamples Text2.SelText

ElseIf i = 4 Then
AscanStart = Text2.SelText
ElseIf i = 6 Then

A

DataStart = Text2.SelText * 10 4
ElseIf i = 8 Then
DataRangeMin = Text2.SelText
End If
GoTo 60
Else
NumberLength = NumberLength + 1
End If

Cursor = Cursor + 1

Loop

112
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Chr (9)
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60
Do 'Analyzes the space between the numbers in current line
Text2.SelStart = Cursor
Text2.SelLength = 1
If Text2.SelText = " " Or Text2.SelText = Chr(9) Then

Cursor = Cursor + 1

Else
GoTo 70
End If
Loop
70
NumberStart = Cursor
NumberLength = 0
Do 'Read the second number in line
Text2.SelStart = Cursor
Text2.SelLength = 1
If Text2.SelText = Chr(10) Or Text2.SelText = Chr(13) Or
Text2.SelText = " " Or Text2.SelText = Chr(9) Or Text2.SelText = ""
Then 'End of the current line
Text2.SelStart = NumberStart
Text2.SelLength = NumberLength
If i = 2 Then
NoOfAscans = Text2.SelText
ElseIf i = 4 Then
AscanEnd = Text2.SelText
SampleLength = (AscanEnd - AscanStart) V3
NoOfSamples

ElseIf i = 6 Then

A

DataEnd = Text2.SelText * 10 4
ElseIf i = 8 Then
DataRangeMax = Text2.SelText
End If
GoTo 80
Else
NumberLength = NumberLength + 1

End If
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Corgor = Cursor +. 1

Loop
80
Do ‘Analyzes the space between the numbers in current line
Text2.SelStart = Cursor ‘
Text2.SelLength = 1
If Text2.SelText = Chr(10) Or Text2.SelText = Chr(13) Or
Text2.SelText = " " Or Text2.SelText = Chr(9) Then '"End of the
current line
GoTo 100
ElseIf Text2.SelText = "" Then
GoTo 100
End If
Loop
90
f.skipline
100
Next i

Textl2.Text = NoOfSamples

Text3.Text NoOfAscans

Text4.Text = SampleLength
Textll.Text = AscanEnd - AscanStart
Text6.Text = (DataEnd - DataStart) / 1000

SampleLength = (AscanEnd - AscanStart) / NoOfSamples 'Duration of a
single sample inside an A-Scan

UnitY = Picturel.Height / (DataRangeMax - DataRangeMin)
UnitX = Picturel.Width / (AscanEnd - AscanStart)

'Opens text file for writing level data

cale2 = App.Path & "\" & Textl1l0.Text & ".txt"

Set f2 = fs.OpenTextFile(cale2, ForWriting, True)

f2.writeline "ID" & Chr(9) & "Time (ms)" & Chr(9) & "Level (cm)"
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AscanNo = 0

End Sub

Private Sub Command2 Click()
Framel3.Left = Forml.Width / 2

- Frame3.Width / 2

Frame3.Top = Forml.Height / 2 - Frame3.Height / 2

Frame3.Visible = True
End Sub
Private Sub Command3_ Click()
Command3 .Enabled = False
InitialMoment = Text9.Text
NoiseLevel = Text8.Text
5
If SkipAscan > 1 Then
For i = 2 To SkipAscan
f.skipline
Next i
End If
FirstSignal = True

If Pause = True Then Exit Sub

AscanTime = AscanNo * (AscanEnd - AscanStart)

Cursor = 0

SampleNo

Picturel.Cls

X1 = InitialMoment * UnitX + OriginX

Picturel.Line - (X1 ¢= 10, 00} = 10
QBColor(12)
str = f.ReadLine
Text2.Text = str
DoEvents
Do 'Read the current A-Scan (file line)
SampleNo = SampleNo + 1
Text2.SelStart = Cursor
Text2.SelLength = 1
If Text2.SelText = "-" Then

sel = 6
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Else

sel = 5
End If
Text2.SelLength = sel 'Current sample value
If Text2.SelText = "" Then GoTo 10 'End of A-Scan (line)

Cursor = Cursor + sel + 2

Data (AscanNo, SampleNo) = Text2.SelText
timp = SampleNo * SampleLength
distanta = viteza * timp / 2

oldx = x

oldy =y

x = timp * UnitX + OriginX

vy Data(AscanNo, SampleNo) * UnitY + OriginY

X2 = AscanTime * Picture2.Width / (DataEnd - DataStart) %
coordinate for Picture2 graph - time when the current A-Scan initiated

If timp > InitialMoment And Data(AscanNo, SampleNo) > NoiseLevel
And FirstSignal = True Then

FirstSignal = False
WaterLevel (AscanNo) = Format (distanta, "###0.000")

f2.writeline AscanNo & Chr(9) & Format(AscanTime / 1000,
"###0.00") & Chr(9) & Chr(9) & WaterLevel (AscanNo)

Picture2.Line (%25 -olddistanta * Picture2.Height J
TubeDiameter + Picture2.Height)- (oldx2, -distanta * Picture2.Height /
TubeDiameter + Picture2.Height)

Picturel.Line (x, 100)-(x, Picturel.Height - 100), QBColor(10)
oldx2 = X2
olddistanta = distanta

End If

On Error Resume Next

If ShowAscan = True And SampleNo > 1 Then

Picturel.Line (x, -y + Picturel.Height) - (oldx, -oldy +
Picturel.Height)
End If
Loop
Exit Sub 'If the code gets to this point, all the file data has been
stored in variable Data( , )

10

AscanNo = AscanNo + SkipAscan
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Text7.Text = AscanNo
GoTo 5
20

MsgBox "End of File. " & AscanNo & " columns have been written."

f.Close

f2.Close

End Sub

Private Sub Command4 Click()

If Pause = True Then
Pause = False

ElseIf Pause = False Then
Pause = True

End If

If Pause = False Then Call Command3_ Click

End Sub

Private Sub Command5 Click()
If ShowAscan = True Then
ShowAscan = False
ElseIf ShowAscan = False Then
ShowAscan = True
End If
End Sub
Private Sub Commandé Click ()
Open SelectedFile For Random Access Write As #1
Get #1, 10, Data(10, 10) ' Read third record.
Close #1 ' Close file.

MsgBox WaterLevel (1)
End Sub

Private Sub Dirl Change()
Filel.Path = Dirl.Path
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End Sub

Private Sub Drivel_ Change()
Dirl.Path = Drivel.Drive

End Sub

Private Sub Filel_Click()
SelectedFile = Filel.Path & "\" & Filel.FileName
Textl.Text = Filel.FileName

End Sub

Private Sub Filel DblClick()

Call Commandl_ Click

End Sub

Private Sub Form_ Load()
Combol.AddItem ("Initial and First")
Combol.AddItem ("Initial and Second")
Combol.AddItem ("First and Second")
Forml.Width = 12000

Forml.Height = 10000

Linel.Yl = Picturel.Height / 2
Linel.Y2 = Picturel.Height / 2
OriginY = Picturel.Height / 2
OriginX = Linel.X1

TubeDiameter = 5

FirstSignal = True

ShowAscan = True

Command4 . ZOrder 1

Command5 . ZOrder 1

On Error GoTo 200

SkipAscan = Textl3.Text

Exit Sub

200

MsgBox "Enter valid number"

End Sub

Private Sub Form Unload(Cancel As Integer)
f.Close

f2.Close
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End Sub

Private Sub Textl1l3_Change ()
On Error GoTo 200
SkipAscan = Textl3.Text
Exit Sub

200

MsgBox "Enter valid number"
End Sub

Private Sub Text8_ Change ()
NoiseLevel = Text8.Text
End Sub

Private Sub Text9_ Change ()
If Text9.Text = "" Then

InitialMoment = 0
Else

InitialMoment = Text9.Text
End If
End Sub
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