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Abstract: In the present paper, the influence of bubble size on liquid penetration into the capillary was experimentally and numerically
studied. In the experiment, bubbles were generated from a glass capillary (with an inner diameter equal to 1 mm) in a glass tank containing
distilled water, tap water or an aqueous solution of calcium carbonate. These liquids differ in the value of their surface tension,
which influences the bubble size. During experimental investigations, air pressure fluctuations in the gas supply system were measured.
Simultaneously, the videos showing the liquids’ penetration into the capillary were recorded. Based on the videos, the time series of liquid
movements inside the capillary were recovered. The numerical models were used to study the influence of bubble size on the velocity
of liquid flow above the capillary and the depth of liquid penetration into the capillary. It was shown that the air volume flow rate
and the surface tension have the greatest impact on the changes of pressure during a single cycle of bubble departure (Ap). The changes
in pressure during a single cycle of bubble departure determine the depth of liquid penetration into the capillary. Moreover, the values of Ap
and, consequently, the depth of liquid penetration can be modified by perturbations in the liquid velocity above the capillary outlet.
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1. INTRODUCTION

The process of gas flow in a liquid is a very complex problem.
This process has been researched in many scientific fields: chem-
ical and process engineering, pharmaceuticals, food production
and fertiliser production. Understanding the phenomenon of gas
flow in a liquid allows better control of processes associated with
aeration or saturation (Cano-Lozano et al., 2017). Moreover,
knowledge of the flow of gas bubbles in underwater environments
is used in the estimation of the global balance of greenhouse
gases (Leifer and Tang, 2007; Vazquez et al., 2015).

Research of gas bubbles in liquids concerns the following:
bubble formation (Aoyama et al., 2016, Cano-Lozano et al., 2017),
bubble coalescence (Farhat et al., 2021), bubble flow and its
trajectories (Liu et al., 2015; Augustyniak and Perkowski, 2021) or
chaotic bubble behaviour (Zang and Shoji, 2001; Cieslinski and
Mosdorf, 2005; Mosdorf and Shoji, 2003). The time period of
bubble formation may be divided into two periods: waiting time
and time of bubble growth. During the waiting time (for the low air
volume flow rates supplied to the capillary or orifice), the capillary
is flooded by liquid, caused by a decrease in pressure in the gas
supply system after the bubble departure stage (Ruzicka et al.,
2009a; Dzienis and Mosdorf, 2014; Cano-Lozano et al., 2017).
Subsequently, the liquid is removed from the capillary because
the gas pressure inside the gas supply system increases (Ko-
val'chuk et al., 1999).

In previous papers (Ruzicka et al., 2009a, 2009b; Stanovsky
et al., 2011; Dzienis and Mosdorf, 2014; Cano-Lozano et al.,
2017), the liquid movement inside the orifice or capillary, after
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bubble departure, was experimentally and numerically investigat-
ed. In other papers (Dukhin et al., 1998a; Dukhin et al., 1998b;
Koval'chuk, 1999; Ruzicka et al., 2009a; Stanovsky et al., 2011),
the influence of plate thickness, orifice diameter, gas chamber
volume (volume of gas supply system), height of the liquid column
above the orifice outlet, surface tension and viscosity of the liquid
on liquid penetration into the orifice or capillary was investigated.
In the paper by Ruzicka et al., (2009a), it was concluded that an
increase in the chamber volume causes an increase in the time
period between two subsequent bubbles. Moreover, an increase
in height of the liquid column over the orifice outlet leads to an
increase in time period between subsequent bubbles. Ruzicka et
al., (2009a, 2009b) experimentally and numerically studied the
oscillations of the gas-liquid interface inside the orifice and
showed that the gas—liquid interface inside the orifice modifies the
duration of bubble formation. This period decreases when the
number of oscillations of the gas-liquid interface decreases.
Dzienis and Mosdorf (2014) showed that an increase in the vol-
ume of the gas supply system causes an increase in the maxi-
mum depth of liquid penetration into the capillary. Moreover,
chaotic bubble departures are caused by changes in the velocity
of liquid flow above the capillary. It can be assumed that perturba-
tions of liquid flow can be amplified by changes in the size of
subsequent departed bubbles and consequently cause chaotic
variations in the depth of liquid penetration into the capillary.

In the present paper, the influence of the size of a departed
bubble on the liquid’s velocity and depth of liquid penetration into
the capillary was experimentally and numerically studied. In the
experiment, bubbles were generated from a glass capillary in a
glass tank containing distilled water, tap water or an aqueous
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solution of calcium carbonate. These liquids are distinguished by
their values of surface tension, which influence the size of the
departed bubbles. In the numerical simulation, the influence of
bubble size on the liquid's velocity above the capillary outlet and
on the depth of penetration of the liquid into the capillary was
studied. It is shown that the air volume flow rate and the surface
tension have the greatest impact on the pressure changes (Ap)
during a single cycle of bubble departure. These changes deter-
mine the depth of liquid penetration into the capillary. The values
of Ap and, consequently, the depth of liquid penetration can be
modified by variations in the liquid’s velocity above the capillary
outlet.

In Section 2 of this paper, the experimental setup and data
characteristics are described. Results of the experimental data
analysis are shown in Section 3. In Section 4, numerical simula-
tion and its results are described. Finally, in Section 5, the conclu-
sion is given.

2. EXPERIMENTAL SETUP AND DATA CHARACTERISTICS

In the experimental investigations, bubbles were generated in
a glass tank (300 x 150 x 700 mm). The schema of the experi-
mental setup is shown in Fig. 1.
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Fig. 1. Experimental setup: 1 — glass tank, 2 - glass capillary,
3 - pressure sensor, 4 - rotameter, 5 — air valve, 6 - air tank,
7 - pressure regulator, 8 - air pump, 9 - computer acquisition sys-
tem, 10 - laser - phototransistor system, 11 - high speed camera,
12 - light source, 13 - screen.

Bubbles were generated from a glass capillary with inner di-
ameter equal to 1 mm in a glass tank containing distilled water,
tap water and aqueous calcium carbonate (c-c in aqueous solu-
tion). The surface tension was measured using an STA-1 tensi-
ometer. The accuracy of the tensiometer is equal to 0.1 mN/m.
Surface tension of distilled water was 65.3 mN/m, tap water was
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72.2mN/m and calcium carbonate in aqueous solution was
75.4 mN/m.

The capillary was placed at the bottom of the tank. In the first
experiment, the tank was filled with distilled water; in the next
experiment, the water was removed and the tank was filled with
tap water. In the last experiment, the tank was filled with c-c
aqueous solution. In all experiments, the liquid temperature was
measured with a digital thermometer MAXIM DS18B20 (with an
accuracy of 0.1 °C) and was equal to 20 °C. During the experi-
mental investigations, the air volume flow rate was changed. The
air volume flow rate was set in the following ranges: for distilled
water, 0.005-0.026 I/min; for tap water, 0.005-0.038 I/min; and for
c-c aqueous solution, 0.005-0.042 I/min. The step change in air
volume flow rate was 0.003 I/min. The air volume flow rates were
selected such that liquid penetration into the capillary occurred. In
the experiments, the air pressure fluctuations in the gas supply
system and videos of the process of liquid penetration into the
capillary were recorded. The air pressure fluctuations were meas-
ured using the silicon pressure sensor MPX12DP and recorded
using the data acquisition system DT9800 series with a sampling
frequency of 1 kHz. The pressure in the air tank was set by a
proportional pressure reducing valve Metalwork Regtronic. During
the experimental investigation, the air pressure was set as 0.3 bar,
with an accuracy equal to 0.5%.

The bubble departure process and liquid penetration into the
capillary were recorded with a Phantom v1610 high-speed cam-
era. The duration of each video was 30 s. The videos were rec-
orded in grey scale, with a speed of 5,000 fps (frames per sec-
ond). Videos were divided into frames. The example and selected
frames of videos containing one cycle of bubble departure are
shown in Fig. 2a. The depth of liquid penetration inside the capil-
lary was measured using a computer programme. The programme
counts, on each frame, the number of pixels with high brightness.
Bright pixels represent the occurrence of water in the capillary.
That programme allows one to receive the time series of liquid
penetration into the capillary.

Data from both the high-speed camera and the acquisition sta-
tion were synchronised using the laser-phototransistor system.
The method of synchronisation was described in a previous paper
(Dzienis and Mosdorf, 2013). In order to standardise the sampling
frequency of the time series of liquid penetration into the capillary
and the pressure fluctuations, the time series of pressure fluctua-
tions were re-sampled using a computer programme. Examples of
synchronised time series of liquid penetration into the capillary
and the pressure fluctuations, for one cycle of bubble departure,
are shown in Fig. 2b. The bubble departure occurs at the lowest
value of pressure (pmin) in the air supply system. During the pro-
cess of liquid penetration into the capillary, the pressure increases
to the maximum value (pmax). The onset of bubble growth occurs
at the maximum value of pressure (pmax), and it causes a de-
crease of pressure in the gas supply system. It can be concluded
that the depth of liquid penetration into the capillary is dependent
on pressure fluctuations during one cycle of bubble departure (4p)
(Fig. 2).

When bubbles depart in tap water and c-c aqueous solutions,
then increase of air volume flow rate causes the maximum depth
of liquid penetration into the capillary to decrease (Fig. 3a). When
bubbles depart in distilled water, then for changes in the air vol-
ume flow rates within the range of 0.008-0.026 I/min, the maxi-
mum depths of liquid penetration were similar to each other. The
value of maximum depth of liquid penetration fluctuated in the
range of 6.2-6.7 mm (Fig. 3a).
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Fig. 2. Examples of video frames and synchronised time series of liquid
penetration into the capillary and the pressure fluctuations, for one
cycle of bubble departure: (a) frames of videos; (b) time series of
liquid penetration into the capillary (dotted line) and the pressure

fluctuations (continuous line).
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Fig. 3. The changes in maximum depth of liquid penetration into the

capillary and departed bubble diameter vs.

air volume flow rate:

(@) maximum depth of liquid penetration into the capillary;

(b) bubble diameter just after its departure.

256

Changes in the bubble diameter (just after its departure) vs.
air volume flow rate are shown in Fig. 3b. Increase of air volume
flow rate causes an increase in the diameters of departed bub-
bles. The bubble diameter increase vs. increase in air volume flow
rate is different for the different types of water investigated. The
largest increase in diameter of departed bubbles was obtained for
bubbles generated in distilled water.

The changes of Ap vs. air volume flow rate is presented in Fig.
4. The values of Ap are greater for bubbles generated in tap water
and c-c aqueous solution than for bubbles generated in distilled
water. Moreover, an increase in air volume flow rate causes a
downward trend in the values of Ap for the bubbles departed in
tap water and c-c aqueous solution. Another situation is observed
in the case of bubble departure in distilled water. The increase of
air volume flow rate causes a slight increase in Ap. It can be
concluded that the shallower depth of distilled water in the capil-
lary is caused by lower fluctuations of air pressure during a single
cycle of bubble departures.
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Fig. 4. The changes of Ap vs. air volume flow rate for distilled water, tap
water and c-c in aqueous solution.

It can be assumed that the changes of Ap and depth of liquid
penetration into the capillary, besides the air flow rate, also are
dependent on the liquid flow above the capillary generated by
departed and moving bubbles. The liquid velocity above the capil-
lary outlet is dependent on the departed bubble’s diameter.

3. NUMERICAL SIMULATIONS

The air volume flow rate is one of the most important parame-
ters that influence the maximum depth of liquid movement inside
the glass capillary. However, the maximum depth of liquid pene-
tration into the capillary can be indirectly modified by the liquid
velocity above the capillary outlet and by modifications of the air
pressure fluctuations in the gas supply system (Dzienis and
Mosdorf, 2014; Mosdorf et al., 2017). The velocity of liquid flow
above the capillary is modified by the diameter of the departed
bubble. The schema of liquid flow around a single bubble above
the capillary is shown in Fig. 5.
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Fig. 5. Schema of liquid flow above the capillary after bubble departure.

The influence of bubble size on liquid velocity above the capil-
lary outlet was numerically studied. The numerical model of bub-
ble departure and bubble flow was prepared in COMSOL Mul-
tiphysics with the use of the CFD Module. In this model, the level
set method was used (Osher and Sethian, 1988). In this method,
the Navier—Stokes equation is solved using the following formulas:

V-u=0 (1)

p%+p(u-7)u =V-[-pl+u(Vu+Vul)]+F +pg +
oKén (2)

where: g — gravity (m/s?), p — pressure (Pa), t - time (s), u — veloc-
ity (m/s) and I - identity matrix. The term okon denotes the surface
tension at the interface, where ¢ - surface tension coefficient
(N/m), k - curvature, n — is the unit normal to the interface and 6 -
Dirac delta function concentrated to the interface. The values of k,
n and 6 are determined using the following expressions (Osher
and Sethian, 1988):

n=1t (3)
Vo

K = v(ﬁ) (4)

8 =6|vel|e(1+ ¢)| (5)

The level-set function is a smooth continuous function of ¢.
Near the interface, the function ¢ changes smoothly from ‘0" to 1".
Regions where ¢ <0.5 show the occurrence of liquid and regions
where ¢ >0.5 show the occurrence of gas. The interface is repre-
sented by 0.5 contour of the function ¢ (Osher and Sethian,
1988).

The convection of the level set function is described by the fol-
lowing equation:

g _
vV =0 (7)

The time evolution of the level-set function is described by the
following equation (Osher and Sethian, 1988):
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The parameter ¢ determines the thickness of the region in

which the function ¢ passes from ‘0’ to ‘1’ and is treated as the

size of the elements of the mesh. The parameter } establishes
the re-initialisation or stabilisation numbers of the level-set func-
tion (Kass et al., 1987).

The density (p) and dynamic viscosity (¢t) are described by
the following formulas:

p=np+ (pa - pl)qb 9)
= u+ (#a - ul)qﬁ (10)

In Fig. 6, the liquid velocity above the capillary outlet, generat-
ed by the moving bubbles (with diameter equal to 3.8 mm, 4.0 mm
and 4.2), is presented.

Increase of bubble diameter causes an increase of liquid flow
above the capillary outlet. The velocity of liquid flow above the
capillary outlet generated by smaller bubbles decreases slower
in time than the velocity of liquid flow caused by bigger bubbles
(Fig. 6).
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Fig. 6. The liquid velocity above the capillary outlet, generated by moving
bubbles with diameter equal to: 3.8 mm, 4.0 mm and 4.2 mm.

In order to determine the influence of liquid velocity above the
capillary outlet on liquid penetration into the capillary, the numeri-
cal model in SciLab was prepared:

e _ e 2 dx

dt —Vc(q+m”n dt) (1)
d 4 d

E{[O.Splnrnle +p, 57'[(21””)3] “ = F - F, (12)

Fy = —sAp = —mry [pc(t) - (ph +pig(2x) + 2 -
pvl’l’l”l’l’|)] (13)

2
F, = 2x8mu;x; % (14)

where ry is the capillary radius (m), x is the depth of the liquid
penetration into the capillary (m), pris the liquid density (kg/m3),
is the liquid viscosity (kg/ms), s is the cross-sectional area of the
capillary (m?), pc is the gas pressure in the gas supply system
(Pa), pn is the hydrostatic pressure (Pa), vy is the velocity of the
liquid around the growing bubble (m/s), Co = 2 drag coefficient of
moving water inside the capillary.

This model include: the equation of motion of the liquid mass
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centre, i.e. Eq. (12), and the pressure changes in the air supply
system, i.e. Eq. (11) (Ruzicka M.C. et al., 2009b; Dzienis P. and
Mosdorf R. 2014). The force F1 in Eq. (13) is related to the pres-
sure difference that occurs in the system. The force F2 in Eq. (14)
is related to the resistance to the liquid movement in the capillary.
The mass of the liquid that is involved in flooding the capillary is
greater than the mass of the liquid inside the capillary. The mass
of the liquid that is moving in the capillary is described by :
Splnrﬁxl + plgn(Zrnf‘. The reduced mass of the moving
liquid is calculated assuming that the kinetic energy of the moving
liquid is equal to the kinetic energy of the reduced mass. The
profile of the velocity of liquid moving in the capillary is found to
have a parabolic velocity profile. Consequently, the mass of the
moving liquid is equal to to gplnrﬁxl, i.e. Eq. (14). The liquid
movement stops when the centre of the liquid mass is equal to
zero (Ruzicka M.C. et al., 2009b; Dzienis P. and Mosdorf R.
2014).
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Fig. 7. The pressure changes and the liquid movement into the capillary
for a single cycle of bubble departure for liquid velocity above the
capillary outlet equal to 0.2 m/s and 0.23 m/s, q = 0.020 I/min,

0 =72 mN/m: (a) the pressure changes; and (b) the liquid move-
ment into the capillary.

During the numerical simulations, the air volume flow rate was
equal to 0.020 I/min and the surface tension was equal to
72.2 mN/m. The results of the numerical analysis are shown in
Fig. 7. In Fig. 7a, the pressure changes for a single cycle of bub-
ble departure are shown, and in Fig. 7b, the liquid movement into
capillary for a single cycle of bubble departure is presented.

The increase in liquid velocity above the capillary causes an
increase in the bubble waiting time (Fig. 7a and b). Moreover, the
changes in liquid velocity above the capillary outlet cause changes
in pressure. When the velocity becomes lower, then the value of
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Ppmax decreases. Consequently, the value of Ap became lower too
(Fig. 7a). When the liquid velocity decreases, the depth of the
liquid’s penetration inside the capillary increases (Fig. 7b).

The experimental and numerical investigations show that the
process of liquid penetration into the capillary during bubble de-
partures is very complex and depends on many factors. The air
volume flow rate and the surface tension have the greatest impact
on the changes of pressure (Ap) during a single cycle of bubble
departure, which determine the depth of liquid penetration into the
capillary. Moreover, the values of Ap and the depth of liquid pene-
tration can be modified by variations in liquid velocity above the
capillary outlet.

4. CONCLUSIONS

In the present paper, the influence of the size of departed
bubbles on the liquid velocity above the capillary and on the depth
of liquid penetration into the capillary was experimentally and
numerically studied.

The experimental results show that the bubble diameter is de-
pendent on the surface tension and the flow rate of the air volume
supplied to the capillary. An increase in surface tension causes an
increase in the departing bubble’s diameter. Moreover, the
changes of surface tension influence the changes of pressure
(Ap) during a single cycle of bubble departure. Further, an in-
crease in surface tension causes an increase in Ap. These
changes are responsible for the depth of liquid penetration into the
capillary. Consequently, an increase in surface tension causes an
increase in the depth of liquid penetration.

Based on the results of the numerical investigations, we can
see that the liquid velocity above the capillary can modify the
changes of pressure (Ap) during a single cycle of bubble depar-
ture. When the liquid velocity decreases, Ap decreases. When Ap
decreases, the depth of liquid penetration into the capillary de-
creases, too.

This effect is visible for the case in which bubbles were gener-
ated in distilled water. It can be assumed that, on the one hand,
the increase in air volume flow rate causes the decrease in Ap. On
the other hand, a very large increase in bubble diameter vs. in-
crease in air volume flow rate causes the increase in Ap. Conse-
quently, Ap increases slightly (with increase in air volume flow
rate) and the liquid penetration into the capillary is almost constant
for changes of air volume flow rate.

In order to confirm the numerical investigation of the influence
of liquid velocity above the capillary on liquid penetration into the
capillary, experimental investigations using the particle image
velocimetry method will be performed.
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