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ABSTRACT

The authors have been developing measurement technique, using the Ultrasonic Doppler effect and
applicable for a bubbly flow in vertical channels in order to understand their multi-dimensional flow
characteristics and to offer a data base to validate numerical codes for multi-dimensional two-phase
flow. Our developed measurement system is composed of an ultrasonic velocity profile monitor with

a video data processing unit, which can measure simultaneously velocity profiles in both gas and liquid
phases, a void faction profile for bubbly flow in a channel, and an average bubble diameter and void

fraction. In this paper, our proposed measurement system was applied to bubbly countercurrent flows
in a vertical rectangular channel the followings are discussed: (1) the measurement principle, 2) the

data processing process, 3) measurement accuracy and 4) further problems.

1. INTRODUCMON

Many concepts have been proposed for the next generation VfRs in which passive safety functions
are actively introduced with the aim of enhancing the reliability of their safety features, maintainability
and so on such as the AP-600 [1] and the SBWR 2). However, the driving force with passive safety
features functioned by the law of nature is much smaller than that with active ones. Consequently,
it is necessary with regard to passive safety features to be able to simulate multi-dimensional
characteristics even for the two-phase flow which can be regarded as one dimensional flow for active
ones. The two-phase flow shows essentially multi-dimensional characteristics even in a simple

channel. The safety analysis codes such as the TRAC and RELAP5 codes 34] treat the flow

645



basically as one dimensional flow and introduce multi-dimensional convection effects in a macroscopic
way due to a lack of a fundamental data base for establishing the model of multi-dimensional two-
phase flow dynamics. Therefore, it is one of the important problems for two-phase flow analysis to

establish analytical methods of multi-dimensional two-phase flow for an analytical verification of the
effectiveness of passive safety features.

Recently, an ultrasonic Doppler method for velocity profile measurement has been developed for

liquid flow measurements [5]. This method measures a velocity profile instantaneously so that velocity

field can be measured in space and time domain 6 The authors attempt to apply an Ultrasonic
Velocity Profile Monitor (UVP) to measure multi-dimensional flow characteristics in two-phase flows.

A measurement system of flow characteristics in bubbly flows has been being developed to understand

their multi-dimensional flow characteristics and to offer a data base to validate numerical codes for
multi-dimensional two-phase flow, which is composed of the UVP and the Video Data Processing
Unit VDP) because bubble dameters and void fractions cannot be measured only through the UVP
and which can measure simultaneously velocity profiles in both gas and liquid phases, a void fraction

profile for bubbly flow in a channel, and an average bubble diameter and void fraction 7). The system
was applied for bubbly countercurrent flows in a vertical rectangular channel.

In tis paper, the measurement principle of the UVP is described at first. Next, the data processing
method to be applied to bubbly countercurrent flows and the measurement accuracy are discussed. The
development of the measurement system has never been completed but there are still their future
problems to apply them to bubbly flows under wider conditions and to improve further their
measurement accuracy. Finally, these future problems are discussed.

2. MEASUREMENT PRINCIPLE AND DATA PROCESSING METHOD

OF ULTRASONIC VELOCITY PROFILE MONITOR

2.1 Measurement Principle

The working principle of the UVP is to use the echo of ultrasonic pulses reflected by micro particles

suspended in the fluid. Since the detailed information of its measurement principle was reported by
Takeda 5], the outline of the measurement principle of the UVP shown in Fig.1 is explained in this

paper. An ultrasonic transducer takes roles of both emitting ultrasonic pulses and receiving the echoes,

that is, the backscattered ultrasound is received for a time interval between two emissions.

The position information, x, is obtained from the time lapse, r, from the emission to the reception

of the echo:

x = cr 2

where c is a sound speed in the fluid. An instantaneous local velocity, um(xd, as a component in the
ultrasonic beam direction, is derived from the instantaneous Doppler shift frequency, fD, in the echo:

U uv = f / 2f , (2)

where f is the basic ultrasonic frequency. The velocity resolution is given by
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6UUVP = UUVp. 1 128 

The LTVP specification used in this work is tabulated in Table .

2.2 Data Processing Method for Bubbly Countercurrent Flows

2.2.1 Experimental apparatus

Figure 2 shows a schematic diagram of an experimental apparatus, which is composed of a vertical

rectangular channel, an upper tank, a pump, a lower feedwater tank, a subcooler and an air supply
system. Air and water were used as working fluids. The measurement system consisted of the UVP,

the VDP and a personal computer to acquire and treat data. Water was fed into the upper tank and
flowed downward in the vertical rectangular channel of 10mmx1OOmmx5OOmm made of Plexiglas as
shown in Fig.3. The water level in the upper tank was kept constant with an overflow nozzle which

was connected to the lower feedwater tank. he flow rate was measured by an orifice flow meter and
regulated by a flow control valve which were attached at the downstream end of the test section and
the water level in the upper tank. Nficro particles of nylon powder were suspended in water to reflect
ultrasonic pulses. Water temperature is kept constant by a subcooler. The air supply system consisted
of a compressor and a pressure regulation valve. Bubbles were injected from three needles located near
the bottom of the channel. The air flow rate was measured by a float flowmeter and regulated by
another flow control valve.

An ultrasonic transducer was installed on the outside surface of the front wall of the channel and
a gap between the transducer and the wall was filled with a jelly to prevent a reflection of ultrasonic

pulses on the waU surface, as shown in Fig.3. After both air and water flow rates were set up at the
desired values, a velocity profile along a measured line was measured by the UVP. he hydrostatic

head was simultaneously measured as a pressure drop between the pressure taps installed on the side
wall using a differential pressure transducer to get an averaged void fraction.

The VDP was used to obtain the average bubble diameter and void faction, which was
composed of an 8mm video camera, a light source and a translucent sheet to unify the luminance
brightness. The speed, diaphragm and gain of the video camera can be manually regulated and a

speed of 60 flames per second can be obtained. After videotaping, the video digital data were recorded
in a personal computer through an image converter. Ile picture elements are 64Ox240 dots, the color

is monotone, and the brightness resolution is 1256. Since in our previous paper(7) the measurement
method of the VDP was reported in detail, the explanation is omitted here. The measurement error

of the average void fraction is estimated as ±5%.

2.2.2 Data processing method

Since the sound speed of the longitudinal wave is the most fundamental parameter for this method,
it is not possible to treat a two-phase medium as a homogeneous single phase medium, because a

sound wave experiences multiple reflection among bubbles and its path returning to the transducer

cannot be straight. It is however possible to obtain velocity profiles of liquid phase until the position
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of the nearest bubble from the transducer. Therefore, the authors attempted to derive information from
each individual profiles by analyzing their shapes. The authors collected 9216 (1,024x9) velocity
profiles per one experimental condition and treated them statistically and it takes about 30 minutes to
get them.

The measured velocity profile is expressed by a location number, i a profile number, j, and a
velocity value, k.

k = u [ij] (4)

A position, yi), is determined from the wall location, i, and 2 as

YG) W (5)

where W is a channel width of 10mm.

T'he measured velocity, which is a component in an ultrasonic beam direction, uYP is

determined by

UUVj = kAu (6)

where Au is a conversion factor from Doppler unit to velocity. The velocity in the flow direction,
u, is then given by

= UV / Cos e (7)

where is a setting angle of transducer to the flow direction. The measurement error of velocity is

estimated as ±1.05mm/s which is the velocity measurement resolution of the LTVP.

Since the velocity information is derived from Doppler shift frequency, no data must be available
for the wall which is at rest. It is therefore possible to identify the wall position in the profile

themselves. In practice, the wall position is defined as a location where the probability of data
existence is 50% in liquid single phase flow. The measurement error of the wall position is estimated

as .Imm and the measurement error of the location is estimated as ±0.6mm.

The probability of data existence, P,(y) is defined by

N

Plo = ol) / N (8)
j-1

f, (i J = for Pij] 0 ,
= 0 for Pij] 0 ,

where N is the number of total profiles. A profile of the probability of data existence, Py) is
obtained by converting the location number, i, into the real position, y.
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Let us consider a velocity probability function:

N N

P2(ik) = EA20-5 / EAW) (9)
j.1 j-1

f7 (ij) = I for nij] k
= 0 fo r Kij] k

A probability density function, P.(yu). is obtained by normalizing P2(4j) and by converting the location

number, i, into the real position.

A probability density function includes the velocity information of both phases. It is assumed that

each probability density function of both phases can be expressed by a normal distribution as follows:

N[W, al(u) e�- ( - 2 (10)

2c 2�2%e I

The probability density function of mixture velocity is given by

p.(YU = e)N[IWG(Y)'(;�(Y)](U) (I _ (Y))N[1yL(Y)'(12 ]U)
L(Y)

where 'WGI "L I Ur, and L are average velocities and standard deviations of both phases

respectively, E (y) is the probability of bubble existence. These five variables, "G' W I Ur, UL and

E, are calculated numerically by the least squares method.

Since the ultrasonic pulse is reflected at the interface as long as a bubble exists, the bubble velocity
can be always detected as an interface velocity. On the other hand, the ultrasonic wave is not reflected

in water where a micro particle does not exist. As a result, water velocity is not always measured in
the profile. Therefore, it is necessary to revise the probability of bubble existence as follows:

r-(Y = '(Y) C (V) (12)

K (y) is called the probability of bubble data existence in this work.

It is difficult to derive the genuine information under high void fraction conditions because the
multiple reflection of ultrasonic pulse is induced by bubbles. Moreover, very little information on
bubble velocities can be obtained at very low void fractions. To solve these problems, several data
processing programs were developed in this work. 'hese programs are described below:

Since bubbly countercurrent flows are dealt with in this work, positive velocity data means bubble
upflow velocity and negative velocity data does water downward one. The ollowing procedures were

examined to eliminate wrong data induced by a multiple reflection under conditions of high void

fraction.
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(1) Positive velocity data before the position where the maximum bubble velocity appears are selected
and the data behind the position are cut off.

(2) The maximum bubble velocity in one profile as bubble velocity data is only picked out and other
positive velocity data are cut off.

In addition, the following procedure was examined for low void fraction:

(3) Profiles including bubble velocities were only selected. This procedure is effective under
conditions of very low void fractions.

It is clarified that the both W. and W in the probability density function velocity does not change

even if the original data are treated with the procedures mentioned above. Therefore, these procedures

were used only to get Wg and g in the probability density function of bubble velocity.

The pulse height of measured velocities was analyzed to give a velocity probability distribution at
each point from the results for a measured profile. Since zero velocity cannot be distinguished from
the data when the reflection wave is not received, the probability of the velocity number of is
substituted by averaging the values for the velocity numbers of -1 and 1. Next, every probability

distribution was summed through one experimental condition. A probability distribution at one point
was picked up, and the location and velocity numbers were converted into the real position and
velocity. Since the five variables cannot be solved analytically, iterating calculation is adopted in tbLis
code that the square sum of errors between its measured probability density function and Eq.(11).

Figure 4 compares a typical probability density function of mixture velocities calculated by the above-
mentioned procedure with experimental results. In this figure, open circles mean the results measured
by the UVP and the line indicates the calculated result.

'Me probability of bubble data existence means that a bubble exists in an ultrasonic pulse path when
the pulse is emitted, and is closely related to the void faction. The bubble size, position and

configuration cannot be known directly from UVP measurements. Supposing that the bubble size and
configuration are at random and that they are statistically -uniform at the whole points in the channel,
the conversion factor, which relates the probability of bubble data existence to the void fraction, can
be obtained. The following procedures are considered to get the conversion factor.

The average volumetric flux of bubble <G is

f, j, A fA mu,, dA (13)

<JG> � - IA A

where j. is the local volumetric flux of bubble and A is a cross section area of the channel. Assuming
that the local void fraction is proportional to the local probability of bubble data existence and that the
proportional constant (the conversion factor), k, is uniform in the channel since it is dependent on

bubble size and configuration,

fA Xu G dA (14)
<jo> = k A
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The average void fraction is expressed by

k dA
<a> fA (15)

A

3. EXPERIMENTAL RESULTS

As the sound speed of the longitudinal wave is the most fundamental parameter for this method, it
is not possible to treat a two-phase medium as a homogeneous single phase medium. Figure shows
a typical pattern of velocity profiles, because a sound wave experiences multiple reflection among
bubbles and its path returning to the transducer cannot be straight as shown in Fg.6. It is however

possible to obtain velocity profiles of liquid phase until the position of the nearest bubble from the
transducer. Therefore, the authors attempted to derive iformation from each individual profiles by
analyzing their shapes.

Since the velocity information is derived from Doppler shift frequency, no data must be available

for the wall which is at rest. The diameter of a ultrasonic pulse beam is 5min and an UVT transducer
must be inclined to the wall in order to measure velocities in the flow direction. Figures 7(a), (b) and

(c) demonstrate typical results of frequency of data existence in different setting angles of transducer
to the wall. It is difficult to determine the wall position directly from the UVP data. The center of

the channel is determined from measurement of a velocity profile in water laminar flows. The wall

position was evaluated from the sound speed of water. It is therefore possible to identify the wall

position in the profile themselves. In practice, the wall position is defined as a location where the
probability of data existence is 50% in liquid single phase flow as shown in Figs.7(a), (b) and (c).
In the case where the contact angle of an UVP transducer to the wall is larger than 60' , multiple
reflection among bubbles appears as shown in Figs.7(b) and (c). For the contact angle smaller than
45' , an ultrasonic pulse cannot be transmitted into fluid because it is perfectly reflected on the wall.
It is clear that the optimum contact angle is 45' in bubbly flows. The measurement error of the wall
position is estimated as about ±0.5mm and the measurement error of the location is estimated as about

±0.5mm.

Velocity profiles of both phases in the channel were measured with the UVP. The experimental
results are shown in Fig.8. Since it is very difficult to measure the velocities near the wall with

significant accuracy due to an ultrasonic beam diameter of 5mm, they are omitted in the figure. Water
velocities become higher toward the center of the channel from the wall in the same tendency as a
water single phase flow: In contrast with this, bubble velocities are higher near the wall than those

in the core.

Figure 9 shows typical experimental results of void fraction profile. It can be seen from the figure
that void fraction profile is almost flat in bubbly countercurrent flows except for those near the wall.
Since air flow rates are much lower than water ones under the present experimental conditions, water
velocity profiles are scarcely varied even with a change in air flow rates.

In general, turbulence intensity in a bubbly flow is larger than that in liquid single phase flow
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because bubbles agitate the flow. In this work, turbulence intensity is defined as a standard deviation
of water velocity fluctuation in a continuous phase, a L The standard deviation profile in the channel
can be calculated from the equation of the probability density function of mixture velocity defined by
Eqs.(10) and (11). Typical results of a water single phase flow and a bubbly countercurrent flow are
shown in Fig.10, respectively. In a water downward flow, the turbulence intensity has the maximum
value near the wall and becomes lower with going toward the center of the channel in the same manner
as a single phase flow because the gradient of longitudinal velocities is higher near the wall. On the

other hand, in a bubbly countercurrent flow, the turbulence intensity becomes higher with going toward
the center of the channel and has the maximum value in the center of the channel. Fluctuation of
bubble upflow in the core is larger than that near the wall because the restriction of the boundary is
weakened. This fact indicates that bubbles agitate the flow in a continuous phase.

Since local velocities were measured not at a point but on the area because of an ultrasonic beam
diameter of 5mm, the absolute value of the standard deviation in a water phase is not significant.
Hence, the standard deviation ratio of a bubbly countercurrent flow to a water single phase flow is

selected as two-phase multiplier of turbulence intensity, LTPF /a LspF. Typical results are shown in
Fig.11. The two-phase multiplier of turbulence intensity becomes larger with going toward the center

of the channel.

4. FUTURE PROBLEMS

The development of the measurement systems have never been completed but there are still their

future problems to apply them to bubbly flows in the wider channel where multiple bubbles exist in

an ultrasonic transmission path. Since it is possible to obtain velocity profiles of liquid phase until the
position of the nearest bubble from the transducer and the velocity of the nearest bubble, velocity

profiles of both phases can be measured as long as many data are acquired and treated statistically.
However, the probability profile of bubble data existence cannot be measured within an adequate
accuracy, so that void fraction profiles cannot be also done. To solve this problem, the authors attempt
to develop a laser sheet thinner than lmm and a new data processing unit using a CCD camera.

5. CONCLUSIONS

A measurement system combining an Ultrasonic Velocity Profile Monitor with a Video Data
Processing Unit has been developed and proposed to measure multi-dimensional two-phase flow
characteristics. his system is applied to bubbly countercurrent flows in a vertical rectangular channel

to verify its capability and the following insights are clarified:
(1) Velocity profiles of both gas and liquid phases and a void fraction profile in the channel, an

average bubble diameter and an average void fraction can be measured simultaneously with the
proposed measurement system under conditions of low void fraction. The bubble velocity profile

can be also obtained firom, the particle tracer method and this measurement method is our future

work.
(2) his system offers the probability density function of velocities in both phases and turbulence

intensity of velocity fluctuation in a continuous liquid phase.
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Table I The specification of the Ultrasonic Velocity Profile Monitor

Basic ultrasonic frequency 4M]Hz
Maximum measurable depth 758mm, (variable)
Minimum spatial resolution 0.74mm

Maximum measurable velocity 0.75nx/s (variable)
Velocity esolution 0.75mm/s (variable)

Measurement points 128

The number of profiles 1,024
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