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Abstract. The article presents the analysis of signals from a radiometric system consisting of two
scintillation probes and two gamma radiation sealed sources. Calculations and interpretation were carried
out for the bubble flow of the water-air mixture in the horizontal pipeline. The analysis of the obtained
signals was done in time and frequency domain. In the frequency domain, a range of usable frequencies was
identified, which were associated with changes in gamma-ray intensity recorded in the time domain. The
gas phase velocity, void fraction and statistical parameters of the signal were also calculated.

1 Introduction

Multiphase flows are currently the subject of intense
research, due to the broad application in industry. At the
same time, liquid-gas flows are very important from heat
transfer enhancement point of view. For example, in
[1,2] has been described a two phase flow in
microchannels formed by heating the liquid in the
cooling systems. A similar topic is taken in [3,4], where
the authors analyse the two-phase liquid-gas flows as a
result of cooling micro-fins. Due to the boiling in the
whole volume, structures of dispersed bubbles are
formed in this type of flows. In larger systems, as in the
flow through a rectangular channel as presented in [5],
the bubbles merge into larger clusters. The phenomena
of two-phase liquid-gas flow, bubble type flows is so
complex that based on the conducted experiments,
further approximate mathematical models are being
tried. In the work [6] authors provides an overview and
assessment of the functionality of various models
describing the path and size of bubbles in boiling liquids.
In turn, the analyses presented in [7,8] shown the
possibility of performing DNS (Direct Numerical
Simulation) simulation for turbulent flow of gas bubbles
and dispersed flows in the closed channel.

In almost all examined studies, the authors point out
the difficulties associated with measurements and a
description of bubble type two-phase liquid-gas flows. In
this work, the authors present their view on this issue
based on the conducted experiments and using the
radioisotope absorption method.
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2 Experimental set-up

The measuring set-up, discussed in detail in [9], consists
of a horizontal pipeline 4.5 m long with 30 mm internal
diameter. The pump flow velocity has been controlled
by the inverter and the valve system enables obtaining
the flow (liquid —phase) velocity in the range from 0.15
m/s to 3.5 m/s. To obtain a two-phase flow, the air from
the compressor is injected into the flow at a distance 2 m
from the measuring section. Depending on the velocity
of the liquid phase and the expense of gas injected, the
different flow regimes can be obtained: stratified, slug,
plug and bubble. The measuring system has been
described in detail in [9,10]. It consists of a radiometric
set (two Nal(TI) scintillation probes and two Am-241
gamma-ray sealed sources), an ultrasonic flow-meter and
a gas flow controller. The measurement system allows to
measure: the flow velocity of liquid phase (water) »_and
gas phase (air) vg, void fraction a, the amount of gas Qg
injected into the research installation.

The gas phase velocity is determined based on a
cross-correlation analysis of signals obtained from two
scintillation probes. More information on cross-
correlation analysis in radiometric measurements of two-
phase flows can be found in [10,11].

Determining the flow velocity of liquid and gas does
not require calibration at the test section. However, in
order to determine the void fraction, a priori calibration
of the radiometric set is required, which works as a
gamma quanta counter [12]. It is worth to notice that the
measuring system is operating on a different basis
(mode) than the most commonly used radiometric
system functioning as a spectrometer [13,14].
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3 Experimental data

For the signal analysis, the experiment was selected,
which was classified as a bubble flow (Fig. 1). The
measurement time in this experiment was 480 s, and the
sampling time was At = 1 ms. Table 1 presents the basic
parameters of the analysed flow.

Table 1. Basic parameters of water and air flow for the
analyzed experiment: v; — water velocity, ug(v;) — uncertainty
type B of water velocity, vg — air velocity, u(vg) — complex
uncertainty of air velocity, a — void fraction, u.(a) — complex
uncertainty of void fraction, Qs — gas expense, n — rotation
velocity of pump, Fr¥ — Froude number, Re — Reynolds
number.

vz, (m/s) 2.01 ug(vy) (m/s) 0.15

g (m/s) 1.010 u(vg) (m/s) 0.011
a(-) 0.02696 u () (-) 0.00083

Og (V/min) 1.60 n (rpm) 1600
Fré (=) 6.88 Re () 3.0-10*

The square of Froude's number Fr? was calculated
according to the relation [9,14,15]:

_ 2
= (vp—vg) )

g ' Dch

whereas the Reynolds number Re was defined as
follows:

Re= oL '?]ch'p (2)

where: p — density of liquid, # — dynamic viscosity, D¢, —
characteristic dimension for liquid phase, which was
define for pipeline with inner radius r, as [9]:

Dy=r \/: 3)

In presented experiments, the air was injected to the
pipeline test section through a special nozzle generating
a dispersed bubble flow. In contrast to the slug flow
[10,15,16], in the bubble flow the bubbles do not have a
free surface and are very small, in the order of a few
mm. In the further section of the pipeline, bubbles forms
clusters, as shown in Fig. 1. By registering such a flow
with a camera, the length and depth of the gas bubble
clusters were determined.

B> c = o »»

o

Fig. 1. Flow visualisation made in the analyzed
experiment.

Figure 2 shows the definition of the length I, and
depth gy of gas bubbles cluster.

Fig. 2. Presentation of parameters: length I, and depth gy of the
gas bubble cluster.

The radiometric measurement system was located
where the flow of bubbles was in the form of clusters.
Scintillation probes recorded changes in the intensity of
gamma radiation. When the bubbles flow between
source of radiation and detector the number of registered
radiation quanta increased, whereas when no bubbles,
the number of counts decreased. The sample signal
shows in Fig. 3 illustrates such changes.
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Fig. 3. The part of signal for the analyzed experiment.

The analysis of the signal presented in Fig. 3 is
difficult due to a large amount of noise. In such cases,
there are many sources of an unfavourable signal-to-
noise ratio, among others: the statistical nature of
radioactive decay, the chaotic way of forming and the
flow of gas bubble clusters. The problem of noise
reduction in this type of measurements is discussed in
detail in [11].

4 Signal analysis

In the frequency domain, cross-spectral density
function (CSDF) can be used to analyse signals from
scintillation probes. Fig. 4 shows the value of the CSDF
module for the signal obtained from analyzed
measurements. Due to the significant amount of noise, in
order to properly analyse the recorded signal, frequency
averaging method was applied (CSDF) [11].

The smoothed value for |CSDF|s is shown in Fig. 5.
Then a spectral filtering method was applied to obtain a
signal without the noise in the time domain [11]. In the
|CSDF|s plot, the orange frame (dotted line) marked a
useful signal registered in range between the frequencies
for 0.51 Hz up to 29.04 Hz. The frequency band outside
this range has been removed using a band pass filter. The
dominant frequency f,, with value is 8.24 Hz, is marked
with a continuous red line.
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Fig. 4. Module of cross-spectral density function.
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Fig. 5. Smoothed module of cross-spectral density function
|CSDFs.

After filtering the spectrum, the inverse FFT (Fast
Fourier Transformation) was used in order to backward
to the time domain. As the result of this procedure is a
signal without the influence of low- and high-frequency
noise. A part of such a signal is shown in Fig. 6. The
negative number of counts I,"(t) are caused by additional
signal centring [11] and do not influence signal post-
processing.

Since the signal 1, (t) is related to the size of the
cluster bubble flows, this value have been measured
from signal presented in Fig. 6 where time duration t, for
50 first peaks is shown. Similarly to analyses presented
in [10], t. was related to the cluster's length by the
following relationship:

L=t vg (4)

The length uncertainty for the length of clusters
measurement was calculated based on the law of
propagation of uncertainty [16]:

w9 = @) (@) 6

where: ug(ty) — uncertainty of duration time ty, uc.(vg) —
combined uncertainty of gas velocity [9-11].

The values of |, for the first 50 clusters of bubbles,
together with the average value /, (black line), are shown
in Fig. 7. The mean value obtained on the basis of time
domain analysis is /, = 0.064 m, while the uncertainty of
measurement u,(7,) =0.006 m. The uncertainty value
was calculated based on the dependence:

un ()= ©

where: ¢; — standard deviation of length bubble cluster
from analysed probation, k — number of samples (data).
Then, the average value of duration time 7, = 63 ms.
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Fig. 6. Short part of filtered signal for analyzed experiment; t, .
time duration.
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Fig. 7. Distribution of bubbles cluster length I,.

During signal analysis is has been seen that the
average value of duration time 7, can be converted into
the frequency value [10] as follows:

=1
1= @)
For the analysed sample the frequency f; = 15.87 Hz
has been obtained. Comparing this result to the
frequency value f,, the following relationship can be
written;

f=21, ®)

Hence, the relationship can be derived for the
average length of the clusters of gas bubbles, calculated
in the frequency domain [10]:

- ©

In this way, the average value of the bubble cluster
length for the entire measurement was obtained /, =
0.061 m. In Fig. 7, the value Zf is indicated by a solid red
line.

Based on the calibration procedure presented in [10],

using the Lambert-Beer law [18], it is also possible to
calculate the average depths gy of the clusters:

_ (/1) (10)

8k P
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where: u — the coefficient of the attenuation of radiation
in the mixture, | — the intensity of gamma radiation after
the scanning of the mixture, I, — the intensity of radiation
registered by the probe for a pipeline filled completely
with the water.

In Fig. 8, the distribution of the gy is shown for the
analysed experiment. The mean value g, is denoted by a
solid blue line.
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Fig. 8. The distribution of the average values of the depths of

bubble clusters gy.

The average value of the bubble cluster depth was
g,=513mm. The uncertainty of the value g, was
calculated from the dependence:

ur(g)=% (12)
where: o4 — standard deviation of bubble clusters depth.

The calculated uncertainty equal to
uy(g,) =029 mm. The results of calculations and
images from flow visualisation (Fig. 1, Fig. 2), shows
that the obtained values /, /; and g, are very consistent
with the photographic documentation.

5 Conclusion

In this work, a sample measurement of the liquid-gas
bubble flow made by the radioisotope absorption method
was made. It was shown that, despite the high share of
noise in the signal, it is possible to obtain precise
information about the flow under analysis. In addition to
that the evaluation for the flow velocity for both phases
(gas and liquid) and for the void fraction, average length
and depth values for the gas bubble clusters were enable.
The calculations were performed on the basis of signal
analysis in time and frequency domain. It was found
good agreement of the results for both methods. This
was confirmed by the photographic documentation. In
addition, the dominant frequency was associated with the
physical size of the described flow, which is the length
of the gas bubble cluster.

The authors of the article will continue this research
studies and, the aim of them will be to generalise the
obtained relationships. Presented solution can be seen as
a very universal tool, for the system analysis as well as
for the wide range of application in the description of

other phenomena related to flows, which have been
presented, among others, in [19-25].
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