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ABSTRACT

Bubbles are widely present in nature. However, previous scientific studies have primarily focused on the development of the outer contour of
the bubble while neglecting the changing behavior of the internal flow field due to the difficulty in implementing experiments. This study
designs a simple experimental device that can conveniently observe changes in the flow field inside the bubble while avoiding the tedious
operation and high costs associated with the particle image velocimetry (PIV) system. Accordingly, this experiment investigates the
development process of the flow field inside the bubble and the velocity conditions required for bubble formation for different incident
velocities and Reynolds numbers. The study first examines the minimum flow velocity necessary for bubble formation. Then, under low-
speed conditions, the flow inside the straw is laminar, and the flow field inside the bubble exhibits a single vortex structure. Under high-speed
conditions, the flow inside the straw transitions to turbulent flow, and the flow field inside the bubble exhibits a four-vortex structure. The
formation process of this four-vortex structure shows variations as the flow velocity increases. In addition, this study proposes corresponding
physical models for bubble formation under low and high flow velocities and verifies the models.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0250579

I. INTRODUCTION

Bubbles are widely present in various applications, including
marine structures,’ ® medical," ® chemical industry,g 2 and agricul-
ture,”” and they have a significant impact on structural stability'* "
and flow field stability.'* ** Hence, scientific researchers have studied
bubbles for a long time.

Early research primarily focused on the physical processes of bub-
ble expansion and collapse. Plesset and Chapman®' investigated the
collapse of a spherical bubble near a solid boundary. Lauterborn and
Bolle” experimentally validated Plesset and Chapman’s work and
measured bubble growth rates. Li et al.” tracked bubbles in a Venturi
tube, identifying different development stages through pressure pulsa-
tion signals. Lindau and Lauterborn”* used lasers to generate bubbles
and utilized high-speed cameras to document bubble development
and collapse, examining the effects of wall boundary conditions on
bubble dynamics. At this stage, with limited computer technology
availability, simulation research on bubbles primarily centered on
mathematical methods. Kermeen et al”’ proposed a fully relaxed
numerical solution for axisymmetric cavitation flow and validated the
method using prior experimental results. Blake and Gibson®® applied
the boundary element method to solve the Laplace equation, clarifying

the development of bubbles near solid boundaries. Robinson and
Blake”” developed a boundary integral method to calculate bubble
development under the assumptions of inviscid and incompressible
fluids, confirming its accuracy through experiments.

Due to the rapid development of industry, bubbles appear
increasingly frequently in various fields, and the associated situations
are becoming more complex. Therefore, researchers have investigated
various environmental conditions that produce cavitation bubbles and
proposed more accurate bubble models. Zhang and Liu™® improved
the traditional boundary element method and utilized grid-adaptive
technology to calculate the development process of bubbles generated
during underwater explosions. Hanke and Metzler”’ examined bubbles
in DNA and explained the formation mechanism of local denaturation
areas in double-stranded DNA. Zhou et al.” investigated the bubble
development process in a gas-liquid bubbling tower and observed the
bubble changes when multiple bubbles clustered. Mettin et al.’' ana-
lyzed the process of cavitation bubble generation under ultrasonic
action, observed changes in bubble radius over time, and used empiri-
cal formulas to fit the bubble development process. Huang et al.”
explored the bubbles generated when a sphere enters the water from
the air. The researchers established a cavity dynamics model for water
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entry based on the theory of incompressible potential flow and verified
the model’s accuracy through experiments. Xiao et al.” refined the
bubble model and developed a bubble model under compressible fluid
conditions using the boundary integral method. This model effectively
calculates the development process of annular bubbles during the bub-
ble collapse stage. Phan et al.”* used a high-energy laser to generate
bubbles and investigated the effect of temperature on the bubble devel-
opment process. Shen et al.”” developed a bubble model that takes into
account the viscosity of the liquid. Huber et al.”® created a model of
bubbles that slowly precipitate from magma during volcanic eruptions
based on the lattice Boltzmann method of free surface flow. This
model innovatively considers the mass exchange between the bubble
and the surrounding environment during its development, and its
accuracy is verified through experimental comparisons. Straub”” inves-
tigated the development of bubbles in microgravity, while Zhong and
Ardekani™® examined bubbles in protein solutions and modeled the
bubbles under the conditions of protein solubility and bubble surface
tension.

The above studies focus more on developing bubble boundaries,
while the development process inside the bubble is still relatively
underexplored. This limitation is related to the difficulty of observing
the flow field inside the bubble. However, only a few researchers have
studied this direction. Ahmed and Erath™ explored the flow field
structure inside a semi-enclosed cavity when the piston moves verti-
cally at high speed. Rao et al."’ utilized a special nozzle to study the
flow field inside the bubble at a fixed jet velocity. Since the flow field
inside the bubble significantly influences the bubble’s development
process. The vortex structure inside the bubble is likely to be related to
the noise.”’ ** At the same time, studying the flow field inside the bub-
ble helps researchers understand the pressure distribution inside the
bubble, which may help the development of some new soft robots.***°
The flow field inside the bubble has many similarities with the blood
distribution inside the heart,"” so this research will also be beneficial to
the development of artificial hearts, so further research is conducted. A
set of equipment is designed to observe the flow field inside the bubble
in the air. Several incident airflows with different speeds are set, the
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modes of the flow field inside the bubble at various speeds are
observed, and a corresponding bubble flow field model is proposed
based on these observations.

Il. EXPERIMENTAL METHOD
A. Experimental equipment

A set of equipment was developed for observing changes in the
flow field of bubbles in this experiment. Compared to the traditional
PIV (particle image velocimetry) system, this device provides better
observation results, lower experimental costs, and a more compact
equipment scale, making it convenient for conducting experiments.
Figure 1 illustrates the schematic diagram of this experimental system:

The components in Fig. 1 are as follows: 1 is the control system,
which primarily controls the high-speed camera and processes the
images captured by the high-speed camera; 2 is the high-speed camera,
specifically a Phantom VEO-710S high-speed camera; 3 is the laser
light strip. Since this experiment is conducted in a camera darkroom
and the laser light strip is long, it is considered a plane light; 4 is a small
air compressor providing gas with a certain initial pressure; 5 is a one-
way solenoid valve that controls the gas outflow; 6 is a small combus-
tion chamber filled with refined tobacco, with another one-way sole-
noid valve installed on the left side of the combustion chamber; 7 is an
air chamber used to mix the gas, and an observation window is
installed on its side to verify whether the gas is fully mixed easily; 8 is
the single switch with a pressure gauge; 9 is an MS56EC medical
single-channel syringe pump with an injection accuracy of 2%. The
syringe pump can also automatically identify 20 to 80 ml syringes. In
this experiment, an 80 ml syringe was used when the injection speed
exceeded 18 m/s, and a 20 ml syringe was selected when the injection
speed was below this threshold. This ensured that a complete bubble
could be formed after increasing the injection speed; 10 is a pneumatic
switch, and its specific use is depicted in Fig. 2. In addition, Fig. 2
shows the detailed schematic diagram of the section enclosed by the
dotted line in Part A: 1 of Fig. 2.

A high-precision medical syringe pump (9 in Fig. 1) was utilized
in this experiment to ensure a constant gas flow rate entering the

FIG. 1. Schematic diagram of the experi-
mental system.
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FIG. 2. Schematic diagram of syringe connection (Part A of Fig. 1).

bubble. A pneumatic switch (10 in Fig. 1) was installed before the
syringe pump to ensure the syringe pump dispenses the mixed gas
only after the syringe is filled with the mixed gas. The parts in Fig. 2
are as follows: 1 is a self-healing rubber stopper with a diameter of
10 mm, connected to the syringe with superglue; 2 is the rubber tube
used in this experiment, with an inner diameter of 2mm and a wall
thickness of 0.4 mm.

At the beginning of the experiment, 10 is in the closed state, and
the fully mixed gas in 7 enters the syringe through the self-healing rub-
ber stopper. At this stage, the syringe pump is inactive. Once the
syringe is filled with the mixed gas, 10 is opened, and the needle is
removed from the rubber stopper. Then, the bubble observation can
commence. The laser beam in this experiment aligns coplanar with the
bubble’s maximum diameter section and the straw’s midline employed
to blow the bubble. The diagram is shown in Fig. 3:

Figure 3 indicates that compared to the PIV system, this experi-
mental equipment conveniently observes the internal flow field on
each cross section inside the bubble, implements the experiment more
efficiently, and avoids the tracer particle superposition problem that
often occurs in the PIV system.

The thin tobacco used in this experiment was Kentucky 3R4F. The
tobacco was stored for 50h in an environment with a temperature of
22°C and a humidity of 58% before being placed in the combustion
chamber. The solenoid valve of the combustion chamber was not opened
until the tobacco was fully burned. The average diameter of the smoke
particles produced by this type of tobacco after combustion is about
250 nm, based on the research of Zhao et al.*’ In addition, the density of
the mixed gas used in this experiment is 1.42 kg/m? at a temperature of

2mm

a. Bubbles without laser irradiation
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1. Select region

2. Edge recognition 3. Edge detection

Canny operator

FIG. 4. Extraction process of bubble boundaries.

22°G; the surface tension coefficient of the soap solution measured by
the pull-off method is 72 mN/m; the dynamic viscosity coefficient of the
mixed gas, obtained using the Sutherland formula, is 41.9 uP, - s.

B. Bubble boundary extraction method

The images obtained by high-speed cameras are often affected by
factors such as light and refractive index. Simultaneously, the objects
photographed must be quantified. Therefore, many scholars use vari-
ous image processing methods to process these images."””” This study
adopts and optimizes the bubble contour extraction procedure used by
Zhao et al.”

Figure 4 shows that in this experiment, a relatively small area that
must be identified was selected to minimize the impact of noise. This
area includes the bubble boundary and the vortex structure inside the
bubble. After recognition, the many discontinuous segments inside the
bubble were removed. This experiment established the following two
recognition criteria to remove these discontinuous points:

a. The curve with the longest number of continuous pixels is the
outermost contour of the bubble.

b. The curve with the longest continuous closed pixels is the vor-
tex structure inside the bubble.

FIG. 3. Comparison of bubbles with and
without laser irradiation.

b. Bubble with laser irradiation
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Another issue that must be considered is adding a coordinate sys-
tem to the recognized contour. The conversion relationship is as follows:
Lyeal
; 1
Lcriterion
Liea = j'Lpicturm (2)

A=

where Lyicture is the size in the picture, Leiterion iS the standard size in
this experiment, and 4 is the ratio of the two. The real size (Lye,) corre-
sponding to any size in the picture can be calculated by applying this
ratio and Eq. (2). This experiment has two standard sizes. The hori-
zontal standard size is the diameter of the plastic hose, which is
2.8 mm. The vertical standard size is the length of the plastic hose,
which is 5 mm in this experiment. Figure 5 provides a coordinate dia-
gram based on the above principle.

C. Parameters of the vortex structure

This section outlines the necessary parameters for studying the
vortex. The parameter details are shown in Fig. 6.

Figure 6(a) indicates that the vortex’s center point, (X, Y,), is vis-
ible in this experiment. The center point is the location where the
streamlines of the vortex disappear. The experiment was repeated five
times for each Reynolds number to ensure the accuracy of the center
point coordinates. The final center point coordinate is the average of
the five center point coordinates. V), is the gas flow rate from the straw
into the bubble, and the dotted line on the far right is the centerline of
the incident airflow.

Figure 6(b) illustrates that the vortex structure’s separation point
is the closest to the center point. As the bubble’s bottom deflects the
incident airflow, it forms the outermost layer of the vortex structure at
the separation point and gradually evolves into a multi-layer vortex
structure. Additionally, this experiment defines the maximum length
(Ry) and width (R,) of the vortex structure. Furthermore, this

L
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FIG. 5. Schematic diagram after adding coordinate system.
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The central line|

I/").v

Core of vortex

b. Definition of the
separation point

a. Definition of the
vortex's core

FIG. 6. Definition diagram of the parameters of the vortex.

experiment defines other parameters related to the bubble, as depicted
in Fig. 7.

Figure 7 shows the bubble’s front view on the left and its top view
on the right. It provides definitions for a series of parameters, such as
the bubble radius and the straw’s inner and outer diameters.

lll. RESULTS AND ANALYSIS
A. Conditions for forming bubbles

Bubbles can form as the gas jet acts on the liquid film. The liquid
film deforms under the combined influence of gas pressure and surface
tension and eventually forms bubbles. Salkin et al.”* and Zhou et al.”’
proposed respective models for this process. This section verifies these
models and introduces some improvements. The calculation formula
for the Reynolds number in the pipe is as follows:

R, = p—ud . (3)
u

The gas dynamic viscosity coefficient at room temperature is

41.9 uP, - s in this experiment. After calculation, it is determined that

FIG. 7. Schematic diagram of the bubble parameter definition.
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R, < Res R, < R, where R,, the critical Reynolds number indicates
that the flow in the pipe during this experiment is laminar.

This study adopts the model proposed by Salkin et al.’” and
Zhou et al.,” which states that the condition for bubble generation
occurs when the pressure of the gas jet equals the Laplace pressure of
the liquid film. The formula can be described as follows:

1

2 pgvf(é) = 47/R7 (4)

where p, is the density of the gas, J is the distance from the gas nozzle
to the soap film, v.(9) is the gas jet velocity at J, y is the surface tension
coefficient of the bubble film, and R is the radius of the bubble, repre-
senting the radius of curvature in this study. When R = R;,, bubbles
begin to form.

In this experiment, the flow in the pipe is laminar, and the dis-
tance between the straw and the soap film is zero. In addition, Eq. (4)
does not account for friction losses along the gas flow in the pipeline;
therefore, it requires modification to some extent. The parameters and
flow in the circular tube are expressed in Fig. 8:

Based on Darcy’s,”* the friction loss along a laminar flow in a cir-
cular tube can be described as follows:

L
d 2’

where /A is the frictional resistance coefficient, which can be expressed
by the following formula:

Ap =1 )

64

A 6
R, (6)
Then, Eq. (4) can be written as follows:
1
5 eV + Ap = 4y/Rip. (7)

The formula for critical velocity is derived by substituting Eqs. (5)
and (6) into (7) and rearranging them as follows:

24/ (161212 + 2pyR3)) — 8ul
. (8)

Ri.p

Ve =

FIG. 8. Schematic diagram of flow in the pipeline.
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Accordingly, Eq. (8) constitutes a condition for bubble formation,
representing the minimum velocity required. Equation (8) approxi-
mately determines that v, ~ —:—, which aligns with the research find-
ings of Salkin et al."’ and Zhou et al.”’

The experiment used several plastic hoses with radii of 1, 2, 4, 6,
8, and 10 mm for verification of the accuracy of this conclusion. The
results are as follows:

Figure 9 indicates that the attenuation trend of the critical velocity
in the existing model is gentler within a specific pipeline radius range,
indicating that the calculation results are closer to the experimental
data.

When the bubbles are generated, the expansion speed of the bub-
bles is not constant. The experiment employed TEAM software to
track the movement of the bubble apex and conduct an in-depth study
of this phenomenon. Figure 10 provides a schematic diagram of the
bubble apex and briefly introduces the working principle of TEAM
software.

Figure 10 reveals that TEMA software marks a specific point in
the experimental image and determines the moving speed of the
marked point based on the time interval of high-speed imaging and
the moving distance of the specific point.

Figure 11 indicates that the speed of the tracking point undergoes
a small amplitude oscillation process and eventually stabilizes near a
certain speed, which is slightly lower than the speed displayed by the
injection pump (the bubble injection speed in Fig. 11 is 14 m/s). After
analysis, this phenomenon is attributed to two factors: a certain
amount of friction loss within the pipe itself and the elastic nature of
the liquid film at the pipe port, which reduced the speed of the jet.

The oscillations observed in Fig. 11 is mainly caused by the
roughness of the nozzle cross section, the adhesion of the pipe’s inner
wall, and the surface tension of the liquid film. Around ¢=0.018s, the
bubble appeared to be “stuck,” meaning the bubble’s development
speed suddenly decreased. Then, under the strong push of the follow-
ing jet, the bubble “overcame” this resistance. At this point, the acceler-
ation of the liquid film pointed outward from the nozzle, causing the

22 T T T T T T T T T T

B Present results
@ Salkin & Zhou

A Experimental results
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FIG. 9. Comparison of critical speeds corresponding to different R, calculated using
different models and experimental results.
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a. Experimental Results

bubble to suddenly stretch around ¢=0.03 s. This resulted in the bub-
ble transitioning from a perfect circle to an ellipse with a long axis.
Then, the elasticity of the bubble’s liquid film buffered the downward
acceleration, allowing the bubble to develop with small oscillations.
This development resembled a damped vibration, ultimately causing
the bubble shape to stabilize near a perfect circle.

This experiment also measured the velocity change curves of the
bubble tracking point at several other initial velocities. The results are
as follows:

Figure 12 reveals that the speed curves of the tracking points at
the four velocities exhibit roughly similar trends, with all curves tend-
ing to stabilize after experiencing small amplitude oscillations.
However, differences in the initial speed result in subtle variations in
the speed changes of the tracking point. First, the point where the
tracking point becomes “stuck”-gradually advanced (indicated by the
red dot in the figure, with the red dotted line and arrow approximating
the red dot’s progression). Second, the oscillation stage experienced by
the bubble initially increases and then decreases as the speed rises,
peaking at v=18m/s before rapidly decreasing. This indicates that
when v > 18 m/s, the jet speed is sufficiently high that the surface ten-
sion of the liquid film and the adhesion of the circular tube wall have
less impact.

14.0 9

——  V of Tracking Point

\',,,(M/S)

13.04

FIG. 11. Speed curve of the tracking point.
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FIG. 10. Schematic diagram of tracking
points and experimental results.

b. Tracking point diagram

B. The vortex inside the bubble at a low flow speed

This experiment set different incident velocities: 22, 20, 18, 16,
and 14 m/s. It was observed that when the incident velocity was low
(V, < 18m/s), the Reynolds number was lower than the critical
Reynolds number, and the bubble exhibited a single vortex structure.
When the incident velocity was high (V, > 18 m/s), the Reynolds

21 T T T T T T
— v,=20(m/s)
I‘ l|
) ML/—\/\__— i
19 L 1 1 1 1 1
- -::\'3:18(111/.5)
::'4 »!
e . :
18 —\J’\’..\/\/\/\,\"_ —
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v(m/s) 17 ] ! 1 ! I I
p—— 1'3:16(1}1/3)
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16 - : 'I ../.‘; \ '« -, .” -
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FIG. 12. Tracking point velocity at the initial stage of bubble development at several
speeds.
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number exceeded the critical Reynolds number, and the bubble exhib-
ited a four-vortex structure. When the incident velocity reached 18 m/s
(V, = 18 m/s), the Reynolds number was approximately equal to the
critical Reynolds number, causing the bubble to transition from a sin-
gle vortex structure to a double vortex structure. Each speed scenario
was repeated fifty times in the experiment. This section discusses the
case when v < 18 m/s.

indicates that a single vortex structure formed within
the air bubble in the slow state. exhibits that the airflow
enters the air bubble through the straw, and the air bubble gradually
forms. Because the density of the mixed airflow was low, the expansion
speed of the air bubble was slower. Hence, the mixed airflow did not
rush down along the diameter but instead moved along the edge of the
bubble, gradually spreading along its wall surface. This phenomenon

2mm

2mm
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appeared to be related to the sedimentation of fine smoke particles
from the mixed gas onto the bubble wall. As more gas entered the bub-
ble, this sedimentation weakened. indicate that
the mixed gas entering the bubble formed a smaller angle with the
bubble. After a significant amount of gas entered, the mixed gas was
pushed to continue moving along the bubble wall, eventually forming
a single vortex structure, as shown in .

and depict the process of vortex formation,
provides more detailed experimental images:
indicates that this study utilizes a program to extract
the edge line of the vortex structure and position it beside the original
image, represented by the blue arrow line in . It is evident from
the distribution and direction of the blue line that as the gas gradually
enters the bubble, some gas deposits at the bottom of the bubble. This

whereas

2mm

‘[l\
\

FIG. 13. In the low-speed state, the inter-
nal vortex structure development process
of the air bubble (take V=14m/s as an

example).
2mm
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continuous

portion of the gas is pushed by subsequent gas to move along the bub-
ble wall toward the upper part of the bubble. After reaching a specific
position, the gas gradually forms a more distinct vortex structure.

As the vortex structure develops, the velocity at the center is low,
while the linear velocity at the outer edge is high. This vortex directs
the mixed gas entering the bubble at a certain angle closer to the bub-
ble wall, causing the section outlined by the dotted line in Fig. 14 to
gradually shorten until it completely breaks, as shown in the rightmost
image of Fig. 14. Simultaneously, observations reveal that the vortex
absorbs a significant amount of gas initially deposited at the bottom of
the bubble, ensuring that all the gas inside the bubble remains in
motion. This makes the tube side of the bubble clearer, and the bubble
itself approximates a perfect circle.

The experiment also investigated the angle between the incident
airflow and the vertical direction, which correlates with the velocity of
the incident gas. First, this experiment defines this angle as follows:

Figure 15 indicates that 0 is the angle between the centerline of
the bubble and the tangent line at the top of the gas jet edge line.
Figure 15 illustrates bubbles at t = 0.12 s, where the incident velocity in
Fig. 15(a) is v=14m/s, and the incident velocity in Fig. 15(b) is
v=16m/s. The angle 0 in Fig. 15(a) is larger than that in Fig. 15(b);
therefore, as the incident airflow velocity increases, the mixed gas
entering the bubble gradually approaches the centerline of the bubble.
Another phenomenon is that as the incident airflow velocity increases,

v=14m/s

v=16m/s

\ Airflow

Boundary

(b)

FIG. 15. Schematic diagram of the angle between the gas jet and the centerline.
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squeezed

discontinuous

FIG. 14. Schematic diagram of the forma-
tion process of vortex.

the bubble’s vortex continuously compresses the airflow, deflecting its
direction and moving it closer to the bubble wall.

This experiment tracked the boundary change process of the inci-
dent gas within the bubble from = 0.03 to 0.21 s to explore the varia-
tion of this angle.

Figure 16 demonstrates that the boundary of the incident air-
flow changes as the vortex structure evolves during bubble develop-
ment. This experiment categorizes the angle change process into
three stages: “Increase, Collapse, and Re-increase.” When the
mixed gas initially enters the bubble, it gradually diffuses along the
bubble wall. As more mixed gas enters, a vortex structure forms,
causing the linear velocity of the gas boundary to increase, the pres-
sure to decrease, and the newly entered gas to be “attracted.”
Therefore, the incident angle shifts toward the bubble’s central axis,
representing the “Collapse” stage. As the vortex structure develops,
its rotation forces the incident airflow to diffuse along the bubble
wall again, marking the “Re-increase” stage.

At different incident speeds, the duration of these three stages
varies. Figure 16 shows that when the incident speed is 16 m/s, the ini-
tial “Increase” stage experienced by the bubble is shortened, indicating
that the vortex develops more rapidly and the incident airflow is
“absorbed” by the vortex earlier. Simultaneously, the “Collapse” and
“Re-increase” stages are relatively longer, resulting in a larger final bub-
ble size.

This experiment accurately identified the angle between the inci-
dent airflow and the bubble’s central axis using the boundary recogni-
tion program. The angle variation is presented in Fig. 17.

Figure 17 exhibits that the blue angle in the left diagram repre-
sents the angle change in the “Increase” stage, the red angle represents
the angle change in the “Tollapse” stage, and the green angle represents
the angle change in the “Re-increase” stage. In addition, the longer one
side of the angle is, the later the angle appears. The scatterplot on the
right illustrates the angle change process more clearly. At different
speeds, the incident airflow angle demonstrates a trend of initially
increasing, then decreasing, and finally increasing again. However, the
first increase stage is shorter at higher speeds, while the decrease and
re-increase stages are longer.

This experiment analyzed the vortex’s center point and develop-
ment radius change process utilizing the identification procedure, and
the results are illustrated in Fig. 18.

Figure 18 indicates that the vertical axis (the z-axis) represents
time, corresponding to the time nodes in Fig. 16. When identifying all
the coordinates in Fig. 18, the center point at the end of the straw is
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FIG. 16. Incident airflow profiles at different speeds.

the coordinate origin. Bubbles’ geometric center remains approxi-
mately near a straight vertical line, exhibiting uniform expansion. For
the vortex structure, during the initial stage of bubble generation, the
vortex center point nearly coincides with the bubble’s center point,
consistently remaining around the bubble’s geometric center. As the
bubble expands, the vortex center separates from the bubble center,
influenced by the precipitation of mixed gas at the bubble’s bottom
and the interaction between the incident airflow and the vortex struc-
ture. The projection of this figure on the z-y plane illustrates this pro-
cess more clearly.

In addition, the incident airflow did not only form rightward vor-
tices but occasionally rotated leftward during the experiment.

Figure 19 depicts the experimental results of a left-handed vortex
at varying speeds for a straw with an inner diameter of 2 mm.

This experiment recorded the frequency of left-hand and right-
hand rotations of mixed gases in straws with different diameters at low
speeds. The results are presented in Table I.

This experiment was repeated fifty times under each pipe
diameter condition, and the number of left-hand and right-hand
rotations was counted. Table I shows that the ratio of left-hand to
right-hand rotations is approximately 1:1. This indicates that the
mixed gas is in an unstable state after entering the bubble, and the
probability of left-hand and right-hand rotations is nearly equal,
which aligns with the jet instability observed in the experiment by
Rao et al.™

Few theoretical models correspond to vortex structures at low
speeds. The basic vortex dynamic equation involves the pressure at
each point in the vortex structure, which is extremely challenging to
measure in experiments. Therefore, this experiment proposes a new,
simpler model to approximate the growth process of bubbles. In this
derivation, the bubble is assumed to be approximately a perfect sphere,

and the thickness of the straw is ignored. The parameters required for

this model are illustrated in Fig. 7.
The bubble in this experiment is approximated as spherical cap
geometry, allowing its volume to be calculated by integration.

h(3R;, + 1?
V — T ( m ) , (9)
6

where h is the height of the spherical cap, h = 2R, — H,.

Differentiating both sides of Eq. (9) yields the rate of change of volume
over time, i.e., the volume flow rate Q is as follows:

v n(R,+h?) dh
dt 2 dt

The expression of v is given in Eq. (8). The following relationship
is derived using Eq. (10):

Q= v mRE. (10)

dh 4( 16212 + 2ppR3, — 4yl>
= . 11
dt p(R + h?) an

At this point, the rate of change of the spherical crown height
over time is calculated, but this formula is overly complicated. The
term 2pyR?, is ignored to simplify Eq. (11) as follows:

dh A

dt R +h2’
4(— W. Therefore, the relationship between h
and t can be obtained by integration of Eq. (12)

(12)
where A =

W +3R2h — 3At = 0. (13)
n
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FIG. 17. Variation of incident airflow angle.

This experiment verifies the bubble growth model at low flow process of h based on the relationship h = 2R, — H}, to compare it to
rates. The value of / is minimal and extremely difficult to measure. the theoretical model.
Therefore, this experiment determines the values of H, and R, Figure 20 shows that the incident velocity of the airflow has mini-
through an identification program and then calculates the change mal influence on the value of h, affecting it only before 0.07s. In
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FIG. 19. Left-handed vortex.

addition, the experimental values are generally consistent with the the-
oretical values, indicating that this theoretical model has a degree of
rationality. At the stage where ¢ is less than 0.07s, the experimental
results exhibit specific errors due to the inherent instability of the
bubble.

C. The vortex inside the bubble at high flow speed

Before examining the high-speed incident airflow, let’s briefly
explain the case where the incident velocity is 18 m/s. When the inci-
dent velocity of the mixed gas is 18 m/s, the Reynolds number is

TABLE |. Statistics of the number of left-handed vortices at different speeds.

Pipe inner radius (mm) 1 2 4 6 8 10
y=14m/s 25 22 25 26 25 23
y=16m/s 26 30 25 31 24 25

ARTICLE pubs.aip.org/aip/pof

| —A— The core of the vortex
—@— The center of the bubble

FIG. 18. Changes in the position of the
vortex center point and bubble center over
time.

approximately 2300, indicating that the gas in the straw transitions
from laminar flow to turbulent flow. The airflow movement during
this period is more complex, and the experimental observations reflect
this complexity.

Figure 21 indicates that when the incident velocity is 18 m/s, the
flow field inside the bubble undergoes a relatively chaotic process. At
t=0.13s, due to the high incident velocity, the incident airflow is visi-
bly tilted in the vertical direction, and vortex structures appear on both
sides of the incident airflow. This differs significantly from the internal
structure of the bubble at lower speeds. As more incident airflow enters
the bubble, the flow exhibits an unstable phenomenon of oscillating
left and right, leading to typical chaos at t=0.17s. At t=0.21s, the
structure inside the bubble becomes chaotic and blurred.

Y Experimental results (v=14m/s)
0.010 7 A Experimental results (v=16m/s) 8 3
V' Theoretical results °
0.009 B
R
0. 008 L
$
0. 007
T(mm) I
0. 006 Y
A
o
v
0. 005 A
0.004

T T

T T T T T T T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22

(s)

FIG. 20. Comparison of experimental and theoretical values of h at different
speeds.
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A four-vortex structure developed inside the bubble’s flow field
during the high-injection velocity experiment. However, the formation
process of this structure gradually changed with increasing injection
velocity.

When the incident velocity is 20 m/s, the flow field inside the
bubble changes as follows:

Figure 22 demonstrates that when the mixed gas enters the bub-
ble at the initial stage, Figs. 22(a)-22(c), the mixed gas velocity is rela-
tively high and moves vertically toward the bottom of the bubble upon
entry. Since the bubble wall exhibits considerable elasticity, the inci-
dent airflow reflects, forming a bilaterally symmetrical vortex structure.
As more mixed gas enters the bubble, the vortex structures on the left
1=0.135 =0.17s =0.21s and right sides gradually rise and expand. Simultaneously, the gas out-
side the vortex diffuses upward, as marked by the red arrow in
Fig. 22(d). The mixed gas engulfs this diffused gas, rebounding from

FIG. 21. Typical moments of the flow field inside a bubble when v =18 m/s.

FIG. 22. Changes in the flow field inside
the bubble when the incident velocity
v=20m/s.
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the bottom of the bubble and moving upward. Upon encountering the
upper wall of the bubble, the gas rebounds a second time, forming the
second vortex structure, marked by the dotted box in Fig. 22(e). At this
stage, four symmetrical vortex structures around the bubble’s center-
line emerge inside the bubble. Then, the vortex structures blur and
overlap due to the excessive quantity of mixed gas inside the bubble,
showing a chaotic state in Fig. 22(f).

When the incident velocity is 22 m/s, the process slightly differs,
and the flow field inside the bubble changes as follows:

Figure 23 indicates that when the incident airflow enters the bub-
ble, it exhibits a vertical downward jet state. When the jet encounters
the wall at the bottom of the bubble, its further development is hin-
dered, forming two symmetrical vortex structures at the bottom, as
depicted in Fig. 23(b). Then, the rebounded part of the jet changes
direction to upward movement, causing the airflow to rise and diffuse,
as shown in Fig. 23(c). When the rising airflow encounters the upper
wall of the bubble, it rebounds for the second time, forming vortex

ARTICLE pubs.aip.org/aip/pof

structures Nos. 3 and 4 inside the bubble, as depicted in Fig. 23(d). At
this stage, the flow field inside the bubble forms a four-vortex struc-
ture, and Figs. 23(e) and 23(f) illustrate the further development of this
structure.

The study extracts the coordinate change process of the vortex
structure’s center point to demonstrate the development process of the
vortex structure, with the results as follows:

Figure 24 demonstrates that this study extracts the central coordi-
nate point of the vortex structure of the bubble. The original point rep-
resents the center point at the end of the straw, and the Vortexes 3 and
4 inside the bubbles appear later. The four vortices essentially represent
the structure of the central line of the bubble. When Vortexes 1 and 2
appear, their positions are lower, and the centerline of the bubble is
closer. As the mixed gas enters the bubbles, Vortexes 1 and 2 gradually
expand, and the center point progressively rises. After reaching a cer-
tain level, Vortexes 3 and 4 are formed. The formation of these two
suppresses the development of Vortexes 1 and 2. Hence, the center

FIG. 23. Changes in the flow field inside
the bubble when the incident velocity
v=22mrs.
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FIG. 24. The central point coordinates change in the diagram at different speeds.

points of the latter exhibit a trend of slowly approaching the centerline
of the bubble. Overall, the change in the center of the vortices is mini-
mal, and the distribution is more concentrated.

For air bubble growth models under high current, Egs. (9) and
(10) remain applicable. However, when the speed exceeds 18 m/s,
the flow inside the straw becomes turbulent, making Eq. (11) unsuit-
able for high-speed flow models. Therefore, modifications are
necessary.

Calculating the friction loss of turbulence in the pipeline is highly
challenging, as it is almost impossible to solve Ap in Eq. (7). Therefore,
the study adopts the method of the loss coefficient in the ideal model.
The ideal model addresses the velocity solution in Eq. (4). The speed at
this stage is:

8y
pgRin '

Vindeal = ( 14)

This study assumes that the speed at the exit of the straw under a
high current state is as follows:

V= Vi = by |- 1s)
pgRin

where k is the friction attenuation coefficient, which is determined

experimentally. In the scenario where the straw does not dip into the

soap liquid, the flow of the mixed gas is shown in Fig. 25:

The speed of the measurement point in this experiment was mea-
sured using TEMA software, and each speed was determined through
50 experiments. The speed of the measurement point in this study is
Vs k= %; the final k value represents the average of 50 experiments.

After themmeasurement, when the speed is 20 m/s, k=0.90127, and

Speed measurement point

|
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FIG. 25. Specification points schematic diagram.
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when the speed is 22 m/s, k = 0.90115. The gap between the two values
is very small, so in the final bubble model, k = 0.90.

After derivation, the change rate of h on time ¢ is written as
follows:

@ B
dat R+ R’
where B = 3.6, /2. Rfi, and the form of Egs. (16) and (12) maintain a

high degree of consistency. Therefore, the relationship between / and ¢
can finally be written as follows:

(16)

K +3R2h — 3Bt = 0. 17)
m

Similarly, this study measures the entire change process of bub-
bles and verifies this model:

Figure 26 shows that the theoretical model is closely fitted with
the experimental data, verifying the accuracy of the theoretical model
within a specific range. The bubble growth rate at a speed of 22 m/s is
slightly higher than that of the bubbles when the speed is 20 m/s.

IV. CONCLUSION

This study utilizes an independent laser observation device to
examine the flow field within a soap bubble. It investigates the relation-
ship between bubble formation and the speed of incident airflow at
various transmission speeds and the correlation between changes in
the flow field and the incident speed. In addition, this research pro-
poses distinct mathematical and physical models for different stages of
bubble formation. These models can more accurately calculate the
minimum velocity for bubble formation and bubble growth at different
Reynolds numbers, which has a certain reference significance for the
research of soft robots and bubble dynamics. At the same time, in this
study, we obtained the flow modes inside the bubbles. These vortex
structures are surprisingly similar to the blood flow inside the heart,
which may promote the development of artificial hearts. The following
conclusions can be drawn:
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FIG. 26. The comparison of theoretical model and experimental results.
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(1) Not all speeds can generate bubbles, as bubbles have a mini-
mum speed threshold. This threshold can be determined
through the proposed mathematical and physical model. In the
initial generation of bubbles, the growth rate is relatively unsta-
ble and undergoes a shock process. This process shortens with
the increase in ventilation rate, and the bubble growth rate sta-
bilizes at a relatively constant value.

(2) When the airflow speed inside the straw is low, the internal
flow exhibits a layered pattern. In this case, the streamlines
inside the bubble show a single vortex structure. The angle
between the incident airflow and the centerline of the bubble
rises, decreases, and then increases again in three stages. The
length of these stages is related to the speed of the incident air-
flow. As the speed increases, the first stage shortens while the
lengths of the second and third stages grow. Simultaneously, the
center point of the vortex inside the bubble is initially located
near the geometric center of the bubble and then gradually
moves away from it.

(3) When the airflow gradually increases and the flow inside the
straw is in the rotation period, the Reynolds number gradually
approaches the critical Reynolds number. The flow field
inside the bubble becomes more chaotic, showing the phe-
nomenon of left and right instability. When the airflow
increases, the Reynolds number inside the straw exceeds the
critical Reynolds number, and the flow becomes turbulent. At
this time, the internal flow field of the bubbles exhibits a four-
vortex structure. The formation of the four-vortex structure
slightly varies with changes in the speed of the incident air-
flow. When the incident speed is 20 m/s, the formation of the
four-vortex structure is primarily due to the proliferation of
vortices. When the incident speed is 22 m/s, the formation
of the four-vortex structure is mainly based on the rebound of
the shooting.
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