acta mechanica et automatica, vol.4 no.4 (2010)

FREQUENCY AND NON-LINEAR ANALYSIS OF BUBBLE PATHS | N BUBBLE CHAIN

Romuald MOSDORF*, Tomasz WYSZKOWSKI"

"Bialystok Technical University, Faculty of Mecharli€ngineering, ul. Wiejska 45, 15-351 Bialystok, &

r.mosdorf@pb.edu.pivyszkowski.tomasz@gmail.com

Abstract: In the paper the paths of bubbles emitted fronbtfas nozzle with inner diameter equal to 1.1 mneHaeen ana-
lyzed. The mean frequency of bubble departure wabe range from 1 to 36 Hz. Bubble paths have beeorded using
a high speed camera. The image analysis technigsi®den used to obtain the bubble paths for differeean frequencies
of bubble departures. The Fourier, wavelet analysisrecurrence plots have been used to deterfmngttength of interac-
tion between bubbles in column. It has been folnad the influence of previously departing bubblestrajectory of next
bubble in the column can be significant fpr 30 Hz, in this case the bubble paths become lagsdieand more instable.
In this case the distance between subsequent ohephrtbbles (S/D) becomes close to 1. It causesthieavertical interac-
tion between departing bubbles is enough strorofpamge the dynamical properties of bubble paths.

1. INTRODUCTION

The knowledge of bubble dynamics is of key impor-
tance in physical, biological and medical processes
and patrticularly in industrial applications. Thenme numer-
ous physical parameters such as: physical propesfiche
two phases, gas flow rate, gas pressure, heigteofquid
and gravity conditions which influence on the bwsbfor-
mation. Hence, most of efforts have been devoteth¢o
formation of bubbles from single nozzles or orifigkates.
The study of bubble dynamics is crucial to underdtaub-
ble-liquid and bubble-bubble interactions. Accoglito
Luewisutthichat et al. (1997) the bubble motion antible
shape are controlled by deterministic forces suxtbady
force and drag force caused by the convective mptod
the complex non-linear forces generated by liquiotiom
around bubbles. Results of investigation show thath
quantity as: bubble departure frequency (time betwe
subsequent departing bubbles), bubble departuraeds,
bubble shape and its deformation, gas pressuréudltion
in the nozzle, bubbles interaction, bubbles coalese
and bouncing, structure of liquid flow around thebbles
and bubble column change in time chaotically (Maokdo
and Shoji, 2003; Zhang and Shoji, 2003; Kikuchiakt
1997; Femat et al., 1998; Vazquez at al., 2008).

The tubes of streamwise liquid vorticity are belaff
by each bubble and they are responsible for appeara
of lift force acting on the bubbles (Zenit and Magdet,
2009). The strength of the circulation of each ewrubes
decreases with increase in the distance from thblbu
The bubbles in the bubble column create the comgtierc-
ture of bubble wakes. These wakes interact betveaeh
others and finally modify the bubbles trajectoryheTin-
crease of bubble departure frequency decreasesttieal
distance between bubbles. It causes the increaseteoic-
tion between the bubbles and tubes of streamwiggdli
vorticity generated by previously bubbles. Sucleriattion

changes the lift force and finally modify the oktibn
bubble trajectory.

In the present paper the dynamical properties bbleu
paths have been investigated to detect the streofgtite-
raction between bubbles. The paths of bubbles ednftom
the bras nozzle with inner diameter equal to 1.1 ham
been analyzed. The bubble departure diameter was ~4
mm. The laser-photodiode system has been usedasumee
the frequency of bubble departures. The analyzeguén-
cies ranged from 1 to 36 Hz (bubbles per second).
The bubble paths have been recorded using a higadsp
camera. The image analysis technique enabled abtéin
the 2D bubble paths for different mean frequenoielsub-
ble departures. The Fourier analysis, wavelet aimly
and recurrence plots have been used to determine
the strength of interaction between bubbles.

2. EXPERIMENTAL SETUP
AND BUBBLE BEHAVIOURS

The air bubble paths in bubble column in the tank
(400 x 500 x 40 mm) filled with distillated watea$ been
investigated. In the experiment bubbles were geeadra
from the brass nozzle with inner diameter of 1.1.mm

Because in the experiment with bubble column genera
tion both the pressure and gas mass flux fluctuttted
in order to evaluate experiment conditions it wasassary
to use the mean value of gas mass flux or bublpertiee
frequency. In the present experiment the mean leubbt
parture frequency was used as a control parameter.
The frequency has been measured using simultaryeousl
the laser - phototransistor system and gas pressumsor.
The gas pressure fluctuation has been measured usin
compensated silicon pressure sensor MPX12DP. In the
laser-phototransistor system the semiconductor lasdr
with wave length of 650 nm, 3mW, special aperture
and phototransistor BPYP22 has been used. The thame
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of laser ray was 0.2 mm. Thexperiment has been carri
out in conditions when subsequeatgparting bubbles di
not coalesce vertically close to the nozzle ouThe fre-
quency of bubble departure was in the range frotm 36
bubbles per second, the water temperature w°C.

All data was simultaneously recorded using the dc-
quisition gystem DT9800 series USB Function Modules
Data Acquisition Systems with sampling frequency
1000 Hz.The air supply system consisted of air tank c-
ity of 2dn? and the electronically controlled air pun
where the velocity of electric engine was contibllgy the
chip U2008B.The scheme of experimental stand has !
shown in Fig. 1.

Bubble paths have been recordedhe rectangle are
of 230 x50 mm using thhigh speed camerCasio EX
FX1. The recorded color video (600 fps) has beerddd
into frames. All colored frames we& converted into gra
scale images. The Sobel filter based on convolutiothe
image with a small, integer valued filter has besec to
identify the bubbles on the frames (Hedengren, 1. Ex-
emplary results of using the Sobel filter for bublinage
are presented in Fi@a. Because the Sobel algorithmn-
tifies only the edge of the bubble, therefore thdidonal
algorithm to fill interior of the detected bubble by ble
pixels has been used. Finally, each bubble wablgign the
frame as a set of black pixels (Fig. 2).

The path of each bubble was reconstructed by tmac
the trajectory of mass center of each bubble irsesgbet
frames. The mass centre has been calculated acgoi@
the following formula:

e 1)
wherek = {i for blagk pixels
e @
wherek = {j for blaOCk pixels

whereS— the area of the bubble picture.

In the paper the paths of bubbles which do notesaa
with another bubbles have been analyzed.

In Fig.3 it has been shown the data recorded fromr
phototransistor and pressure serfsordifferent mean e-
quencies of bubble departures. The laser ray pad mm
above the nozzle outlet. When the bubble was pg
through the laser ray the phototransistor sensaerggec
the signal of the low voltage level. The time betwdb-
bles is visible in Fig3 as a signal of the high voltage le\
Obtained results show that for all frequencies oblie
departures the timgeriods in which the bubbles pe
through the laser ray are approximately the santeare
equal to 0.018:0.002 [s], but meatime periods betwee
subsequent departing bubbles decrease tor with in-
crease of bubble departure frequencies as it hers feowr
in Fig. 4.

When bubbles depart, the air pressure rapidly dses
as it has been shown in Fi. The number of inimums
of pressure signal and number of periods with lowags
level signal coming from phototransistor sensorehbeer
used to determine bubble departure frequen
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Fig. 1. Experimental setup. lglass tan, 2 — air tank, 3 — laser,
4 — phototransistor, 5air valve, 6— pressure sensor,
7 —computer acquisition system (DT9800 series |
Function Modules for Data Acquisition Systen
8 —Casio EX FX1(600 fps), — light source, 10 — screen,
11 —air pump with electronic control2 — The rectangle
area of 230x50 mm where the bubble pathsbeen rec-
orded
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Fig. 2. The bubble identification process. a) original gh
b) results of Sobdillter, c) filling interior of the bubble
by black pixels
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Fig. 3. Pressure and phototransistor signal recorded fiareint
frequencies of bubble departuf, a)f, = 2 Hz,
b) f, = 30.08 Hz
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Fig. 4. The mean time periods between subsequent deg

Fig. 5. The changes in time of the horizontal posit
of the bubble and the typical behavior of bubbdevf
for different mean bubble departure frequenf,
a) f,= 14.4 [Hz], b)f,= 30 [Hz], c)f,= 36 [Hz]
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Fig. 6. Estimated distance betwesnbsequent bubbl

In Fig. 5the typical behavior of bubble flow for dir-
ent mean bubble departure frequencies has beeanpees
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Changes of frequency of bubble departures cause
changes of average distance between bubbles inouthige
chain. The distance has been measureween two subse-
guent bubbles when the lower bubble was 10 mm the
nozzle outlet. In Fig. & has been shown the distance-
tween bubbles vs frequency of bubbles depa

3. ANALYSIS OF FREQUENCY
OF BUBBLE DEPARTURES

One of the main problem iinvestigation of bubbling
flow is an analysis of frequency of bubble depatBuct
frequency can be constant in time (bubbles depenibgi-
cally) or change chaotically in time (bubbles de¢pdioi-
cally). The Fourier transformation allows us to regnt
the timedomain data in the frequency domain. The Fot
power spectrum answers the question which freqes
contain the signal power. The answer has a forrdisifi-
bution of power values as a function of frequencyitha
frequency domain, this the square of Fourier transfca-
tion. For the measurement data in the form of digcserie:
X, the Fourier transformation has a following fo

N-1 o -2
Fe= 2 x.e N (3
n=0

The power spectrum is defined P = F>. The exam-
ples of power spectrunef data recorded in the periment
have been shown in Fig. 7.

Obtained results for bubble paths have been com
with results of analysis prepared for the test mhabcribec
by the functionx(t) = In(t) - sin(wt). Power spectrum
of test path has beenahin in Fig 7c. In this case the do-
minant frequency is equal to bubble path oscillatfte-
quency -4.63 [Hz]. The ower spectrum presented in
Fig. 7c is characteristic for periodic system. Powerc-
trums obtained for expienental data presented in F 7.a,b
are characteristic for deterministic chaos sys

In case whetl, = 0.9[Hz] (Fig. 7a) the bubble path os-
cillation frequency is a dominant frequency of powpec-
trum and is equal to 4.87 [Hz]. But in power speat
we can distinguish the additior frequencies with relatively
high amplitudes. These frequencies are connected
trends of bubble paths. Together with the increafstre-
qguency of bubble departures the amplitudes of tlaelsi-
tional frequencies (less than 5 [Hz]) irase, which
is presented in Fig.b7 It means that bubble paths becc
more unstable.

The Fourier power spectrum does not allow us tati-
fy the frequency changes in time. This problem e
analyzed using the windowed Fourier transform:
(Torrence and Compo, 1992005), but this is an inaccu-
rate method to localize tir—frequency. The method which
eliminates this inaccuracy is the wavelet analysisis
atool for analyzing the localized variations of povepec-
trum within the time seriex,, with equal time spacing
(Torrence and Compo, 1998, 200The continuous wave-
let transformation of a discrete seque x, is defined as the
convolution of x, with a scaled wavele W (Torrence
and Compo, 1998, 2005):
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W (t,s)= Eolxt.w E[@} (@)

where (*) indicates the complex conjugate.
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Fig. 7. Fourier power spectrums for different frequencies
of bubble departurds. a)f,= 0.9 Hz, b),= 36.5 Hz,
c) Test path

Because the wavelet functiob,() is generally com-
plex, the wavelet transformatiow(t,s) is also complex.
The wavelet power spectrum is defined As(t,s)|* (Tor-
rence and Compo, 1998, 2005).

In the analysis the Morlet wavelet has been useithes
based wavelet and has a form (Torrence and Cong88, 1
2005):

l4J0(,7) — ﬂ—1/4eiw0/7e—/72 /2 5)

where: w, — nondimensional frequency, in the paper it is
equal to 6 (Torrence and Compo, 1998, 2005).

In Eq. 4 the parametarassigns the frequency, whereas
the parametet identifies the time around which the as-
signed frequencies are investigated. The waveletepo
spectrum is presented in the form of three dimeradimap,
where the horizontal axis shows the values of patam,
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while the vertical axis shows the values of paramet
(frequencies). The values of wavelet power spectrum
|W(t,s)|* are presented as an altitude. The wavelet power
spectrum allows us to observe the changes of eaqudn-

cy in time. In Fig.8 the contour plots of the waategbower
spectrums for selected bubble paths have beennteglse
The areas containing the highest valugve,s)|* are filled

with a grey color.

The changes of location of maximum value$Wit,s)|?
identify the changes of the dominant frequency iiet
The wavelet power spectrum shows in what periotinoé
of the pressure time series these frequencies appea

In Fig. 8g it has been shown the wavelet power spec
trum for test path. Because the valuéWlft,s)|* depends on
the amplitude and frequency of data, therefore|g,s)|>
obtained for test path clearly identifies the datibn fre-
qguency only when the amplitude of oscillations m®egh
large. It happens in certain distance from the leoomntlet.
The higher value ofWt,s)|> have been market in Fig. 8
with grey color.

The length of the area marked with grey color is
a measure of time in which the oscillatory bubbleves
ment with frequency about 5 [HZz] is stable. Thegténof
grey area decreases together with the increaseqdiéncy
of bubble departures.

3.1. Attractor reconstruction

In order to qualitatively describe the stability axfcilla-
tory movement of bubbles the non-linear analysishwi
using the recurrence plot method has been cartied o

The trajectories of the chaotic system in the plsasee
do not form any single geometrical object such iaslec
or torus, but form objects called strange attractoir the
structure resembling the one of a fractal [8]. Nowar
analysis starts from attractor reconstruction. Retiction
of attractor in certain embedding dimension hasnbesa-
ried out using the stroboscope coordination. Is thethod
subsequent co-ordinates of attractor points areulkzkd
basing on the subsequent samples distant of tireyde
The time delay is multiplication of time betweere ttkam-
ples. The image of the attractor in n-dimensiorzéce
depends upon time-delag When the time-delay is too
small, the attractor gets flattened, that makethéuranaly-
sis of its structure impossible. The selectioniofetdelay
value is of great significance in the analysistaf attractor
properties.

Therefore the analysis of the experimental dati-s
itiated by determining the time-delay. For thatpmse the
autocorrelation function is calculated. Autocortiela func-
tion allows identification of correlation betwedmetsubse-
guent samples. In case of chaotic data the valaeitwicor-
relation function rapidly decrease wherincrease. Value
of the time-delay r is determined from the condition
C(7)=0.5*C(0) (Schuster, 1993).

In Fig. 9 it has been shown the 3D attractor rettans
tion obtained for time delay calculated using thetumal
information method. For the low frequency of bubdke
parture (Fig. 9a,b,c) the spiral structure of atwais visi-
ble. For the high frequency of bubble departurey.(Bd)
the spiral structure of attractor is invisible.
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Fig. 8.Bubble paths and wavelet power spectrums for difft

frequencies of bubble departufgsa)f,= 0.9 Hz,

b) f,= 4.1 Hz, c)f,=31.7 Hz, dX,= 36.£ Hz, e) Test path
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Fig. 9. 3D dtractor reconstructics for different frequencies of
bubble departuresf,. a f,=0.9[Hz], b)f,=2.9[HZ],
c) fo=4.1[Hz], e)f,= 31.71[Hz]

3.2. Recurrence plot

Recurrence plot (RP) visualize the recurrenceatesx;
in a phase space. The RP enables us to investigate-
currence of state in mimensional phase. The recurrel
of a state at timeé at a different timej is marked within
black dots in the plot, where both axes are timesakromr
the formal point of viev the RP can be expressed asr-
wan et al. (2007):

Ri,j = ®(Si - ”xi - xj”), X € ERm, l,] —-1..N (6)

whereN is the number of considered stax;, ¢ is a thre-
shold distance, ||da|norm an@® the Heaviside function.

HomogeneousRPs are typical for stationary syste
in which relaxation times are short in comparison vtita
time of system investigation. Oscillating systenasé RPs<
with diagonal orientedperiodic recurrent structures. For
quasi-periodicsystems, the distances between the diac
lines are different. Thalrift is caused by systems with
slowly varying parameters which cause changes ofh-
tens of the RP's uppéeft and lowe-right corners. Abrupt
changes in the dynamics as well as extreme evextse
white areas or bands the RP(Marwan et al., 2007).

In Fig. 10the RPs obtained for different frequenc
of bubble departure have been presented. The RP ka
made for 2D attraor reconstruction ane equal to 1%
of maximal lateral bubble displacement. For each feaqy
of bubble departure the time series of bubble dhtdis-
placement (upper part of figure) and RP (lower
of figure) have been shown. In F 10f it has been pre-
sented the RP prepared for the test time seriese
x(t) =1In(t) -sin (w-t). The distance between para
diagonal lines identifies the time series periokle Tistanct
between parallel diagonal lines in RP ( 10a,b) is a result
from the period of function of bubble lateral disgaent
and is equal to 80 points (about [Hz] ) (Marwan et al.,
2007).

The recurrence rateRR) represents the percentage
of recurrence points in R(Marwan et al., 2007). The re-
currence rate corresponds to the correlation (Marwan
et al.,, 2007). e number of recurrence points incree
with increase of frequency of bubble depar (Mosdorf
and Wyszkowski, 2010Because all recurrence plots hi
been constructed basing oisingle bubble trajectory, there-
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fore the increase d®R is a result of increase of complex 7 - 0.007

of attractors.

a)

—

Fig. 10.Recurrence plots for different frequencies of bulde-

b)

\ \\‘W

partured,. a)f,= 0.9 [HZz], b)f,= 4.1 HZ],

c) f,=13.6 [Hz], d)f,= 17.2 [HZ], e)f, = 31.7[HZ],

f) Test path
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Fig. 11.The inverse ok, (DIV) andthe ratio betweeDET
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A diagonal lineoccurs in theRP when a segment of the
trajectory runs parallel to another segment anddth&nce
between trajectories is less the. The length of this di-
agonal line is determined by the duration of tHigmone-
non. Determinism ET) is a percentage of recurrer
points which form diagonal lines (Marwan et al., 20(
The DET can be treated as a measure of disappea
of spiral shape of the attractor.

Ratio coefficientRATIO is a ratio oIDET to RR defined
as Marwan et al. (2007):

Z{\I:lmin lP(l)
(Zi, P ) @

In Fig. 11the RATIO vs frequency of bubble depart
has been showkor frequency of bubble departs less
than 30 [Hz] the coefficienRATIO oscillates around the
trend line. The oscillations become small f, > 30 [Hz].
Obtained results indicate that effect of interactizetweer
subsequent bubbles which destroy the spiral maifotie
bubble can be detected by coefficilRATIO for frequen-
cies of bubble departure greater thai [Hz]. Before these
frequency the largéluctuation around the trend line &
observed.

The longest diagonal line,, determines the mean ver-
tical length of bubble path where the phenomenostail-
ity loss does not cause the rapid changes in bsaljtd¢h
character. The inverse af,, is defined as Marwan et al.
(2007):

RATIO = N?

DIV =

Lmax (8)

and it is related with thKS entropy of the system, i with

the sum of the positive Lyapunov expone(Marwan et al.,
2007). In Fig. 11it has been shown the function of DIV

frequency of bubble departure.

The positive Lyapunov exponents is a measure ¢a-
bility of system trajectory. Obtained results shitat bib-
ble paths become more unstable when bubble dep:
frequency increases. The rapid increase of ingtal
of bubble paths is observed for bubble arture frequency
greater than 30 [Hz].

4. CONCLUSIONS

In the paper the paths of bubbles emitted fromntbz-
zle with frequency of bubble departures which rahfyem



1 to 36 Hz have been analyzed. The frequency asaysl
recurrence plots have been used to determine thpgsh
of interaction between bubbles in the bubble chain.

The wavelet analysis shows that the time of stabtal-
latory bubble movement with oscillation frequendpat 5
[Hz] decreases together with the increase of bubbfear-
tures frequency. Qualitativanalysis of this phenomenon
prepared with using the Recurrence Plot methodshag/n
thatthe increase of frequency of bubble departure cause
decrease of number of the recurrence points which f
diagonal lines. This confirms that periodic chagact
of oscillatory trajectory disappears with the irage
of frequency of bubble departure. The length oflthegest
diagonal line can be used to estimate the stalufityubble
trajectory. It has been found that the rapid inseeaf insta-
bility of bubble paths is observed for bubble déyar fre-
quency greater than 30 [Hz].

The average length of the vertical lines of RP daths
atime in which a bubble trajectory changes veowsl.
This time is equals to ~0.05 s and correspondisn® delay
obtained using the minimum mutual information metho

It has been found that the rapid increase of ingkab
of bubble paths is observed for bubble departigguiency
greater than 30 [Hz]. In this case the distancevden sub-
sequent departing bubblesS/D) becomes close to 1.
It causes that the vertical interaction betweenadem
bubbles is enough strong to change the dynamicgenr
ties of bubble paths.
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