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Abstract: In the present paper, the influence of liquid flow above the needle on a periodic or chaotic nature of the bubble departures
process was numerically investigated. During the numerical simulations bubbles departing from the needle was considered.
The perturbations of liquid flow were simulated based on the results of experimental investigations described in the paper [1].
The numerical model contains a bubble growth process and a liquid penetration into a needle process. In order to identify the influence
of liquid flow above the needle on a periodic or chaotic nature of bubble departures process, the methods data analysis: wavelet
decomposition and FFT were used. It can be inferred that the bubble departure process can be regulated by altering the hydrodynamic
conditions above the needle, as variations in the liquid velocity in this area affect the gas supply system's conditions. Moreover, the results
of numerical investigations were compared with the results of experimental investigation which are described in the paper [2].
It can be considered that, described in this paper, the numerical model can be used to study the interaction between the bubbles
and the needle system for supplying gas during the bubble departures from two needles, because the interaction between the bubbles

is related to disturbances in the liquid flow above the needle.
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1. INTRODUCTION

The gas bubble flow and gas bubble formation process in lig-
uids are found in: oceans, chemical processes, pharmaceutical
industries or industrial equipment [3]. In medicine, ultrafine gas
bubbles are used to transport medications [4]. The studies on
bubble departure and interactions between bubbles serve as a
preliminary exploration into the greenhouse effect caused by
methane bubbles escaping in the oceans [5,6]. The gas bubble
flow is investigated during the exploitation of the hydrocarbon
deposits, too [7]. Moreover, the knowledge of bubble flow and
bubble departure process is very important during the aeration or
saturation process which helps e.g. in purifying the surface water
or municipal sewage [8]. Regulating the bubble departure process
can enhance mass transfer in the bubble column. [9,10,11]. The
investigations of interaction between bubbles is treated as an
introduction to investigations of the bubble formation process
during boiling [12,13,14].

There are papers, in which researchers describe their results
of investigations of single, double or multi bubble departures. In
these investigations bubbles are generated from single [15-20]
and twin or more needles or orifices [23-30].

The bubble departure time can be split into bubble growth
time and bubble waiting time [15-19]. At relatively low gas flow
rates, the liquid penetrates the needle or orifice during the bubble
waiting time. The liquid penetration into the needle or orifice is
connected with a decrease in gas pressure occurrences in the
system for supplying gas [15-19] and it is modified by liquid pres-
sure changes above the needle caused by perturbations in liquid
flow in the needle neighbourhood [2]. In other papers [19-21], the
chaotic nature of bubble departures process, phenomena which

influence chaotic bubble departures or bubbles trajectories were
investigated. In the paper [20] it was demonstrated that the chaot-
ic nature of bubble trajectories is due to the shape of the departing
bubbles and the liquid flow induced by the moving bubbles within
the bubble column. In papers we can find that two groups of phe-
nomena are responsible for the chaotic nature of bubble behav-
iours: the first group is connected with the bubble interface oscilla-
tions, liquid flow around the needle or orifice and the second
group is connected with the processes which appear in the gas
supply system of the needle [16,21,22].

The process of bubble departures from due or more needles
or orifices was investigated in papers [23-31]. In papers [23,24] it
was shown that interactions between bubbles, departed from twin
needles can lead to synchronous or alternative bubble departures,
bubble coalescence or bubble bouncing. The bubble coalescence
or bubble bouncing depend on the bubble Reynolds numbers. The
impact of the distance between needles on bubble interactions in
selected kinds of liquids (with different physical and chemical
properties) was investigated in paper [25]. In the paper [2] the
interaction between bubbles or bubbles and the system for sup-
plying gas was investigated based on the process of liquid pene-
tration into the needle. It has been demonstrated that hydrody-
namic interactions can result in periodic, chaotic or multi-period
changes of liquid movement inside the needle gas supply system.
Those changes influence the nature of the bubble departures
process [2]. In the paper [25] the regimes of alternative bubble
departures (ABD coefficient) in different kinds of liquids are pro-
posed. The coefficient ABD comprises the distance between
needles, air volume flow rate, liquid properties, and the frequency
of bubble departures. The regimes of synchronous bubble depar-
tures from twin orifices are investigated in the paper [26]. Fur-
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thermore, the ABD coefficient was examined for orifices in this
study [26]. Additionally, research on bubble interactions was
conducted in papers [26-29]. In another study [20], bubbles were
generated in water and an aqueous glycerine solution, revealing
that such interactions alter bubble trajectories. The study conclud-
ed that bubble interactions and coalescence depend on gas flow
rates, tube spacing, and liquid properties. The interaction of a
bubble pair in viscoelastic shear-thinning fluids was experimental-
ly investigated in paper [33]. It was suggested the elasticity and
deformability are responsible for interaction between the bubble
pair like in non-Newtonian fluids.

The numerical models of bubble departures (for example,
proposed in the papers [31,32]) are very sensitive to changes in
boundary conditions and modifications to systems of differential
equations. Consequently, modelling the interaction between bub-
bles departed from twin needles or the influence of bubble depar-
ture from one needle on the process of bubbles departing from
neighbouring needles is very difficult or impossible. Based on
results of experimental investigation of liquid changes caused by
departed bubbles (presented in the paper [1]), in present paper
the modelling of the perturbations of bubble departures process
caused by liquid flow above the needle is proposed. Proposed
model can be used to investigate bubble and gas supply system
interaction. The results of numerical investigation are consistent
with the results of experimental investigation described in paper
[2], where the perturbations of liquid flow above the needle are
caused by growing and moving bubbles.

In the present paper the influence of liquid flow above the
needle (according to the modifications caused by departed and
moving bubbles) on the bubble departure process was numerical-
ly investigated. For modelling the interaction the model of the
bubble growth and liquid movement inside the needle, which has
been proposed in paper [32] was used. The model was modified
so that it was possible to change the liquid inflow frequency and
speed of liquid flow above the needle from which the bubbles are
generated. In order to identify the influence of liquid flow above
the needle on the bubble departure process, the wavelet decom-
position and FFT methods were used. To investigate how liquid
flow interactions affect disturbances in the gas supply system,
manifesting as fluctuations in the depth of liquid penetration into
the needle, 3D attractors were reconstructed. The study demon-
strated that regulating the bubble departure process can be
achieved by adjusting the hydrodynamic conditions above the
needle. This is because variations in liquid velocity above the
needle directly impact the conditions within the gas supply sys-
tem. Described in this paper, the numerical model can be used to
study the interaction between the bubbles and the needle gas
supply systems during the bubble departures from two needles,
because the interaction between the bubbles is related to disturb-
ances in the liquid flow above the needle.

The structure of the paper is as follows. The numerical model
is described in Chapter 2. Results of the numerical data analysis
are shown in Chapter 3 -“Results of numerical investigations”. A
summary of the obtained results is shown in the “Conclusion”
section.

2. DESCRIPTION OF NUMERICAL MODEL

For modelling the influence of liquid flow perturbations above
the needle on the nature of the bubble departure process, the
model of the bubble growth and liquid movement inside the nee-
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dle was used. The model was proposed in papers [29,30], but it
was modified so that it was possible to change the liquid inflow
frequency and speed of liquid flow above the needle from which
the bubbles are generated. These liquid flow perturbations corre-
spond to the hydrodynamic interaction between the bubbles and
the needle’s gas supply systems. In the considered numerical
model, attempts were made to maintain the same hydrodynamic
conditions as in the experimental studies presented in paper [2].
The model was prepared in the SciLab environment, in which the
equations described below were solved using the function ODE.
The schema of bubble growth and liquid movement into the nee-
dle model is shown in Fig.1.

Vpp + A sin (m!)c\

-~
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Fig. 1. The schema of bubble growth and liquid movement into the nee-
dle model

During the bubble growing stage an isothermal process was
considered while the bubble growth was described by the Ray-
leigh—Plesset equation [30]:

d?r 3 (drp)\2 1 20 4udr
n () 3@ =5 -m-2-200) O
where: r, is the radius of the bubble (m), pi is the liquid density
(kg/m3), py is the air pressure in bubble (Pa), ps is the hydrostatic
pressure (Pa), o - the surface tension (N/m), i is the inner radius
of the needle (m), wiis the dynamic viscosity of the liquid (kg/ms).

The air volume flow rate supplied to the bubble through the
needle was determined by the Hagen—Poiseuille equation:

2-@He -

where: Vj is the volume of bubble (m?3), uyg is the dynamic viscosity
of the gas (kg/ms), / is the needle length (m), pc is the air pressure
in the gas supply system (Pa).

Pressure changes in the air supply system are described by
the following equation:

4
Be _ Kebelg ™ (p. —py) (3)

dt A 8ugl

where: V¢ is the gas supply system volume (m3), q is the gas
volume flow rate supply to the needle (m?3/s).

Moreover, the model of the bubble growth stage accounts the
forces acting on a growing bubble [30]:
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— drag force:

F, = 0.5C,p;mr? (% - vpp) % - vpp| (4)
— buoyancy force:

Fz =g(pi—pg) Vo (5)
— maximum value of the surface tension force:

Fy =21 r0 (6)

— added mass force:

d dx.
Eau = —py pr [CMVb (d_xt - Vpp)] (7)
— gas momentum:

2 4
Fiy = pg s where g, = (i) () - pw)

—

8)

where: g is the gravitational acceleration (m/s?), ro is the bubble
diameter (m), g» is the air flow rate supplied to the bubble (m3/s),
Cd is the drag force coefficient, CM = 0.5 is the added-mass
coefficient for a sphere, vy is the velocity of the liquid around the
growing bubble (m/s) and x is the position of the bubble centre

(m).
The liquid movement inside the needle is described by the
equation of motion of the liquid mass centre [32]:

& {JoSpimrix, + p im(an’]

The force F1 is related to the pressure difference that occurs
in the system:

dxl

dt}=F1_F2 )

F, = —sAp = —nri? [pg - (ph +pg2x)+A- 2ri - ‘W%lv”l)] (10

The force F2 is related to the resistance of the movement of
the liquid in the needle:

F, =2x% 87‘[#1361% (11)

The corresponding pressure changes in the air supply system
are described by the following equation [32]:
%:’;—z(ﬁnrg%) (12)
where: x; is the height of the liquid penetration into the needle (m)
and s is the cross-sectional area of the needle (m2).

Criterion for the end of the liquid movement is correlated with
the depth of liquid penetration — x; < 0.

Based on the above equations, it can be assumed that, the
perturbations in liquid flow velocity above the needle affect the
bubble waiting time (vpp — Eq.10) or bubble growing time (Eq.4
and Eq.7) and consequently the perturbations in liquid flow veloci-
ty can modify the nature of periodic or chaotic bubble departure
process. The character of changes of liquid flow above the needle
is the same as liquid pressure changes above the needle. There-
fore, based on the results of experimental investigations of liquid
pressure changes modification above the needle cause by bubble
departure process (being a periodic function), presented in paper
[1] (Fig.2), the variations in liquid flow were approximated using a
sinusoidal function, and based on equations (Eq.9, Eq.11, Eq.14),

the velocity of the liquid above the needle was computed as:
Vpp = Vpp + Asin(wt) (13)

Vpp'is the liquid flow above the needle induced by bubbles depart-
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ing from it, focusing on the study of liquid movement in this pro-
cess and Asin(wt) is disturbances in the liquid velocity.

The changes of pressure above the needle, during the bubble
departures (Fig.2).

1.224

WL 1223
K

p1[kPa]

1.222

4.5 1.221
0 1 2 t[s]

pressure in the gas supply system  ======- liquid pressure above the needle

Fig. 2 The changes of liquid pressure above the needle,
during the bubble departures [1]

In the paper [1] it was shown that subsequent stages of bub-
ble growth change the hydrodynamic conditions around the nee-
dle. The measured fluctuations in the liquid pressure above the
needle, caused by bubble departures, are periodic. The greatest
pressure changes are observed during the bubble growing time
(Fig.2). During the bubble waiting time only slight fluctuations in
liquid pressure above the needle are observed.

3. RESULTS OF NUMERICAL INVESTIGATIONS

In numerical simulations, the time series of liquid penetration
into the needle during successive cycles of bubble departure, and
the time series of liquid flow velocity above the needle, were ana-
lyzed. The simulations aimed to capture periodic and chaotic
behaviors in the time series, depending on the frequency of varia-
tions in liquid flow velocity above the needle. Fig. 3 illustrates the
time series of liquid penetration into the needle and disturbances
in liquid velocity.

The model exhibits high sensitivity to boundary conditions;
therefore the initial minimum value of pressure in the system for
supplying gas was set at 5.4 kPa. The air volume flow rate was
set as 0.006 I/min. The amplitude (A) was set as 0.1 and it simu-
lates the velocity of liquid flow perturbations. Frequency of liquid
perturbations was modified by changes in wt and frequencies
were changed during the simulations. For presented considera-
tions the frequency was equal to 10.02 Hz, 11.52Hz and 11.9 Hz.

In order to investigate the repeatability of time series of liquid
penetration into the needle, the 3D attractors were used. The 3D
attractor is reconstructed using the stroboscope coordination. In
this method, The coordinates of attractor points are determined by
computing the positions based on sampled data points where the
distance between them equals the time delay (1lf the subsequent
trajectories on the attractor are closely spaced, the signal is con-
sidered quasi-periodic. However, if the trajectories in the attractor
reconstruction begin to diverge from each other, it indicates that
the analyzed signal exhibits chaotic behavior. The reconstruction
of the 3D attractor, the time delay (1) was calculated for all time
series separately. To determine T, the mutual information method
was used [32-34]. The first minimum of the function is treated as
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the proper value of 1:

[XiXi47]
[GeisXi) = By S P Xise) logo (SEREE) (14)

where: p[x;, x;,.] is the joint probability function of {x;} and
{x;12} , plx;] and which are the marginal probability distribution
functions of {x;} and {x;,.}.

= liquid velocity disturbances
a) 1=—liquid penetration into the needle

—_

A [m/s]

1 -0.1

0 1 2 t[s] 3
—# liquid velocity disturbances
b) 8 | =—liquid penetration into the needle

* liquid velocity disturbances
¢) 8 1 = liquid penetration mto the needle

0 1 2 7 [s] 3

Fig. 3. The time series of liquid penetration into the needle obtained from
numerical investigations (continuous lines) and liquid velocity per-
turbations (dotted lines) for selected frequencies of liquid velocity
disturbances (fsin). a) fsin = 10.02 Hz, b) fsin = 11.52 Hz,

c) fsn=11.9 Hz

In Fig. 4 are shown the reconstructions of 3D attractors for time
series of liquid penetration into the needle.
The changes of frequency of occurrence of perturbations in liquid
flow above the needle modify the depths of liquid flooding into the
needle in successive cycles of bubble departures (Fig.3) and the
periodic or chaotic nature of bubble departures (Fig.4). In Fig.3 a
the depths of liquid flooding are similar in successive cycles of
bubble departures. In this case the trajectories in the 3D attractor
reconstruction are close to each other for liquid flooding in subse-
quent stages of bubble departures (Fig.4 a). In Fig.3 b it can be
observed that the changes of the depth of liquid flooding into the
needle for successive cycles of bubble departures occurs with two
periods. In the first cycle the depth is close to 6 mm and for the
second cycle it is close to 7 mm and this process is repeatable in
all analysed time series. Two distinct paths overlap in the 3D
reconstruction of the attractor (Fig. 4b). As shown in Fig. 3c, the
penetration of liquid into the right needle varied unpredictably. The
trajectories that compose the 3D attractors are non-repetitive (Fig.
4c).
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To verify the timing of bubble departures and occurrence of
perturbations of liquid flow above the needle, the frequencies of
these phenomena occurrences were estimated. The frequencies
were estimated using the FFT method [35,36]. The frequencies of
the liquid penetration into the needle and the frequencies of liquid
velocity perturbations are shown in Table 2.

Xi+27

Fig. 4. 3D attractors obtained for time series of liquid flow into the
needle for selected frequencies of liquid velocity perturbations
(fsin). @) fsin = 10.02 Hz, b) fsin = 11.52 Hz, ¢) fsin = 11.9 Hz

Tab. 2. The frequencies of the liquid penetration into the needle and the
frequencies of liquid velocity perturbations

fip [Hz] 5.01 458 4.64
fun [H2] 10.02 11.52 11.90
filfsin [ 2.00 251 2.56

In the FFT method, the dominant frequency of liquid move-
ment into the needle can be treated as a frequency of bubble
departures, but only for periodic changes of depth of liquid pene-
tration into the needle. In the case of chaotic changes of depth of
liquid penetration into the needle the dominant frequency is treat-
ed as the frequency of the majority of departing bubbles in the
analysed time series. Even though this frequency is not fully a
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frequency of bubble departure, analysis of the dominant frequency
can be used for investigations of liquid flow above the needle on
bubble departure nature.

To explore how changes in the frequency of liquid velocity
above the needle relate to the time series of liquid penetration into
the needle, wavelet decomposition analysis and the FFT method
were employed. This analysis was performed in Matlab with the
Wavelet Toolbox. The Daubechies (db2) method in the Orthogo-
nal Wavelet Family, and | performed five levels of frequency de-
composition because the analysed time series have the non-linear
character. The signal of details obtained from the 5th level of
decomposition was analysed using the Fast Fourier Transform.
The power spectra are shown in Fig. 5.

The disturbance frequency of the liquid flow above the needle
was marked using fs in Fig.5. In Fig.5 it was shown that liquid flow
disturbances modify the nature of the frequency distribution in the
analysed time series. If bubble detachment is periodic, then only
multiples of the frequency components are observed (Fig.5 a and
Fig.5 b). The introduction of non-frequency-synchronized disturb-
ances results in the appearance of multiple frequency compo-
nents, which determines the chaotic nature of the bubble depar-
ture process.

a) 0.6

- fs

%j Nl 1, J“MLM.
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SIHzZ]
b
0.2 w
0 |||Allll|‘lajﬁlLLLL]\l.‘
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©) fIHz]

015 ¢
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Fig. 5. Frequency components obtained from 5th level wavelet
decomposition for time series of liquid flow into the needle
for selected frequencies of liquid velocity perturbations
(fsin). a) fsin=10.02 Hz, b) fsin = 11.52 Hz, C) fsin=11.9 Hz.

For presented considerations the frequencies of disturbances
of liquid velocity above the needle (fsin) were chosen so that the
ratio of those frequencies and the frequencies of bubbles depar-
tures (fip) were: was different from the integer, and the close to
half-integer (equal to 2.5) integer (equal to 2). It was shown that
synchronisation in the perturbations in liquid flow above the nee-
dle and the bubble departures can modify the nature of bubble
departures. In the case, when the ratio of fsin/fp is integer then the
depth of liquid flow into the needle changes slightly for successive
cycles of bubble departures (Fig.3 a). The trajectories in 3D attrac-
tors are close to each other (Fig.4 a). In the case that the ratio of
fsinlfip is integer and half (2.5) then the needle is flooded by the
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liquid with two consecutive levels of depths of liquid penetration in
successive cycles of bubble departures (Fig 3 b). When the ratio
of fsinlfp is other than an integer, then the depth of liquid flooding is
varying in the successive cycles of bubble departures.

It can be concluded that the disturbances in liquid flow above
the needle modify the conditions in the system supplying gas.
Disturbances occurring in liquid flow lead to changes in the depth
of liquid penetration and the frequency of bubble detachment. This
confirms that adjusting the hydrodynamic conditions above the
needle can regulate the process of bubble departure. The results
obtained from the numerical model are consistent with the results
of the experiment presented in paper [2]. The proposed numerical
model containing a component allowing for modification of the
velocity and frequency of disturbances in the liquid flow above the
needle can be used to numerically study the interaction between
the bubbles and the needle the system supplying gas during the
bubble departures from two needles.

4. CONCLUSIONS

This paper numerically investigates the influence of liquid flow
above the needle (modified by departed bubbles) on the bubble
departure process. For modelling the interaction the models of the
bubble growth and liquid penetration into the needle were used.
The numerical model containing the component allows for modifi-
cation of the velocity and frequency of disturbances in the liquid
flow above the needle. This component was developed based on
the experimental results presented in this paper [1]. It was shown
that the numerical model can be used to study the interaction
between the bubbles and the needle gas supply systems during
the bubble departures from two needles, because the interaction
between the bubbles is related to disturbances in the liquid flow
above the needle.

Moreover it was shown that the bubble departure process can
be control by adjusting the hydrodynamic conditions above the
needle. This is because alterations in the liquid flow and its veloci-
ty above the needle affect the boundary conditions in the system
supplying gas. The changes in the conditions in the gas supply
system correspond with the changes of the periodic or chaotic
nature of bubbles departures (visible in time series of liquid pene-
tration into the needle). Consequently, the depth of liquid into the
needle and the frequency of bubble departures vary, depending
on the occurring disturbances.

REFERENCES

1. Dzienis P, Mosdorf R. Liquid pressure fluctuations around a needle
during bubble departures. Meccanica. 2023;58:1307-1313.

2. Dzienis P, Golak K, Konopka M, Mosdorf R, Baziene K, Gargasas J.
A hydrodynamic interaction between bubbles and gas supply system
during gas bubble departures in liquids: an experimental study. Sci-
entific Reports. 2023;13:17979.

3. HeY, Zhang T, LvL, Tang W, Wang Y, Zhou J, Tang S. Application
of microbubbles in chemistry, wastewater treatment, medicine, cos-
metics, and agriculture: a review. Environmental Chemical Let-
ters.2023;21:3245-3271.

4. Le TH, Phan AHT, Le KCM, Phan TDU, Nguyen KT.Utilizing poly-
mer-conjugate albumin-based ultrafine gas bubbles in combination
with ultra-high frequency radiations in drug transportation and deliv-
ery. RSC Advances.2021;11(55):34440-34448.

5. Leifer |, Tang D. The acoustic signature of marine seep bubbles. The
Journal of the Acoustical Society of America.2007;121:35-40.

407



§ sciendo

Pawet Dzienis

Modelling of an Influence of Liquid Velocity Above the Needle on the Bubble Departures Process

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

408

Boufadel MC, Socolofsky S, Katz J, Yang D, Daskiran C, Dewar W.
A review on multiphase underwater jets and plumes: Droplets, hy-
drodynamics, and chemistry, Reviews of Geophysics. 2023; 58:1-40.
Abdulmouti H. Bubbly two-phase flow: Ill- applications, American
Journal of Fluid Dynamics.2022;12(1):16-119.

Gevod VS, Borisov IA. Influence of air bubble flow structure on the
rate of water purification by the bubble-film extraction method, Water
Supply 2019;19(8):2298-2308.

Budzynski P, Gwiazda A, Dziubinski M. Intensification of mass
transfer in a pulsed bubble column, Chemical Engineering Pro-
cessing & Process Intensification. 2017;112:18-30.

Suwartha N, Syamzida D, Priadi CR, Moersidik SS, Ali F. Effect of
size variation on microbubble mass transfer coefficient in flotation
and aeration processes. Heliyon.2020;6(4):e03748.

Herrmann-Heber R, Reinecke SF, Hampel U. Dynamic aeration for
improved oxygen mass transfer in the wastewater treatment process.
Chemical Engineering Journal.2020;386:122068.

Pan F, Mu L, He Y, Wang C, Zhou S. A thermal-hydrodynamic
coupling method for simulating the interplay between bubble depar-
ture and wall temperature variation in nucleate boiling, Journal of Hy-
drodynamics. 2021; 33: 243-258.

Yuan J, Ye X, Shan Y. Modeling of the bubble dynamics and heat
flux variations during lateral coalescence of bubbles in nucleate pool
boiling. International Journal of Multiphase Flow 2021;142:103701.
Pan F, Mu L, He Y. Wang C. Numerical study on the activation of
nucleation sites and bubble interactions in twin-bubble nucleate boil-
ing, Proceedings of the Institution of Mechanical Engineers. Part C:
Journal of Mechanical Engineering Science. 2022;236(12).
doi.org/10.1177/09544062211065987

Stanovsky P, Ruzicka M, Martins A, Teixeira J. Meniscus dynamics
in bubble formation: A parametric study. Chemical Engineering Sci-
ence. 2011;66:3258-3267.

Dzienis P, Zaborowska I, Mosdorf R. JRP analysis of synchronization
loss between signals recording during bubble departures. Nonlinear
Dynamics. 2022;108:433-444.

Mohseni E, Reinecke SF, Hampel U. Controlled bubble formation
from an orifice through harmonic gas pressure modulation. Chemical
Engineering Journal 2023. doi.org/10.1016/j.cej.2023.143953
Cano-Lozano JC, Bolafios-Jiménez R, Gutiérrez-Montes C. Mar-
tinez-Bazan C. On the bubble formation under mixed injection condi-
tions from a vertical needle, International Journal of Multiphase
Flows. 2017; 97:23-32.

Dzienis P, Mosdorf R, Wyszkowski T. The dynamics of liquid move-
ment inside the nozzle during the bubble departures for low air vol-
ume flow rate. Acta Mechanica et Automatica.2012;6(3):31-36.
Augustyniak J, Perkowski DM, Mosdorf R. Measurement of mul-
tifractal character of bubble paths using image analysis, International
Communication in Heat and Mass Transfer 2020;117: 104701.

Zhang L, Shoji M. Aperiodic bubble formation from a submerged
orifice, Chemical Engineering Science. 2001; 56: 5371-5381.

Snabre P, Magnifotcham F. Formation and rise of a bubble stream in
viscous liquid The European Physical Journal B. 1997; 4: 369-377.
Feng X, Kunugi T, Qin S, Wu D. Flowrate effects on the lateral
coalescence of two growing bubbles. The Canadian Journal of
Chemical Engineering. 2023. doi.org/10.1002/cjce.24976

Yuan J, Ye X, Shan Y. Modelling of double bubbles coalescence
behaviour on different wettability walls using LBM method, Interna-
tional Journal of Thermal Sciences. 2021; 168: 107037.

25.
26.
27.

28.

29.

30.

32.

33.

34.
35.
36.
37.

38.

Pawet Dzienis:

D080

DOI 10.2478/ama-2024-0044

Dzienis P, Mosdorf R, Wyszkowski T. A hydrodynamic criterion
of alternative bubble departures, Thermal Science. 2021; 25(1B):
553-565.

Capponi A, Llewellin EW. Experimental observations of bubbling
regimes at in-line multi-orifice bubblers. International Journal of Mul-
tiphase Flow. 2019; 114: 66-81.

Padash A, Chen B, Boyce CM. Characterizing alternating bubbles
emerging from two interacting vertical gas jets in a liquid. Chemical
Engineering Science.2022; 248 Part B: 117199.

Kazakis NA, Mouza AA, Paras SV. Coalescence during bubble
formation at two neighbouring pores: an experimental study in micro-
scopic scale, Chemical Engineering Science. 2008;63(21):
5160-5178.

Legendre D, Magnaudet J, Mougin G. Hydrodynamic interactions
between two spherical bubbles rising side by side in a viscous liquid,
Journal of Fluid Mechanics. 2003; 497: 133-166.

Sanada T, Sato A, Shirota MT, Watanabe M. Motion and coales-
cence of a pair of bubbles rising side by side. Chemical Engineering
Science. 2009; 64: 2659-2671.

. Ruzicka MC, Bunganic R, Draho$ J. Meniscus dynamics in bubble

formation. Part Il: Model. Chemical
and Design. 2009; 87: 1357-1365.

Dzienis P, Mosdorf R. Stability of periodic bubble departures at a low
frequency. Chemical Engineering Science. 2014; 109: 171-182.
Ravisankar M, Garciduefias Correa A, Su'Y, Zenit R. Hydrodynamic
interaction of a bubble pair in viscoelastic shear-thinning fluids. Jour-
nal of Non-Newtonian Fluid Mechanics. 2022;309:104912.

Marwan N, Romano MC, Thiel M, Kurths J. Recurrence plots for the
analysis of complex systems. Physics Reports. 2007;438: 237-329.
Grassberger P, Procaccia I. Measuring the strangeness of strange
attractors. Physica — D. 1983;9:189-208.

Sen AK| Litak G, Taccani R, Radu R. Chaotic vibrations in a regen-
erative cutting process, Chaos Solitons Fractals. 2008;38:886-893.
Schuster HG. Deterministic Chaos. An Introduction. PWN. Warszawa
1993 (in Polish).

Liebert W, Schuster HG. Proper choice of the time delay for the
analysis of chaotic time series. Physics Letters A. 1989;142:107-111

Engineering Research

https://orcid.org/0000-0001-9200-8760

This work is licensed under the Creative Commons
BY-NC-ND 4.0 license.


https://orcid.org/0000-0001-9200-8760
https://orcid.org/0000-0001-9200-8760

