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Abstract

Void fraction is one of the dominant parameter of gas-liquid two-phase flow in industrial equipment. An electric sensing
method based on the difference of electric conductivity and permittivity between liquid and gas is one of online
measurement methods of void faction. However, previous constant electric current method is not applicable to
dispersed bubbly flow because bubbles are dispersed in three dimensions. In the present study, new constant
electric current method available to the three dimensional dispersed bubbly flow with tiny bubbles
(micro-bubbles) is developed. The proposed method to estimate the void fraction is based on Maxwell’s theory
and polarization of tiny bubbles. The method makes it possible to measure the void fraction of three dimensional
dispersed bubbly flow. It is experimentally clarified that the present proposed method with constant electric
current method can be applicable to measure the void fraction of three dimensional bubbly flow more accurately
than previous constant electric current method. It is also clarified that the Maxwell’s theory and the present
proposed method with polarization are compatible with drift flux model although void fraction estimated with the
previous method is higher than the drift flux model for three dimensional dispersed bubbly flow.

Keywords: Void fraction, Micro-bubble, Gas-liquid Two-phase flow, Three-dimensional flow, Constant
electrical current method

1. Introduction

Volumetric void fraction is defined as a volumetric ratio in gas phase of gas-liquid two phase flow. It is one of
the very important physical values and key parameters in two-phase flow for designs and performance
evaluations of devices. Numerous measurement techniques of the void fraction have been developed, such as
quick shut valve methods, image processing methods, X-ray CT scan methods, neutron radiography methods,
gamma-ray method, NMR and so on [1-9]. They are used to measure void fraction in two-phase flow. However,
these measurement methods are subjected to various restrictions. The quick shut valve method is highly accurate
for average void fraction, but it is necessary to stop the flow. X-ray CT scan methods, neutron radiography
methods, gamma-ray method and NMR can reconstruct three dimensional void distribution, but they need large
facility, much cost and time to reconstruct the value of void fraction. It is very difficult to apply those methods to
follow highly temporal fluctuations of void fraction as simple systems. On the other hand, electric sensing
techniques can realize the online measurement with simple systems. The techniques are based on the difference of
electric resistivity or electric permittivity between gas and liquid phase [10-30]. That is, the electric resistance or
the capacitance is corresponding to the void fraction in a measuring section. There are all kinds of electric sensing
methods such as conductance proves methods [10-13], wire mesh methods [14-16], electric resistance
tomography (ERT) [17, 18], capacitance method [19-24], electric capacitance tomography (ECT) [25] and
electric capacitance volume tomography (ECVT) [26]. These electric sensing methods need large systems
required complex algorism to reconstruct void value and they need large reconstructing time to obtain the void
value. On the other hand, one of the electric sensing method proposed by Fukano (1998) [27] is simple and quick
response to temporal void fluctuation. In previous study, the method was applied to measure the void fraction in
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two dimensional annular flow. The method was used to measure the void fraction in annular flow and liquid film
thickness [27-30].

In this method, a constant electrical current DC power supply applies to gas-liquid two-phase flow through a
pair of electrodes which are mounted flush with a surface of a channel. These electrodes are named “applied
electrodes”. A voltage is measured with a voltage drop method by using another pair of electrodes which are set
between the applied electrodes. These electrodes are named “measuring electrodes”. Characteristics of the
constant electrical current method are as follows. Applied electrodes are separated from measuring electrodes and
two measuring electrodes are set between two applied electrodes. By this arrangement of electrodes, the electrical
current density applied by the constant current power supply becomes satisfactory uniform in the measuring
section. The voltage drop is picked-up through high impedance, then the uniform electrical current distribution is
not disturbed with the presence of the pair of measuring electrodes, and interaction among measuring electrodes
is negligible. Therefore a number of measuring electrodes can be set in a short distance [27, 28].

The objective of the present study is to evaluate the void fraction of three dimensional bubbly flow containing
micro-bubbles by using the constant electric current method. Tiny bubbles in diameter of 1 pm to 1 mm which
are called micro-bubbles are applied in many subjects in engineering fields, such as water purification systems,
frictional drag reductions of ships, medical technologies, and so on [31]. In addition, micro-bubbles have been
also applied as tracer particles for Ultrasonic Doppler Methods which are used for velocity measurements [32].
Thus a void fraction meter which has high spatial resolution is required to measure tiny bubbles.

The existing constant electric current method is applied to two dimensional annular flow based on the
assumption that the cross-section ratio between gas and liquid is constant in flow direction. The method is simple,
low cost, easy handling and quick response. However, the method cannot be applied to three dimensional bubbly
flow because the existing algorithm cannot treat the bubbles distributed in three dimensions. In previous studies,
Maxwell’s theory [33] was applied to bubbly flow for calculations of void fraction from electric signals by using
probes [10, 22] and an electric resistance tomography [18]. However, the theory is not applied to the constant
electric current method. The purpose of the present study is to apply constant electric current method to measure
the three dimensional dispersed bubbly flow. In order to achieve the purpose, Maxwell’s theory and new concept
to estimate the electric signal to void fraction for three dimensional dispersed bubbly flow are introduced in the
present study.

2. Calculation methods of void fraction

2.1. Previous method

A calculation method of the void fraction in the constant electrical current method is based on a cross-sectional
area of liquid between measuring electrodes [27]. The calculation model is shown in Fig. 1. The cross-sectional
area of liquid is assumed to be a plate electrode. The electrical resistance of gas-liquid two phase flow R’ is

L
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where p| is an electrical resistivity of liquid, L is a length between measuring electrodes and S, is a cross-sectional area of

liquid. On the other hand, resistance of liquid single phase flow R is
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where V, is a total volume and V, is a volume of liquid. If the cross-sectional area of liquid is constant

between measuring electrodes, the volumetric void fraction is
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From Egs. (1) and (2), the volumetric void fraction between measuring electrodes is
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I" is a constant electrical current. The void fraction is shown with measured voltages of gas-liquid two-phase
flow and liquid single phase flow V' and V, .
V' =V,

@=L (©)

The following equation is obtained by normalizing for measured voltage of liquid single flow V, .

; ™

where V/(=V'/V,) isavoltage ratio.

The void fraction « is calculated from electrical voltage ratio V' as above. This method is applied to
annular flow because the cross-sectional area of liquid is assumed to be constant between electrodes. However,
because bubbles are dispersed in three dimensions in bubbly flow, liner relationship between the voltage and the
cross-sectional area of liquid is not obtained and the void fraction in bubbly flow cannot be estimated accurately
from Eq. (7).



2.2. Maxwell’s theory

Maxwell calculated a resistance of a mixture of two mediums which had different resistivity each other [33]. In
the preset study, this calculation method is applied to constant electrical current method. Two mediums are
assumed to be gas and liquid in this model. The calculation model is shown in Fig. 2. Dash lines in the figure (a)
and (b) show spheres with radius of R, . Physical quantities inside and outside spheres are noted “in” and “out”

as subscripts, and physical quantities of gas and liquid are noted “G” and “L” as subscripts. k' is a resistivity
per unit volume. The model of dispersed bubble (a) is discussed at first. The potential inside and outside the
sphere is calculated. The resistivity of these bubbles is k¢ . It is assumed that bubbles do not existed and liquid is

'
out

filled outside the sphere. Hence the resistivity outside the sphere k!, is equivalent to the resistivity of liquid k| .
A potential of electrical dipole ®' is assumed to apply inside and outside the sphere. From Laplace equation,

the potential of the electrical dipole @’ is

Vo' '=0 8)
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where A and B are constant numbers, r is a radial coordinate from the center of the sphere and Y/’ is a
spherical surface harmonics. The potential and the current are conserved at the boundary of the sphere, r=R, .
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Equation (9) is substituted for Egs. (10) and (11) of boundary conditions.
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When an electrical source and a sink are not existed in the sphere, @i — oo is unsatisfied with r — 0, and
B,, = 0 is obtained from Eq. (9). From Egs. (12) and (13),
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is obtained. The potential outside the sphere is
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In the right figure (b) of Fig. 2, dispersed bubbles are gathered to the center, then a spherical bubble consists of
these bubbles. The radius of the sphere and the spherical bubble are R, and R,. The center of the sphere and
the bubble are placed on the origin of the spherical coordinate. The potential of the dipole inside the bubble is
@/, and the potential outside the bubble is @, . The potential and the current in the boundary of the bubble are

conserved.

@} (R, )=D4(R,) (16)
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Then @), = @’ isassumed when r>R. The assumption shows that the potential without the sphere included

dispersed bubbles and the sphere included the single spherical bubble are equivalent. In addition, ®'= Ar is
obtained from Ar >>Br™ when r islarge, then A, = A,.From these assumptions, the resistivity within the

sphere included dispersed bubbles k; is
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If ki isthe resistivity of airand k| is the resistivity of water, fromkg >> k/

L (20)



The volumetric void fraction  is
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a s the volumetric void fraction because the total volume of dispersed bubbles 4/37R,* is divided by the volume of the
sphere included dispersed bubbles 4/3°R,’. The void fraction ¢ in Eq. (20) is represented as
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The void fraction estimated by Maxwell’s theory Eq. (22) is lower than the void fraction estimated by the
previous method eq. (7) because v'>1. Unlike the previous method, the void fraction « in dispersed bubbly
flow is expected to measure by Maxwell’s theory which calculates the resistance of gas-liquid two-phase flow in
three dimensions. However, the theory is considered to be applicable when gaps between bubbles are longer than
bubble diameters because dispersed bubbles are assumed as a gathered bubble, and the spatial distribution and the
electrical interaction of each bubble are negligible.

2.3. Polarization method

An electrical filed is applied to flow by using electrical measurement methods of void fraction. Then, electrical
interactions affect bubbles. In the present study, the calculation method of the void fraction based on difference of
electrical field by polarization of bubbles is proposed. The schematic of bubbly flow is shown in Fig. 3. It is
assumed that the polarization of atoms or molecules in bubbles cause different electrical field between gas-liquid

two-phase flow E’ and liquid single phase flow E;,

—’: E'—E(; (23)
&

where P’ is a polarization vector between measuring electrodes and &' is a permittivity, and the field is assumed to be
single dimension in the flow direction. The polarization of bubbles P’ is expressed by number of atoms or molecules per

unit of volume of bubbles n, an electrical charge q' and an interval between positive charges and negative charges & .
P'=nq's. (24)
A total number of atoms or molecules of bubbles between electrodes N and a total volume of bubbles Vg are

N = thotaI (25 )



and

V, =Ny, (26)

where a total volume between measuring electrodes is V,,,, and the volume of an atom or a molecule of bubbles is V;; .

The void fraction « 1s defined as
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From Egs. (25), (26) and (27), the number of atoms per unit the total volume of bubbles n is

n=->. (28)

Equations (24) and (28) are substituted to Eq. (23),
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However, & and Vv, are unknown. For this reason, electrical fields of two difference conditions E; and E; which
are the function of void fractions ¢, and ¢, are considered from Eq. (29) in order to cancel out these unknown
parameters
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Electrical fields are approximated as bellow,
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From Egs. (32) and (33), the volumetric void fraction «, is
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From this equation, the void fraction ¢, can be obtained from the measured voltage ratio V,, the known void
fraction ¢, and the known voltage ratio Vv, . This equation is liner of «, and V,. This method is applicable

under the assumable condition where 6 and Vg is constant.

3. Experimental apparatus and conditions

The experimental apparatus in the present study is shown in Fig. 4. It consists of a tank, a pump, a liquid flow meter, a
compressor, a gas flow meter, a gas injection and void fraction measurement systems. Tap water filters with 5 um mesh and
air is applied as liquid and gas phases. The void fraction measurement systems consists of an electrical measurement system
and a quick shut valve system .

In the electrical measurement system, four ring shaped electrodes are mounted inside of the pipe as shown in
Fig.5. These electrodes are made of stainless steel with the width of 10 mm. Two outer electrodes (applied
electrodes) are connected to a constant current DC power supply and two inner electrodes (measuring electrodes)
are connected to a data logger. The void fraction is estimated with the measuring voltage between two measuring
electrodes with voltage drop method. The sampling frequency is 100 kHz and measuring time is 0.5 s. The
interval between measuring electrodes is 100 mm, and the interval between the applied electrode and the
measuring electrode is 70 mm. The flow path between electrodes is made of acrylic resin which is an insulator. In
order to observe flow between measuring electrodes, the test section is made of clear acrylic resin and covers with
a water jacket to decrease influence of refraction. The flow is observed with a high-speed video camera and a
metal halide lamp.

The void fraction is measured with quick shut valve method in order to compare with the void fraction
measured with constant electrical current method. Air cylinders set upstream and downstream are activated with
the solenoid valve connected to the compressor, then two slide valves made of stainless steel with thick of 0.5
mm close flow path at the same time. The void fraction is measured with observations of a water level after
separation of gas and liquid. The measurement error is 10 % at the maximum for the minimum void fraction.
Void fractions are measured 10 times for each experimental condition.

Gas injections with a venturi shape and a needle as shown in Fig. 6 are applied in this experiment. Bubbly flow
supplied from the needle with inner diameter of 0.7 mm is discussed in “4.1 Measurement of void fraction in
dispersed bubbly flow”. In “4.2 Measurement of void fraction in dispersed bubbly flow with tiny bubbles”, the
constant electrical current method measures the void fraction in dispersed bubbly flow with micro-bubbles
generated with the venturi shaped gas injection and the venturi tube. The venturi tube is shown in the left figure of

Fig. 7. The inner diameter of the inlet and the outlet of the venturi tube is 16 mm, diameter of the throat is 6 mm
8



and the open angle is 6 degrees. Micro-bubbles are generated with the venturi tube as shown in the left figure of
Fig. 7 [34]. The interval between the gas injection and the center of the measuring section is 596 mm.

Liquid flow rates 20, 25 and 30 L/min are fixed and gas flow rates are controlled in each liquid flow rates as
experimental conditions. Gas flow ratios from 0 to 0.5 L/min are applied in “4.1 Measurement of void fraction in
dispersed bubbly flow” and gas flow rates from 0 to 0.2 L/min are applied in “4.2 Measurement of void fraction
in dispersed bubbly flow with tiny bubbles”.

Measured voltages are revised with conductivity and temperature of water. The revision with conductivity is

' Omyr
VO = _Vm . (35)
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where V| is measured voltage, o is measured conductivity, o, is a benchmark of conductivity and V, is
revised voltage. The revision with temperature is

Vv, ={1+0.02(t, —t,)V, (36)

where t, is temperature when the voltage is measured, t, is a benchmark of temperature and Vt; is revised

voltage. 0.02 is temperature correction factor and equivalent to factor of the conductivity meter.

4. Experimental results and discussions

4.1. Measurements of void fraction in dispersed bubbly flow

The measurement results of void fractions of bubble supplied from a needle is shown in this section. The
correlation between the voltage ratio obtained with the constant electrical current method V' and the gas volume
flow ratio B is shown in Fig. 8. The voltage ratio is measured the voltage of gas-liquid two-phase flow

normalized with the voltage of liquid single phase flow. The gas volume flow ratio is

Qs

P +a
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where Q, is a gas flow rate measured by the gas flow meter and Q, is a liquid flow rate measured through the

liquid flow meter. The parabolic correlation between the voltage ratio and the gas volume flow ratio
is confirmed independently of liquid flow rates in Fig. 8. Measurements of the void fraction in dispersed bubbly
flow with the constant electrical current method are expected from this figure.

High-speed video camera images between measuring electrodes with the liquid flow rate 20 L/min are shown
in Fig. 9. It is confirmed that bubbly flow changed to froth flow with increasing the gas volume flow ratio. From
these results, it is proposed that the void fraction measurement by the constant electrical current method is
applicable to bubbly flow and froth flow. Standard deviations of the voltage ratios increase over the gas volume
flow ratio 0.2 in Fig.8. It is considered that the void fraction is inhomogeneous in the flow direction because a
large bubble and small bubbles inflow to the test section alternately.

The effectiveness method of each calculation of the void fractions from voltage ratios is discussed in order to
measure the void fraction in the dispersed bubbly flow. The void fraction measured with the constant electrical
current method is compared with the void fraction measured with the quick shut valve method. This result is
shown in Fig. 10. The horizontal axis indicates void fractions obtained with the quick shut valve method, the
vertical axis indicates void fractions obtained with the constant electrical current method and the dash line shows
the equivalent points of both measurements. Error bars of the void fractions measured with the constant electrical
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current method indicate standard deviations and error bars of the void fraction measured with the quick shut valve
method show the maximum and the minimum in the measurement. Benchmarks of voltage ratios and void
fractions for the polarization method v, and ¢ are values when error bars of the void fractions measured with the
quick shut valve method are minimums for each liquid flow rates.

In Fig. 10, void fractions estimated with each calculation methods are different even if experimental
conditions are same. Especially, overestimates of the void fraction are about 110 % at the maximum in the
previous calculation method Eq. (7). On the other hand, results of Maxwell’s theory Eq. (22) and polarization
method Eq. (34) are coincident with results of quick shut valve method comparatively, and then errors are 40 %.
Under low void fractions 0.15, error of the polarization method is about 10 %. It is confirmed that results of the
polarization method Eq. (34) proposed in present study are coincident with results of quick shut valve method in
comparison to the previous method Eq. (7) and Maxwell’s theory Eq. (22) in low void fractions. These results in
each liquid flow rates are not difference under low void fraction 0.15. However, void fractions of Maxwell’s
theory Eq. (22) are coincident with void fractions measured with quick shut valve method over high void fraction
0.25 with liquid flow rate 20 L/min. It is made clear that Maxwell’s theory Eq. (22) and the polarization method
Eq. (34) are more effective for dispersed bubbly flow than the previous method.

Results compared between calculation methods of the void fraction and drift flux model [35, 36] are shown in
Fig. 11 to compare with previous studies. The horizontal axis is the gas volume flux and the vertical axis is void
fraction. Plots show void fractions obtained with each calculation methods based on voltage ratios in Fig. 8. The
solid line shows the result of drift flux model of bubbly flow in a vertical pipe. In the model, the void fraction ¢,

a distribution parameter C, and a drift velocity of gas V; are

-, (8)
Co It +Vg;

Co=12-02 P& (39)
PL

and
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PL

where g is a gas volume flux, j; is a total volume flux, pg is a mass density of gas, p, is a mass

density of liquid and o is a surface tension of liquid [35, 36]. In Fig. 11, results of the polarization method are
coincident with drift flux model in comparison to previous method Eq. (7) and Maxwell’s theory Eq. (22) with
liquid flow rates 20, 25 and 30 L/min. Overestimates of the void fraction are about 150 % at the maximum for the
previous method Eq. (7). On the other hand, overestimates are 70 % for Maxwell’s theory Eq. (22) and 50 % for
polarization method Eq. (34). It is confirmed that the void fraction obtained with polarization is coincident with
drift flux model comparatively.

Therefore, it is made clear from present study that the constant electrical current method is applicable to
dispersed bubbly flow by application of Maxwell’s theory Eq. (22) and the polarization method Eq. (34).

4.2. Measurement of void fraction in dispersed bubbly flow with micro-bubbles

The void fraction in dispersed bubbly flow with micro-bubbles is measured with the constant electrical current
method. Tiny bubbles are generated with the micro-bubble generator consisted of the venturi tube. The correlation
between the voltage ratios obtains with the constant electrical current method V' and the gas volume flow ratio
£ is shown in Fig. 12. The liner relation between the voltage ratio and the gas volume flow ratio is confirmed
independently of liquid flow rates. Measurements of the void fraction in dispersed bubbly flow with tiny bubbles
by the constant electrical current method are expected from this figure. The cause of increase of the standard
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deviations with high gas volume flow ratio is considered that the void fraction is inhomogeneous in the flow
direction because coalescence of bubbles is facilitated in high void fractions.

High-speed video camera images between measuring electrodes with the liquid flow rate 30 L/min are shown
in Fig. 13. It is confirmed that tiny bubbles with diameters of 100 um to 1 mm exist in the pipe with the inner
diameter of 16 mm. The size distribution of tiny bubbles is shown in Fig. 14. The horizontal axis is bubble
diameters and the vertical axis is possibility of tiny bubbles. The solid lines show the size distribution of the
bubbles generated with the micro-bubble generator consisted of the venturi tube and the dash lines showed the
size distribution of bubbles generated by the needle. Dy is Sauter mean diameter. Bubble diameters are

measured with counting number of pixels of a vertical length in a snapshot of a bubble which is selected at
random. About 300 bubbles are measured. A number of bubbles generated with the venturi tube are confirmed to
be micro-bubbles less than 1 mm. Bubbles generated with the venturi tube are miniaturized in comparison with
bubbles generated with the needle. From these results, Fig. 12 is the result in dispersed bubbly flow with tiny
bubbles with diameters of 100 um to 1 mm, and then it is proposed that the void fraction measurement by the
constant electrical current method is applicable to dispersed bubbly flow with tiny bubbles.

In order to measure the void fraction in dispersed bubbly flow with tiny bubbles, effectiveness of each
calculation of the void fraction from the voltage ratio is discussed. The void fraction measured with the constant
electrical current method is compared with the void fraction measured with the quick shut valve method. This
result is shown in Fig. 15. Benchmarks of voltage ratios and void fractions for the polarization method Eq. (34) v,
and ¢ are values when error bars of the void fraction measured with the quick shut valve method are minimums
for each liquid flow rates. In Fig. 15, void fractions estimated with each calculation methods are different even if
experimental conditions are same as Fig. 10. Especially, overestimates of the void fraction are about 60 % at the
maximum for the previous calculation method Eq. (7) in liquid flow rates 20, 25 and 30 L/min. On the other hand,
results of Maxwell’s theory Eq. (22) and the polarization method Eq. (34) are coincident with results of the quick
shut valve method comparatively. It is made clear that Maxwell’s theory Eq. (22) and the polarization method Eq.
(34) are more effective for dispersed bubbly flow with tiny bubbles than the previous method Eq. (7). In
comparison with Fig. 10, qualitative difference between the results of Maxwell’s theory Eq. (22) and the
polarization method Eq. (34) are not confirmed. However, underestimates of 9 % in Maxwell’s theory Eq. (22)
and 20 % in the polarization method Eq. (34) is confirmed in the liquid volume flow ratio 30 L/min.

Results compared between calculation methods of the void fraction and the drift flux model in this experiment
are shown in Fig. 16 in order to compare with previous studies. The drift flux model of Egs. (38), (39) and (40) is
applied to disperse bubbly flow with tiny bubbles. Plots show void fractions obtained with each calculation
methods based on voltage ratios in Fig. 13. From this result, overestimates of void fractions are about 60 % at the
maximum for the previous method Eq. (7). On the other hand, overestimates are 13 % for Maxwell’s theory Eq.
(22) and the polarization method. It is confirmed that the void fraction obtained with Maxwell’s theory Eq. (22)
and the polarization method Eq. (34) is coincident with drift flux model comparatively. However, the clear
difference between the results of Maxwell’s theory Eq. (22) and the polarization method Eq. (34) are not shown
as Fig. 15 in comparison with Fig. 11.

Therefore, it is made clear from present study that the constant electrical current method is applicable to
dispersed bubbly flow with tiny bubbles with application of Maxwell’s theory Eq. (22) and the polarization
method Eq. (34).

4.3. High-speed measurement of void fraction in dispersed bubbly flow

Time series of the void fraction in the liquid volume flow rate 20 L/min is shown in Fig. 17. The horizontal
axis is time and the vertical axis is the void fraction estimated with the polarization method Eq. (34). The
benchmarks ¢, and v, are the values used in Fig. 10. Plots in this figure show 0.372, 0.169, 0.040 and 0.003

of time-average void fractions. Snapshots in Fig. 18 are observations between measuring electrodes of 0.372 of
the time-average void fraction. These observations are coincident with the measurement of the void fraction in
Fig. 17.

Temporal fluctuations of time-average void fractions of 0.372 and 0.169 in froth flow have a lot of ups and
downs in comparison fluctuations of time-average void fractions with 0.040 and 0.003 in bubbly flow in Fig. 17.
From the comparison with the observations in Fig. 18, dispersed bubbles exist between the test section at 0.2643 s
of the minimum void fraction in the time-average void fraction 0.372 of Fig. 17. Then, it is confirmed that a large
bubble flowed into the test section from 0.2643 s to 0.2917 for rapid increase of the void fraction from 0.2 to 0.67.
From 0.2917 s to 0.3165 s, a large bubble passes through the section when the void fraction decreased from 0.67
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to 0.2 rapidly. Therefore the temporal fluctuation of the void fraction for the flow patterns is confirmed. In
addition, gradual temporal fluctuations in time-average void fractions 0.040 and 0.003 in bubbly flow are
confirmed. Distributions of the void fraction in flow direction are considered to be inhomogeneous with
coalescence of bubbles.

4.4. High-speed measurement of void fraction in dispersed bubbly flow with tiny bubbles

Time series of the void fraction in dispersed bubbly flow with tiny bubbles is shown in Fig. 19. The horizontal
axis is time and the vertical axis is the void fraction estimated with the polarization method Eq. (34). The
benchmarks ¢, and v, are the values used in Fig. 15. Plots in this figure showed 0.130, 0.077, 0.032 and 0.009

of time-average void fractions. Temporal fluctuations of void fractions in dispersed bubbly flow with tiny bubbles
are less than Fig. 17. However, fluctuations are larger with higher void fractions. This cause is considered that
distributions of the void fraction in the flow direction are inhomogeneous by coalescence of bubbles. In addition,
tiny fluctuations of the void fraction about 0.006 are show in all temporal fluctuations. This is considered
electrical noise.

Therefore the constant electric current method with the polarization method is successful in measuring
volumetric void fractions with high temporal resolutions. Although this measurement method does not allow to
provide two dimensional and three dimensional distributions of void fractions as electric capacitance volume
tomography, this method can measure the volumetric void fraction with high spatial resolution of the order of 100
pm and high temporal resolution over 100 kHz in comparison electric capacitance volumetric tomography.
Therefore this measurement is expected to provide the volume void fractions in fast flows, shocks and cavitation.

5. Conclusion

In present study, the constant electrical current method is applied to bubbly flow and dispersed bubbly
flow with micro-bubbles with diameters of 100 um to 1 mm. The void fractions in these flows are estimated
with Maxwell’s theory and the polarization method. The void fractions estimated with these methods can be
more accurate than the previous method. Therefore, this paper proposes that the previous calculation method
is applied to annular flow in void fraction a >0.75 [37-39], and Maxwell’s theory and the polarization
method are applied to bubbly flow in « < 0.30 . In addition, it is also clarified that the Maxwell’s theory and the
present proposed method with polarization are compatible with drift flux model, although void fraction estimated
with the previous method is higher than the drift flux model for three dimensional dispersed bubbly flow.
Furthermore, the constant electric current method with the polarization method is successful in measuring
volumetric void fractions with high temporal resolutions. It is experimentally clarified that the present proposed
method can follow highly temporal void fluctuation of bubbly and froth flows.
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Figure captions

Fig. 1. A schematic representation of a vertical upward gas-liquid annular flow (left) and a model of the previous
calculation for a annular flow.

Fig. 2. Maxwell’s theory: (a) dispersed bubbles within a sphere; (b) a bubble consisted of dispersed bubbles of (a) within a
sphere.

Fig. 3. A model of the polarization method. Bubbles are assumed to be dielectric bodies. It is assumed that the polarization
of atoms or molecules in bubbles cause different electrical field between gas-liquid two-phase flow E' and
liquid single phase flow E;.

Fig. 4. A schematic representation of the experimental setup.

Fig. 5. A schematic representation of the electrical void fraction meter.

Fig. 6. Snapshots of gas injections: (a) with a needle; (b) with a venture tube.

Fig. 7. The venturi tube: (a) a snapshot of the venturi tube; (b) a high-speed video camera image of bubble collapses in the
diverging region.

Fig. 8. The correlation between voltage ratios measured by the constant electric current method and gas-liquid volume flow
ratios in bubbly flow and froth flow.

Fig. 9. High-speed video camera images of bubbly and froth flow between two measuring electrodes with liquid flow rate 20
L/min

Fig. 10. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method Eq. (7), Maxwell’s theory Eq. (22) and the polarization method Eq. (34)) and void fractions measured by the
quick shut valve method in bubbly flow and froth flow. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.

Fig. 11. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method Eq. (7), Maxwell’s theory Eq. (22) and the polarization method Eq. (34)) and the drift flux models Egs.
(38-40) in bubbly flow and froth flow. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.

Fig. 12. The correlation between voltage ratios measured by the constant electric current method and gas-liquid volume flow
ratios in bubbly flow with tiny bubbles.

Fig. 13. High-speed video camera images of tiny bubbly flow between measuring electrodes with liquid flow rate 30 L/min.
Fig. 14. A bubble size distribution with liquid flow rate 30 L/min

Fig. 15. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method Eq. (7), Maxwell’s theory Eq. (22) and the polarization method Eq. (34)) and void fractions measured by the
quick shut valve method in bubbly flow containing tiny bubbles with diameters of 100 um — 1 mm. Liquid flow rates 20 L/min,
25 L/min and 30 L/min.

Fig. 16. The comparison of void fractions estimated by the constant electric current method and each calculation methods the
previous method Eq. (7), Maxwell’s theory Eq. (22) and the polarization method Eq. (34)) and the drift flux models Egs.
(38-40) in bubbly flow containing tiny bubbles with diameters of 100 pm — 1 mm. Liquid flow rates 20 L/min, 25 L/min and 30
L/min.

Fig. 17. Temporal fluctuations of void fractions in bubbly flow and froth flow with liquid flow rate 20 L/min

Fig. 18. High-speed video camera images between measuring electrodes with the time-average void fraction 0.372 and the
liquid flow rate 20 L/min.

Fig. 19. Temporal fluctuations of void fractions in bubbly flow containing tiny bubbles with diameters of 100 mm — 1mm.
Liquid flow rate is 30 L/min.
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Electrode ( Area:S;)

Annular flow

Fig. 1. A schematic representation of a vertical upward gas-liquid annular flow (left) and a model of the previous
calculation for a annular flow.

Resistivity per unit volume inside the sphere: k£,
Resistivity per unit volume outside the sphere: k',
Radius of the sphere: R,

Potential: @’

our

Radius of the bubble: R,

Resistivity per unit volume of liquid : £’}
Resistivity per unit volume of bubble: £’

Fig. 2. Maxwell’s theory: (a) dispersed bubbles within a sphere; (b) a bubble consisted of dispersed bubbles of (a) within a
sphere.
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Fig. 3. A model of the polarization method. Bubbles are assumed to be dielectric bodies. It is assumed that the polarization
of atoms or molecules in bubbles cause different electrical field between gas-liquid two-phase flow E’ and
liquid single phase flow E;.
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Fig. 4. A schematic representation of the experimental setup.
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Fig. 5. A schematic representation of the electrical void fraction meter.
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Fig. 7. The venturi tube: (a) a snapshot of the venturi tube; (b) a high-speed video camera image of bubble collapses in the
diverging region.
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Fig. 9. High-speed video camera images of bubbly and froth flow between two measuring electrodes with liquid flow rate 20
L/min
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Fig. 10. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method, Maxwell’s theory and the polarization method) and void fractions measured by the quick shut valve method
in bubbly flow and froth flow. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.

Fig. 11. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method, Maxwell’s theory and the polarization method) and the drift flux models Egs. (38-40) in bubbly flow and
froth flow. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.

20



]-35 L 1 L] 1] | ] 1 L L] ] 1] 1 L] 1 I 1] 1 ] 1 I :
N ® Liquid flow rate 20 L/min T3
130w 25 Limin %

A 30 Lfmin
1.25 | S
= 120 = E
E 2 ]
E,,] 15 . e -E
> 1.10 =
& ]
1.05 a -
1.00 PRRE TR T RN TN N TR T N T T TN T N TN R T A
0.00 0.05 0.10 0.15 0.20

Gas volume flow ratio F[-]
Fig. 12. The correlation between voltage ratios measured by the constant electric current method and gas-liquid volume flow
ratios in bubbly flow with tiny bubbles.

16 mm

L
g
e,
P
5
Y ey
§

L

£

e

B=0003 0015 0055 0125 020

Fig. 13. High-speed video camera images of tiny bubbly flow between measuring electrodes with liquid flow rate 30 L/min.
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Fig. 15. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method, Maxwell’s theory and the polarization method) and void fractions measured by the quick shut valve method
in bubbly flow containing tiny bubbles with diameters of 100 pm — 1 mm. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.
Fig. 16. The comparison of void fractions estimated by the constant electric current method and each calculation methods (the
previous method, Maxwell’s theory and the polarization method) and the drift flux models Egs. (38-40) in bubbly flow
containing tiny bubbles with diameters of 100 um — 1 mm. Liquid flow rates 20 L/min, 25 L/min and 30 L/min.
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Fig. 17. Temporal fluctuations of void fractions in bubbly flow and froth flow with liquid flow rate 20 L/min
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Fig. 18. High-speed video camera images between measuring electrodes with the time-average void fraction 0.372 and the
liquid flow rate 20 L/min.
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Fig. 19. Temporal fluctuations of void fractions in bubbly flow containing tiny bubbles with diameters of 100 mm — Ilmm.
Liquid flow rate is 30 L/min.
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