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ABSTRACT

The Ultrasonic Velocity Profile technique has been developed to measure multi-dimensional
flow characteristics in bubbly flows with the void fraction smaller than 7%.  This
measurement system can measure instantaneous mixture velocity profiles along a
measuring line.  By analyzing statistically the measured data, velocity profiles of both
phases, the void fraction profile, turbulence intensity of the liquid phase in a channel and
flow structure of the liquid phase surrounding a bubble can be obtained. The flow structure
around bubbles was proposed to be divided into three regions: viscous sublayer, buffer
region, and turbulence region.
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1. INTRODUCTION

The flow structure surrounding bubbles is one of the interesting topics in the field of
two-phase bubbly flow.  A great number of experimental studies have been carried
out to understand the fundamental mechanism of two-phase flows.  The quick
closing valves is one of the most simple and early-developed methods to measure
the average void fraction of steady and uniform two-phase flow [1].  To measure local
void fraction, probe techniques and radiation techniques have been used for a long
time [2] and [3]. In recent years, a laser Doppler anemometer has been applied to
the bubbly flow measurement as a strong device to investigate the flow structure in
detail, such as local void fraction profile, liquid velocity and its fluctuation [4] and [5].
Flow visualization techniques have also been used commonly in order to understand
bubble deformation and coalescence phenomena [6] and [7].  These methods have
made a great contribution in clarifying the flow structure of the bubbly two-phase
flow.  However, there still does not exist a measurement technique which can easily
measure the velocity profile around a gas-liquid interface, even though it is
necessary to clarify the flow structure around the bubble surface in order to
understand the microscopic mechanism of bubbly flows.

The authors attempt to apply UVP method to measure multi-dimensional flow
characteristics in bubbly flows with void fraction less than 7%.  The ultrasonic pulse
is reflected on both micro-particles in liquid phase and gas-liquid interfaces, so that
instantaneous mixture velocity profile along the measuring line can be measured.  By
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treating statistically the measured instantaneous mixture velocity profile, a probability
density function profile of the mixture velocities can be obtained.  From the results,
velocity profiles of both phases, the void fraction profile, turbulence intensity of the
liquid phase can be obtained in a channel. Since velocity information of both phases
is included in the measured instantaneous mixture velocity profile, the phase
discrimination of the measured instantaneous mixture velocity profile is one of the
important processes in order to study the flow structure of liquid phase surrounding
bubbles.  From the measured instantaneous velocity profiles, the position of the
bubble surface was decided and the data was rearranged according to the distance
from the bubble surface.

In this paper, a measurement system using the UVP monitor is proposed and its
measurement principle is explained first.  Furthermore, the proposed measurement
system is applied to bubbly flows in a vertical rectangular channel to verify its
capability.  Finally, improvement of the proposed measurement system is discussed
as our future work.

2. MEASUREMENT METHOD OF ULTRASONIC VELOCITY PROFILE MONITOR

2.1 Experimental Setup

Figure 1 shows the schematic diagram of the experimental apparatus. It consisted of
a water circulation system, an air supply system, a test section which is a rectangular
channel made of Plexiglas and a measurement system of Ultrasonic Velocity Profile
(UVP) monitor. Working fluids were air and tap water. Micro particles of nylon powder
were mixed in the water as reflector of ultrasonic pulses. The average diameter of
the powder was about 40 µm, and the specific density was 1.02.

In the measurement of counter-current flows, water was fed from the upper tank into
the test section. Water flow rate was controlled by a needle valve and it was
measured by an orifice flowmeter, both of which were located at the bottom part of
the apparatus. Air was injected into water through five needles (inner diameter: 0.17
mm) at the air-water mixing section, which were also located at the lower end of the
test section. The air flow rate was regulated by a float flow meter and an air control
valve. In the measurement of co-current flows, water flowed upward into the test
section from the lower entrance of the test section. Air was injected from the same
air-injection needles as those of the counter-current flows. During an experiment,
water temperature was kept between 19 and 21 degrees using a subcooling system.
Also in parallel to the measurement by the UVP, the pressure drop was measured
between pressure taps installed on the sidewall to get average void fraction. All
experiments were carried out under the atmospheric pressure.

Figure 2 shows the test section located between the upper tank and the air-water
mixer. The test section was a vertical rectangular channel made of Plexiglas
measuring 10 mm × 100 mm × 1700 mm. An ultrasonic transducer was set on the
outer surface with a contact angle of 45 degrees toward the liquid main flow
direction. Gap between the transducer and the wall was filled with ultrasonic jelly to
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prevent the reflection of ultrasonic pulses on the wall. Under each experimental
condition, measurement was carried out and 9,216 velocity profiles were obtained
along the measuring line. The experimental conditions are tabulated in Table 1. Also,
the UVP configurations used in this study are summarized in Table 2.

An outline of video camera equipment is shown in Fig.3. It consists of a digital video
camera, alight 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. The picture
elements were 720×480 dots, the color was monotone, and the brightness resolution
was 1/256. Figure 4 is an example of the photos of the counter-current flow. In Fig. 5,
the relationship between the average void fraction in the channel and average
bubble diameter is shown.

2.2 Measurement Principle

The working principle of the UVP is to use the information contained in the echo of
ultrasonic pulses reflected by micro particles suspended in the fluid.  Since the
detailed information of its measurement principle has been reported by Takeda [8],
[9], only a simple explanation is made here.

The position information, x, is obtained from the time lapsed, τ, from the emission to
the reception of the echo:

2

τc
x =      (1)

where c is a speed of sound in the fluid.  The instantaneous local velocity, uUVP(x), is
a component along the ultrasonic beam direction and is derived from the
instantaneous Doppler shift frequency, fD, in the echo:
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where f is the basic ultrasonic frequency. The velocity resolution is given by
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The measured velocity profile is expressed by a location number, i, a profile number,
j, and a velocity value, k.
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where W is the width of the channel, 10mm.
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The measured velocity, which is a component along the ultrasonic beam direction,
uUVP, is determined by

ukuUVP ∆=                                  (6)

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

θcos

u
u UVP=                                   (7)

where θ is the angle of the transducer with respect to the flow direction.  The
measurement error of velocity is estimated as ±5%.

2.3 Data Processing Method

Since the speed of sound of longitudinal waves is the most fundamental parameter
for this method, it is incorrect to treat a two-phase medium as a homogeneous single
phase medium because sound waves experience multiple reflection at bubbles.
Since the ultrasonic pulse diameter using in this work is 5mm, which is larger than
bubble diameter of about 3mm, the ultrasonic pulse and its reflection can potentially
traverse straight on while creating a blind zone behind the bubble as shown in Fig.6.
Typical patterns of instantaneous velocity profiles are shown in Fig.7 (a), (b) and (c):
(a) is the case where there is no bubble in the measurement path, (b) is the case
where a single bubble exists and (c) is the case where two bubbles exist.  In case of
Fig.7 (c), we cannot distinguish whether two bubbles exist in the measurement
volume or if there are multiple reflection between bubbles as shown Fig.8 (a) and (b).
Since a velocity profile like that shown in Fig.7(c) is rarely encountered under the
present experimental conditions, it is omitted while data processing in this study.  It is
however, possible to obtain velocity profiles of the liquid phase, even at high void
fraction, until a bubble approaches the transducer.  The authors thus attempted to
derive information from each individual profiles by analyzing their shapes.

Although the spatial resolution of the UVP measurement is not particularly fine
because the ultrasonic beam diameter is 5mm, the nearly instantaneous water
velocity profile near a bubble can be measured by the UVP measurement as shown
in Figs. 7(b) and 7(c).  If many velocity profiles are obtained and treated statistically,
the flow characteristics near a bubble may be deduced.

2.3.1 Angle of the Ultrasonic Transducer

Since the velocity information is derived from the Doppler shift frequency, no data
must exist at the wall.  The diameter of the ultrasonic pulse beam is 5mm and the
UVP transducer must be inclined with respect to the wall in order to measure
velocities in the flow direction.  Figure 9 (a), (b) and (c) show typical results of
frequency of data existence in reference to the transducer angle at the wall.  In single
phase water flow, it can be seen from Fig. 9(c) that with the setting angle at 75ß, we
have the most suitable angle in terms of the frequency of data existence.  However, it
is seen from Figs.9 (a) (b) and (c) that a transducer angle of 45ß is best in bubbly
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flows to prevent multiple reflection.  The ultrasonic pulse is perfectly reflected at the
channel wall and can not be transmitted into the fluid.  Therefore, a transducer angle
of 45ß is adopted in this work.

2.3.2 Velocity and Void Fraction Profile in the Channel

The probability of data existence was examined along ultrasonic beam direction.  It
can be seen from Fig. 9(a) that the wall position is identical to the location where the
probability of data existence is 50% in single phase liquid flow.  The measurement
error of the wall position is estimated as ±0.1mm and the measurement error of the
location is estimated as ±0.6mm.  Since the diameter of an ultrasonic pulse is 5mm,
its measurement cross section is a circular disk in the main region of flow and the
echo can be completely measured in the form of the circular cross section.  On the
other hand, the measurement cross section can not be circular near the wall region,
so that the statistical average position of the measurement cross section is not the
center of ultrasonic pulse.  Assuming that the statistical average position of the
measurement cross section divides the measuring cross section into two equal cross
sections, the statistical average position is revised.  Thus, the measuring cross
sectional area less than 50% of the whole ultrasonic beam is omitted.

The probability of data existence, P1(y), is defined by

N)j,i(f)i(P
N

j
∑

=

=
1

11 ,                            (8)

                         f1(i,j) = 1   for  V[i,j] ≠0,
                                       = 0   for  V[i,j] =0,

where N is the number of total profiles.  A profile of the probability of data existence,
Ps(y), is obtained by converting the location number, i, into a real position, y.

Let us consider a velocity probability function:
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A probability density function, Pu(y,u), is obtained by normalizing P2(i,j) and by
converting the location number, i, into a real position.

A probability density function includes the velocity information. It is assumed that
each probability density function of a given phase can be expressed by a normal
distribution, as follows:
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The probability density function of the mixture velocity is given by
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where σG and σL are average velocities and standard deviations of both phases
respectively, and ε is the probability of bubble existence.  These five variables, σG, σL

and ε, are calculated numerically by the least-squares method.

Figure 10 compares a probability density function of mixture velocities calculated by
the above-mentioned procedure with experimental results.  In this figure, open circles
indicate the results measured by the UVP and the line represents the calculated
result.

Since the ultrasonic pulse is reflected at the interface as long as a bubble exists, the
bubble velocity can always be detected as an interfacial velocity.  On the other hand,
the ultrasonic wave is not reflected in water where a micro-particle does not exist.  As
a result, the water velocity is not always measured in the profile.  Therefore, it is
necessary to revise the probability of bubble existence as follows:

)y()y(P)y( s εκ =                             (12)

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

The probability of bubble data existence means that a bubble exists in the path of the
ultrasonic pulse when the pulse is emitted, and is related to the void fraction.  The
bubble size, its position and its configuration cannot be known directly from UVP
measurements.  Assuming that the bubble size and configuration are at random and
that they are statistically uniform across the channel, the conversion factor, which
relates the probability of bubble data existence to the void fraction, can be obtained.
The following procedure was developed to establish the conversion factor.

The average volumetric flux of the bubble <jG> is
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where jG is the local volumetric flux of the bubble and A is the cross sectional area of
the channel.  Assuming that the local void fraction is proportional to the local
probability of bubble data existence and that the proportionality constant (the
conversion factor), k, is uniform in the channel since it is dependent on bubble size
and configuration, the following equation can be obtained:
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The average void fraction is expressed by
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If the air flow rate is known, we can transform Eq.(14) to
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Then, the local void fraction, α(y), is simply given by

)y(k)y( κα = .                                (17)

The average void fraction, <α>, is also represented by

κα k= .                                 (18)

2.3.3 Velocity Profile around Bubbles

When the UVP is used for the measurement of bubbly flow, ultrasonic pulses are
reflected either on a gas-liquid interface or micro particles suspended in the liquid,
and then the velocity profiles in the channel is obtained. Therefore a measured
velocity profile contains not only liquid phase velocity information but also the bubble-
rising velocity information, which is obtained from pulses reflected on the bubble’s
surface. In the measuring of bubbly flow, an instantaneous velocity profile has a
typical peak if a bubble crosses the measuring line. The maximum velocity in the
instantaneous velocity profile including bubble is much larger than the one excluding
bubbles. By introducing an appropriate threshold velocity, the recorded
instantaneous velocity profile can be divided into two groups, that is, profiles either
including bubbles or not.

Figure 11 shows a flow chart of data processing. The first step in the determination of
the threshold velocity is to obtain the probability density function of all the measured
27,648 instantaneous velocities at each measuring position. This is called “PDFall”
(Fig. 12(a)). Velocity information of both phases is mixed up in this PDFall. When the
void fraction is very low, PDFall have usually two peaks; one represents the liquid
velocity and the other stands for the velocity concerning the gas-rising velocity.
However in some experimental conditions, only one peak is seen, which corresponds
to the liquid velocity. Since the PDFall also contains liquid velocity accelerated by the
gas phase, the PDFall monotonously decreases from the peak of liquid phase toward
the velocity of gas phase. The mixture of these liquid velocities makes the phase
discrimination difficult.

As the second step, liquid main flow velocity is separated from PDFall. The peak
velocity of the liquid phase in the PDFall is chosen as the representative velocity of
the liquid phase, uLm. By assuming that the ideal shape of PDF for the liquid main
flow velocity is symmetrical because of the symmetric nature of the random error,
PDF of the liquid phase can be estimated by turning up the left-hand side of the PDF
for the liquid phase at the uLm. From the obtained PDF, called the ideal PDF for the
liquid main flow, standard deviation σL is calculated. By taking into account the
fluctuation of liquid velocity, the threshold velocity for separation of the liquid main
flow, utemp, is obtained as utemp = uLm + 2σL

At this time another PDF, PDFmax, is defined representing the gas velocity (Fig.
12(b)). PDFmax at each measuring position is obtained by collecting only the largest
velocity in each instantaneous velocity profile. Most of the velocity information
included in PDFmax is either the bubble’s velocity or the maximum velocity of the
liquid phase in the case not including bubbles. Therefore if the liquid phase velocity
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is separated from PDFmax, PDF corresponding to the bubble’s velocity can be
obtained. For the separation of liquid velocities, utemp at the same measuring point is
used and data smaller than utemp is eliminated from the PDFmax.

From the remaining PDF, the average velocity uGm and the standard deviation σG is
calculated. By using these values, finally the threshold velocity for the phase
separation uthresh is obtained as uthresh = uGm − 2σG (Fig. 12(b)). The calculation of the
uthresh is made at each measuring point in the channel according to the above
procedure and the threshold velocity profile uthresh(x) is obtained as a result. Using
this threshold velocity profile, phase discrimination is made for each instantaneous
velocity profile.

The measured instantaneous velocity profile including only velocities lower than
uthresh means the liquid velocity one affected by bubble rising motion and is classified
into Group A.  By averaging velocities in Group A, the time-averaged velocity profile
of liquid main flow can be obtained.  On the other hand, the measured instantaneous
velocity profile whose maximum velocity higher than uthresh has bubble motion
information and is classified into Group B.  In Group B, the relative coordinate is
adopted and its origin is set on the bubble surface for the selected instantaneous
velocity profiles.  In order to examine the flow structure surrounding a bubble, the
selected velocity profiles are statistically treated by converting their data as a function
of the distance from a bubble surface, and thus the probability density function of
liquid velocity fluctuation is calculated at each distance from a bubble surface.

After splitting all instantaneous velocity profiles into two groups, probability density
functions of instantaneous velocities are calculated at every measuring point in the
channel. From the obtained shape of the probability density function, statistical
moments were calculated for the liquid phase velocity as follows:

∫
∞
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n )()(                         (19)

where u means a measured velocity, Pu(x) a probability density and

c = 0  for the first order moment,
   = U  for higher order moments.

where U is the first order moment that means the average velocity.  The second
order moment means the standard deviation of velocity fluctuation, σ2, called
variance, the third dimensionless one, M3/σ3, is called the skewness and the fourth
dimensionless one, M4/σ4, is the kurtosis.

3. EXPERIMENTAL RESULTS

3.1 Velocity Profile in the Channel

The developed measurement system was applied to bubbly countercurrent flows in a
vertical rectangular channel.  Figure 13(a) and (b) shows typical measurements of
velocity profiles in both phases, uG and uL, and a probability profile of bubble data
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existence, κ(y).  The velocities of both phases are not zero at the wall because the
ultrasonic pulse is emitted at an angle with respect to the channel wall and its beam
diameter is 5mm, the combined effect of which induces an error in the velocity
measurements near the wall.  However, this uncertainty is not a feature of two-phase
flow measurement, but also appears for the velocity profiles measured in a single-
phase flow by the UVP.

3.2 Void Fraction Profile

Let us consider another procedure in order to estimate the conversion factor
between the probability of bubble data existence and the void fraction using the
average void fraction measured by the image data processing unit.  Assuming that
an entire bubble exists in the path of the ultrasound beam when the pulse is emitted,
the measurement volume, V1, is expressed by

LDV u
2

1 4

1 π=                             (20)

where Du is the ultrasound pulse diameter and L is the UVP measurement length.
The bubble volume is
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where Db is the average bubble diameter.  The conversion factor, k1, can be given by
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If a vertical portion of the bubble’s surface encounters the path of the pulse, the
ultrasonic transducer may receive the reflection wave of this pulse.  Hence, we
consider the case where a half of a bubble exists in the pulse path.  In this case, the
UVP measurement volume, V2, can be expressed by
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The conversion factor k2 is
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The conversion factors obtained from experiments are shown in Fig.14 in reference
to average bubble diameters.  k1 and k2 are shown in the figure.  It is seen from the
figure that kv, is located in the region of k2<kv<k1.  Although the conversion factor
cannot be evaluated exactly because of a wide range between k1 and k2, it is
apparent that the factor depends on the average bubble diameter.  Since the bubble
is not spherical, the factor may also be influenced by the bubble shape.  However, its
empirical correlation can be established by analyzing numerous data.  Moreover, it
seems that the conversion factor can be established from the UVP data if each data
profile is analyzed in detail and for instance, pattern recognition of the echo signal is
established.  These are topics of future studies.
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The conversion factor can also be calculated by the average void fraction obtained
from the hydrostatic head measurement and by the average probability of bubble
data existence.  Figure 15 shows a typical void fraction profile converted from the
probability profile of bubble data existence in this way.  As mentioned above, the
average void fraction in the flow cross section is estimated as ±5%.  Regarding the
local void fraction, although the error introduced by the assuming uniformity in the
conversion factor between the local void fraction and the local probability of bubble
data existence in the cross section of the flow cannot be evaluated exactly, the error
in the local void fraction may be estimated as ±10%.

3.3 Turbulent Intensity Profile

In general, turbulence intensity in a bubbly flow is larger than that in liquid single
phase flow because bubbles agitate the flow.  In this work, turbulence intensity is
defined in terms of the standard deviation of water velocity fluctuation in the
continuous phase, σL.  The standard deviation profile in the channel can be
calculated from the equation of the probability density function of mixture velocity
defined by Eq.(11).  Typical results from single-phase water flow and bubbly
countercurrent flow are shown in Fig.16.  Since the local velocities were not
measured at a point but over an area because of the size of the ultrasonic beam
diameter (5mm), the absolute value of the standard deviation in the water phase is
not significant.  Hence, the standard deviation ratio of a bubbly countercurrent flow to
a single phase water flow is selected as the two-phase multiplier of turbulence
intensity, σLTPF /σLSPF.

3.4 Velocity Profile around Bubbles

Figure 17 shows typical profiles of the probability density function of relative velocity
in reference to the distance from a bubble surface.  In the figure, x=0 means a
bubble surface and x=1 is the position 0.74mm away from the bubble surface.

The probability density function near a bubble surface (x=0-1) has a one peak which
means the rising velocity of the bubble motion.  In the region of x=2-10, two peaks
appear, which correspond to the bubble surface velocity and main flow.  The peak
corresponding to the bubble surface velocity becomes lower and the other peak does
larger with going way from the bubble.  In the region far from the bubble (x=11-14),
the probability density function has one peak again which is the main flow.

Figure 18 (a) shows a typical a velocity profile normalized by the average bubble
surface and liquid main velocities.  Moreover, profiles of typical valiance, skewness
and kurtosis are shown in Fig.18 (b), (c) and (d).  It can be seen from different
gradients shown in these figures that the liquid flow structure can be classified into
three regions; (1) viscous sublayer region near a bubble where the liquid flow is
greatly influenced only by the bubble motion, (2) turbulence region far from a bubble
where it is not affected by the bubble motion and (3) buffer region located between
viscous sublayer and turbulence region where it is influenced by the bubble motion
and the main flow.
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Some velocity profiles of Group B have the second peak between the position the
maximum velocity and the channel wall as shown in Fig.19.  The second peak
velocity means the effect of a bubble flowing near the measurement volume.  For the
purpose to investigate the effect of another bubble motion on the liquid flow structure
surrounding bubbles, the measured instantaneous velocity profiles in Group B are
classified into two groups: the profiles having two peaks (Group B1) and those
having only one peak (Group B2).  Figure 20 (a) shows velocity fields surrounding
bubbles which belongs to Group B1 and is affected by the wake of another bubble.
In contrast with this, velocity fields surrounding bubbles in Group B2, which are not
influenced by the wake of another bubble, are shown in Fig.20 (b).

4. FUTURE WORKS

The proposed measurement system has never developed perfectly and some
improvements remain as our future works.  Void fraction profile cannot be measured
directly and its measurement accuracy has never exactly understood.  In addition,
the conversion factor, k, cannot be evaluated analytically.  Hence, it will be attempted
to apply the electrode-mesh tomography method [10] together with the UVP monitor
in order to measure void fraction profiles and clarify the measurement accuracy of
the UVP monitor for void fraction profiles.

Since the ultrasonic pulse diameter of 5mm is too large to measure liquid flow
structure surrounding bubbles as compared with the bubble diameter of 2 to 5mm,
the liquid flow structure cannot be quantitatively clarified from the measured data.  It
will be, therefore, attempted that UVP transducer having the narrower measurement
volume should be developed and be applied to measure the liquid flow structure
surrounding bubbles.

5. CONCLUSIONS

A measurement system incorporating an UVP monitor has been developed and
proposed for use in measuring multi-dimensional bubbly flow characteristics.  The
system has been applied to bubbly counter-current and co-current flows with void
fraction less than 7% in a vertical rectangular channel to assess its capability.

(1) The proposed system can measure instantaneous mixture velocity profiles in the
channel.

(2) By treating statistically the measured instantaneous mixture velocity profiles, the
velocity profiles of both phases, the void fraction profile and turbulence intensity
of the liquid phase in the channel can be obtained.

(3) The phase discrimination method of the measured instantaneous mixture velocity
profile was proposed using the probability density function of the mixed velocities.
The position of the bubble surface was decided and the data was rearranged
according to the distance from the bubble surface.  From the results, it can be
seen that the liquid velocity field surrounding bubbles can be classified into the
following three region; viscous sublayer, buffer region and turbulence region.
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(4) In laminar sublayer, the liquid velocity profile has a large gradient, and is greatly
affected by the bubble motion but hardly affected by the liquid main flow.

(5) The buffer region plays a role as a transition zone between the laminar sublayer
and the main flow region.  The motion of both phases influences the flow
structure in this region.

(6) The main flow region is far away from bubbles, so that bubble motion does not
affect the continuous liquid phase.
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Table 2 Specification of the UVP (X-1)

Basic ultrasonic frequency 4 (MHz)
Maximum measurable depth 91- 758 (mm)

Velocity resolution 5.6 - 0.75 (mm/s)
Time resolution 16.4 - 131 (msec)

Spatial resolution in water 0.74 (mm)
Measurement points 128
Number of profiles 1024×9

Table 1 Experimental condition

System pressure Atmospheric pressure
Water superficial velocity (co-current flow) 0.12  -  0.18 (m/s)
Water superficial velocity (counter-current flow) -0.06  -  -0.12 (m/s)
Air superficial velocity     (co-current flow) 0.00235  -  0.00384 (m/s)
Air superficial velocity     (counter-current flow) 0.00195  -  0.00418 (m/s)
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Fig.3 An outline of video camera equipment
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Fig.4 Typical pictures taken with a video camera
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Fig.7 Typical patterns of velocity profiles
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Fig.8 Multiple reflection pattern
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Fig.9 Definition of the wall position
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Fig.17 Typical profiles of the probability density function around a bubble
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Fig.20 Typical average normalized relative velocity surrounding bubbles


