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BACKGROUND

A variety of systems for effecting gas-liquid contacting have been studied. The injection devices
used vary from simple orifices, nozzles, capillaries, holes (sonic holes) and slots to multiple
orifice plates or even porous (sintered) disks. The complexity of the process is enormous. There
are numerous system and physical parameters including physical properties of the two phases,
gas flow rate, pressure above nozzle or orifice plate, height of the liquid, gravity conditions which
exert varying levels of influence on the formation of bubbles. Hence, most of the efforts have
been devoted to the formation of bubbles from single nozzles or orifice plates.
Generally, investigation of bubble motion and sizing in laboratory experiments has relied on
high-speed photography1,5. Frequency data were taken by a stroboscope method6,7 or application
of photodiodes8. Mori et al.9 have developed a new method to measure the rise velocity and the
shape of a bubble with an electrical triple probe. Manasseh2,10 has applied an acoustic technique
coupled with high-resolution photographs for bubble sizing. More recently novel video
techniques have been applied, e.g. Bergez11 has obtained simultaneous recordings of bubble
emission and wall temperature measured with thermochromic liquid crystal by use of high-speed
colour video camera together with xenon flash, Tassin and Nikitopoulos12 and Dias et al.3 have
developed the video-imaging method applied for a measurement of constant bubbling frequency
based on stroboscopic video technique. In recent years several laser techniques have been
developed for simultaneous measurements of bubble velocity and size. Among the latter are
holography13 and the phase-Doppler method14.
In the present study, an acoustic technique for measurement of pressure changes during bubble
emission has been developed. Air bubbles were generated on artificial sites formed by glass
nozzles. Fractal analysis has been applied in order to analyse the measured data.

EXPERIMENTAL APPARATUS AND PROCEDURE

The air bubbles were emitted from glass nozzles submerged in distilled water at a depth of 25 cm
in a cylindrical tank of 30 cm in diameter and 37 cm height. The volume of the settling chamber
was 0.03 m3. The settling chamber is fed by air coming from a gas buffer reservoir through a
pressure regulator and a rotameter. The pipe from the rotameter to the settling chamber is a 2 mm
inner diameter aluminium tube. The scheme of the experimental equipment is shown in Fig. 1.



Three glass nozzles were used, with internal diameters of 0.3 mm, 0.6 mm, and 0.9 mm. Two
hydrophones were employed: B&K 8105 and headphone microphone N641. It was only about 10
mm away from the bubble neck-break point.

Figure 1. Experimental equipment for gas bubbling:      I- injection system (1 – injection device,
2-hydrophone, 3-water tank, 4-capillary tube), II - air system (5-compressor, 6-air tank, 7-valve,
8-manometer, 9-settling chamber 10-rotameter, 11-valve), III - data acquisition system with audio

card

ANALYSIS OF EXPERIMENTAL DATA

Fast development of theoretical and experimental research on dynamic systems resulted in the
formulation of numerous methods of classification and analysis of non-stationary processes4. One
of the methods is the so called model of deterministic chaos based upon the analysis of solutions
of differential equations describing the investigated phenomena. The method was developed
thanks to the increase of computational capacity. The analysis of the experimental data with the
application of deterministic chaos enables a more detailed analysis of physical processes in
comparison with traditional statistical analysis.
The notion of deterministic chaos can be explained as irregular (that is chaotic) changes of
quantities characterising a non-linear system for which the laws of dynamics univocally
determine its evolution in time, provided its earlier history is known.
The chaotic dynamic system has the following properties4:
•  trajectory of the chaotic system in the phase space does not form any single geometric

object such as circle or torus, but resembles the structure of fractal,
•  chaotic dynamic system is sensitive to the changes of initial conditions.
Takens4, proved that after the disappearance of transient effects the attractor can be reconstructed
by means of measurement of the single component of a vector describing the dynamic system.
The application of Taken’s theorem in connection with possibilities of modern measuring and
computing techniques enables the analysis of chaotic processes on the basis of experimental data.



The analysis of the measuring signal allows determining of several characteristics of the dynamic
system including correlation dimension, Kolmogorov entropy and Lyapunov exponents.
The analysis of the experimental data is initiated by determination of time-delay. For that purpose
the autocorrelation function is calculated. The quantity of time-delay τ is determined from the
condition4: C(τ)≈0.5*C(0). The alternative method of time-delay τ calculation consists in
determining of Hurst exponent. The image of the attractor in n-dimensional space depends upon
time-delay τ. When the time-delay is too small the attractor gets flattened which makes further
analysis of its structure impossible.
The trajectories of the chaotic system in the phase space do not form any single geometrical
object such as circle or torus, but form objects called the strange attractors of the structure
resembling the one of a fractal. One of the essential characteristics of fractals is their dimension.
For experimental data the correlation dimension D2 is calculated.
For the stochastic data the correlation dimension increases with the increase of the embedding
dimension. If the examined data are deterministic chaos character, then the value of D2
approaches constant. This value determines the correlation dimension of the attractor investigated
in M dimensional space. The calculation of the correlation dimension is done for the embedding
dimension M>2D+1, where D is the correlation dimension of the attractor considered4.
Samples of voltage signal generated by microphone were recorded at the frequency of 8 kHz. In
Fig. 2 the typical changes of measurement signal generated by single departing bubble are
presented. The application of such indicators as autocorrelation function, Hurst exponent, the
largest Lyapunov exponent and correlation dimension measurement signal are discussed in this
paper.

Figure 2. Typical changes of measurement signal generated by single departing bubble (pressure
changes in small time scale)



In Fig. 3 the typical changes of measured signal and 3D return map have been presented.

Figure 3; a) Typical changes of measurement signal generated by many departing bubbles;
 b) three dimensional return map of measurement signal generated by many departing bubble

In Fig. 4 the results of calculation of correlation dimension have been presented. In the graph of
correlation integral two areas can be distinguished. In Fig. 4 the changes of correlation dimension
in these two areas are shown. In both areas the analysed attractor has fractal properties. For the
first area the attractor has the correlation dimension close to D=1, while for the second area, the
fractal dimension amounts D=3.6. The result obtained for the second area may be interpreted as
characterising long-term oscillations of pressure (shown in Fig. 3a) and the result obtained for the
first area as characterising the process of pressure oscillations shown in Fig. 2.

CONCLUSION

For all investigated values of air pressure, the occurrence of deterministic chaos was noted. By
means of fractal analysis two processes responsible for formation of water-air patterns were
identified. The analysis enables to suppose that the above processes occur in different time scales
and are characterised by different fractal dimension. The correlation dimension of the process
taking place in smaller time scale changes between 0.5 and 1.5, but the correlation dimension of
the process taking place in bigger time scale is close to number 3.6.



Figure 4. Correlation dimension for process of long-term pressure oscillations characteristic
for bubble departure (II) and for process of pressure oscillations in small time scale (I)
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