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Abstract—Adding a small amount of surfactant to gas-liquid two-phase flow can markedly change bubble behavior,
which has crucial application value in nuclear energy, petrochemical, chemical, and environmental engineering. In this
paper, the dynamic behavior of a single ellipsoidal bubble (Re~800) contaminated by surfactant rising near a vertical
wall in stagnant liquid is studied using the shadow method. The effects of different concentrations of sodium dodecyl
sulfate solution (100 ppm, 400 ppm, 800 ppm) and initial dimensionless distances on bubble dynamics were compared.
The dynamic parameters, shape oscillation, force, and energy of the bubble were analyzed. The results show that the
critical initial dimensionless distance at which the collision occurs is decreased due to a dimensionless distance change
from 3.3 to 0.23, accelerating the transition from zigzag to spiral movement. Transverse movement of the contami-
nated bubble is restrained. Because of the Marangoni effect caused by the surfactant, the boundary condition changes
from zero shear to non-zero shear, resulting in a decrease in velocity and an increase in the drag coefficient. As the sur-
factant concentration increases, the lift coefficient does not significantly change with concentration variations. The
influences of the wall effect on velocity and drag gradually weaken. Comparing free-rising and collision conditions, the
aspect ratio of the contaminated bubble is distinct from the regularity of a clean bubble. The surfactant also changes the

wall-normal velocity frequency and symmetrical shape frequency and inhibits energy conversion during collision.
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INTRODUCTION

The rising behavior of bubbles in liquid due to gravity was ini-
tially studied many centuries ago and is still a very interesting prob-
lem with considerable significance in the process of heat and mass
transfer [1]. Bubbles can be contaminated by surfactants and dynamic
characteristics change significantly; leading to essential changes in
heat and mass transfer at the gas-liquid interface [2]. For example,
in the flotation process, the addition of surfactants can stabilize the
gas-liquid interface to reduce the bubble polymerization rate and
enhance the interaction between the phases. Surfactants also play
a crucial role in the safety and efficiency of nuclear reactors and
bubble-cap columns. In these environments, baffles or walls are
usually set to control the residence time, movement, and distribu-
tion regularity of bubbles in the dispersion phase [3]. Therefore,
the dynamic characteristics of bubbles contaminated by surfac-
tants need to be studied to contend with the design requirements
of chemical and energy industries.

Surfactant molecules are composed of a hydrophilic head and a
hydrophobic tail, tending to aggregate at the gas-liquid interface and
form a single molecular layer [4]. It interacts with the fluid mole-
cule, which reduces the surface tension and changes the mechani-
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cal properties of the interface [5].

Marangoni stress is induced due to the non-uniform distribu-
tion of surface tension. The surfactant molecules are gathered at
the rear of the bubble to the front surface, thus reducing the fluid-
ity of the interface [6,7]. The Marangoni stress changes the interfa-
cial properties, which finally affects the dynamic characteristics of
a bubble [8]. As it is difficult to control the contaminated degree of
the bubble interface in experiments, the behavior of bubble move-
ment is usually changed by adjusting the surfactant concentration,
which corresponds to the surface tension coefficient (o) and dimen-
sionless number such as Reynolds number (Re= ,QUdeq/Il), E6tvos
number (Eo=gd,(o—p)o "), Weber number (We=pU’d,,c ™),
and Morton number (Mo=(o—p,)gi'c > %), where d,,, g and p
are equivalent diameter of bubble, density and dynamic viscosity,
respectively.

The surfactant has an important influence on the movement
[9]. The three-dimensional motion of the bubble is changed drasti-
cally with various surfactant concentrations. Types of bubble motions
have been strongly dependent on Reynolds number in the case of
a free-slip and a no-slip condition [10]. Rodrigue et al. [11] stud-
ied that the presence of surfactants is influenced the bubble veloc-
ity at various concentrations of sodium dodecyl sulfate (SDS) 0-
500 ppm, but also leads to an empirical correlation to calculate the
equivalent diameter. The surfactant reduces the terminal velocity of
bubbles, especially in the nearly spherical regime where the bubble
behaves similarly to a solid sphere. The terminal velocity of bub-
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bles approaches that of an equivalent solid sphere [12]. Coenot et
al. [13] found that a surfactant has a great influence on the flow
around spherical bubbles, slowing the flow behind the bubbles,
resulting in the sharp increase of drag coefficient. Fei et al. [14] found
that the vortex structure gradually is strengthened as the contami-
nated degree of spherical bubbles increases, which proves that the
contaminated bubble has a greater drag force.

The surfactant can effectively control the shape of bubbles and
inhibit deformation. At a certain concentration range, the bubble
size will decrease as the concentration increases [15]. Tzounakos et
al. [16] studied that the effect of SDS concentration on the termi-
nal velocity and shape of a rising bubble. SDS with a concentration
below 30 ppm has no obvious effect on bubble shape. The decrease
of bubble velocity is mainly due to the decrease of interface fluidity
rather than the change of bubble shape. Aoyama et al. [17] stud-
ied different concentrations (maximum concentration to critical
micelle concentration) and different kinds of surfactants (Triton
X-100, SDS, 1-OCtanol, and 1-decanol.). They found a relation-
ship between the aspect ratio of bubble and dimensionless num-
ber (Re, Eo) and surface tension coefficient (o).

On the other hand, bubbles will be affected by the wall to change
the motion behavior [18]. Due to the wall effect at different dimen-
sionless wall distances S, bubbles may experience repeated bounds,
slide along the wall, or rise spirally [19]. The dimensionless distance
S" is defined as S*:S/req, where S is the initial distance between the
nozzle and the wall, r,, is the equivalent radius of the bubble. As S
increases, bubble-wall collision frequencies and the corresponding
repulsive lift from a wall will decrease. When the Reynolds num-
ber Re<40, the bubble is far away from the wall. Because the vor-
ticity generated by the shear-free condition on the rising bubble
surface diffuses in the wake and interacts with the wall to cause
repulsive lift [20]. When Re<100, difterent motions of rising spheri-
cal bubbles are observed under the action of repulsive force and
wall-normal force [21]. When the gap between the bubble and the
wall becomes narrower due to this attraction, the influence of vis-
cosity in the thin liquid layer causes the lift to reverse and the ris-
ing bubble bounces oft the wall [22]. When 1<Re<300, the existence
of the wall could lead to the increase of drag, the magnitude and
direction of the lift acting on bubbles depending on Re and the
distance between bubble and wall [23].

Deformation is related to the energy conversion when the bub-
bles collide with the wall. Zaruba et al. [24] predicted the change
of bubble bouncing motion with liquid velocity. When the liquid
velocity is low; bubbles gain extra energy from shape oscillation to
compensate for the damping effect caused by colliding with the
wall, so that the bouncing amplitude remains almost constant. Jeong
et al. [25] found that surface deformation is closely related to energy
transmission during the rising process of bubbles. When the bub-
bles collide with the wall, the surface energy compensates for the
lack of kinetic energy to make the deformable bubble keep rela-
tively constant motion. Chen et al. [26] studied the energy conver-
sion and the shape oscillation of deformable bubbles near the wall.
The frequency of the two modes is calculated through the major
axis and minor axis of the bubble in space. The characteristic fre-
quency is measured by the frequency spectrum.

Although extensive research has been performed, such research
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is generally restricted to free-rising spherical bubbles contaminated
by surfactants and clean bubbles rising near walls along a zigzag
trajectory. To the best of our knowledge, research on the dynam-
ics of ellipsoidal bubbles contaminated by surfactants rising near
walls along a spiral trajectory is limited, thus failing to meet actual
industrial requirements. In a nuclear reactor, sewage treatment, and
bubble-cap column, the presence of wall and surfactant exerts
shear stress on the bubble, respectively. Which factors dominate the
dynamic behavior of bubbles is unknown. This is of great signifi-
cance to the chemical and energy design industry. We believe that
the behavior of a bubble is closely related to the surfactant concen-
tration. Under the influence of surfactant and wall, the dominant
factors of behavior at various concentrations are different.

We conducted experiments on the dynamic behavior of an ellip-
soidal bubble (Re~800) contaminated by surfactant rising near a
vertical wall in stagnant water. Sodium dodecyl sulfate (SDS) was
used as the experimental surfactant. SDS is the most common sur-
factant present in soaps and detergents and is the most frequently
occurring surfactant in wastewaters. We systematically changed the
surfactant concentration SDS and the initial distance between the
bubble and the wall. The trajectory, velocity; force, deformation, and
energy change of contamination bubbles near a wall were analyzed to
provide reference data for the study of nuclear energy and chemi-
cal engineering, such as nuclear reactors and bubble-cap columns.

EXPERIMENTS

1. Experimental Setup

As shown in Fig. 1(a), the experimental device uses the shadow
method to record bubbles, which is similar to the previous study
of Jeong [25]. The tank is an acrylic cube container (x=300 mm,
y=650 mm, z=300 mm) with a stainless steel nozzle (outer diame-
ter 1.48 mm, inner diameter 1.12 mm) located at the center of the
bottom. The acrylic plate (x=20 mm, y=580 mm, z=200 mm) is a
wall constraint that can be moved along the x-axis through the
screw slider mechanism. After moving the wall, the liquid in the
tank is let stand for 10 minutes to ensure it is quiescent. As shown
in Fig. 1(b), S is the initial distance between the nozzle and the
wall. The single bubble jets vertically from the nozzle. A bubble gen-
erated from the air pump through the nozzle rises due to buoyancy
in quiescent liquid. The bubble frequency is adjusted by adopting
a micro gas flow regulating valve including a pressure regulator
and solenoid valve. The interval between two bubbles is about 15's
to avoid the interference of the previous bubble wake on the next
bubble trajectory [27]. The shadow light source is composed of two
LED lamps (50 W) and diffusion plates. The acquisition frequency
of the CCD camera (Image MX, La Vision, Germany, resolution
2,048x2,048) is 180 Hz and the recording area is 50 mmx 140 mm.
The camera is used for synchronously studying the shooting behav-
ior of a rising bubble from two orthogonal azimuth angles. Each con-
dition was measured 30 times to ensure the repeatability of experi-
mental motion type. The recording area is arranged 19 cm above
the nozzle outlet to avoid capturing the transition from zigzag to
spiral track caused by vortex accumulated on the bubble surface [28].

To change the range of experimental conditions, the liquid proper-
ties and wall distance are changed. Liquid density (p), dynamic
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Fig. 1. (a) Experimental set-up for a single bubble rising near a vertical wall in a stagnant liquid tank, (b) Modelling of a periodically bounc-

ing trajectory and definitions of bubble geometry.

Table 1. Properties of the liquids in the experiment

Liquid C (ppm) o (kg/m3) o (mN/m) 4 (mPa-s) Mo

Pure water 0 998 72.85 1.1 3.71x107"
Fluid 1 100 999 65.67 1.15 6.05x10™"
Fluid 2 400 1,013 51.49 1.16 1.28x107"°
Fluid 3 800 1,016 4224 1.2 2.65x107"°

viscosity (1), and surface tension coefficient (o) are measured by
DH-300 DahoMeter, NDJ-79 PX, and DAS30 KRUSS, respectively.
Table 1 list the properties of several SDS solutions used in this study;
among which Morton number (Mo=(p—p)gu'c *p°) shows
the liquid properties, C is the surfactant concentration. The exper-
imental temperature is kept at room temperature 20+1 °C and the
air density p,=1.22 kg/m’. The experimental concentration is lower
than the critical micelle concentration (CMC).
2. Image Processing Techniques and Measurement Uncertainties
As shown in Fig, 2, the digital image processing algorithm includes
four steps to detect bubbles from digital images: image preprocess-
ing, image threshold segmentation, image filling, and bubble parame-
ter extraction [29]. Image preprocessing includes gray scale con-
version and image filtering. First, we set the optimal gray thresh-
old to distinguish bubbles from background to binarize the original
image. Then we applied a Sobel filter to evaluate the gray gradient

(a)

Fig. 2. Image processing procedure.

of each pixel to detect the edge of bubbles. Based on detecting the
bubble contour, some points with uniform spacing were selected
on the edge of the bubble. Each point on the edge is connected to
a point inside the bubble (the guessed center of the bubble). The
bubble can be divided into several parts, and the actual bubble
center is determined by calculating the center of gravity of each part.

Egs. (1)-(2) are used to calculate the instantaneous velocity and
the equivalent diameter of bubble.

U= '\/(Xi_xi—l)z + (Yi_Yi—l)2 +(zi— Zi—1)2

At 1)

d,,=3dsd, )

where X, y,, z; are the bubble centroid coordinates, x; ;, y; ;, z; , are
the bubble centroid coordinates in the previous frame. d; and d,
are the horizontal axis and the vertical axis, respectively.

Korean J. Chem. Eng.(Vol. 39, No. 5)



1168

In this experiment, the equivalent diameter of the bubble is 3.24
mm under the pure water condition. As the surfactant concentra-
tion increases, the equivalent diameter of bubbles gradually de-
creases. The equivalent diameter of bubble d,, ranges from 3.24
mm to 2.9 mm. The range of Reynolds number is 470-800. The
range of E6tvos number is 1.41-1.98. The range of Weber number
is 2.02-3.01.

The uncertainty of this experiment mainly includes the mea-
surement of bubble diameter and centroid position. The diameter
uncertainty is determined by digital image processing [30]. When
the bubble does not collide with the wall, the maximum error of
the bubble edge recognition is +1 pixel. The maximum uncertainty
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of bubble diameter is less than 3%. When the bubble collides with
the wall, the maximum error of bubble edge recognition is +2 pixel.
The uncertainty of bubble diameter is less than 5%. The uncer-
tainty of centroid position is mainly due to the limited number of
points used in the average calculation. In this paper, the time interval
between two consecutive frames is 12 ms, the uncertainty of cen-
troid position can also be ignored.

RESULTS AND DISCUSSION

1. Near-wall Rising behavior of a Contaminated Bubble
Figs. 3 and 4 show the trajectories of the rising bubble in the x-
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Fig. 3. Effect of different surfactant concentrations on the trajectories of rising bubbles in the x-y plane: (a) pure water, (b) 100 ppm, (c)

400 ppm, and (d) 800 ppm.
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Fig. 4. Effect of different surfactant concentrations on the trajectories of rising bubbles in the y-z plane: (a) pure water, (b) 100 ppm, (c)

400 ppm, and (d) 800 ppm.

y plane and y-z plane at different initial dimensionless distances
and concentrations. The trajectory of the bubble without con-
straint is a two-dimensional zigzag trajectory in the x-y, y-z planes
and a three-dimensional spiral trajectory in space. When S'<3.3,
the rising trajectory of the bubble is significantly affected by the
wall effect in pure water. Periodic collision occurs between the bub-
ble and the wall. The trajectory of the x-y plane is a two-dimen-
sional zigzag, and the trajectory of the y-z plane tends to be straight
or chaotic. When $'>3.3, the wall effect is weakened, and the bub-
ble trajectory changes from slight oscillation to large oscillation in
the y-z plane. Finally; it evolves into a three-dimensional spiral tra-
jectory in space. After surfactant addition, the bubble is contami-

nated by the surfactant. When the bubble collides with the wall
periodically, the chaotic trajectory of the y-z plane disappears and
becomes straight. When the bubbles collide with the wall, the crit-
ical initial dimensionless distance at which the collision occurs S”
is 2.08 at 100 ppm. At 400 ppm and 800 ppm, the critical initial
dimensionless distance at which the collision occurs S is 0.88 and
0.24, respectively. Surfactant reduces the critical initial dimension-
less distance at which the collision occurs S'. On the other hand, as
the surfactant concentration increases, the change of initial dimen-
sionless distance S~ shows the trajectory more quickly changes from
a straight to a zigzag trajectory in the y-z plane. Surfactant acceler-
ates the transition from a zigzag to a spiral trajectory in three di-

Korean J. Chem. Eng.(Vol. 39, No. 5)
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Fig. 5. Effects of dimensionless amplitude h” and dimensionless wavelength A" as a function of dimensionless initial wall distance S at vari-
ous surfactant concentrations; (a) dimensionless amplitude h’ (b) dimensionless wavelength X

mensions.

Trajectory instability of rising bubbles is a direct manifestation
of wake instability [31]. Bubbles rise with a three-dimensional spi-
ral trajectory in free space, and the bubble wake is a double spiral
[27]. When a bubble rebounds on a wall, a symmetrical vortex
tube structure is formed due to the wall limitation, which causes
the bubble to rebound repeatedly in a zigzag motion [32]. The wake
structure is weakened by the wall effect with the initial distance,
and the trajectory of the bubble transitions to a three-dimensional
spiral trajectory. Due to the influences of the velocity boundary
layer and wake structure, the surfactant has a considerable influ-
ence on the flow around bubbles. As the surfactant concentration
increases, the vortex structure becomes stronger, which will delay
the rising movement of the bubble [13,14]. Due to the Marangoni
effect, the wake of bubble contamination is wider and shorter than
that in pure water [33]. As the thickness of the velocity boundary
layer increases, the bubble cannot rapidly discharge the surround-
ing liquid during collision. As a result, the change in the vortex
structure reduces the critical value of path instability.

Surfactant produces Marangoni stress on the surface of the bub-
ble, which has a strong inhibitory effect on the transverse move-
ment of the bubble [10]. Some researchers had proposed path fitting
Egs. (3)-(5) from a medium Re to a high Re in pure water [21,25,
26,34]. Due to the change in the surfactant concentration, these
models cannot sufficiently fit the current experimental data.

y:g[H- sin(%[)l}—r (3
A= rlliﬁ,. o)
h=13h, ©)

Here, h, 4, | and r are the amplitude, wavelength, height, and hori-
zontal displacement of the periodic trajectory, respectively. The
amplitude and wavelength of the trajectory are calculated by aver-
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aging the distances between two adjacent peaks along the trajec-
tory in a set of data. Figs. 5(a) and 5(b) show the dimensionless
amplitude (h'=h/r,;) and dimensionless wavelength of trajectory
(l*:/l/req) plotted as a function of dimensionless distance, respec-
tively. We find that the amplitude and wavelength of contaminated
bubble trajectories decreased compared with those under pure water
conditions.

When clean bubbles collide with a wall, the amplitude of trajec-
tory changes in a small range. When bubbles do not collide with the
wall (S">3.30), the amplitude of trajectory increases rapidly and
reaches the maximum value. With increasing S, bubbles gradually
transition from two-dimensional zigzag motion to three-dimen-
sional spiral motion, and the amplitude decreases. At 100 ppm,
bubbles are contaminated by surfactant, and the amplitude de-
creases by approximately 24%, but the overall change is similar to
that in pure water. Different from the case with a low concentra-
tion, when the concentration reaches 400 ppm, the amplitude gradu-
ally decreases to less than that in the case of collision with the wall.
Surfactant inhibits the surface activity of a bubble and its internal
flow circulation. As the concentration increases, the dynamic behav-
ior of the bubble develops into a solid sphere. When the concen-
tration is 800 ppm, the amplitude continues to decrease, but the
decreasing trend slows. The effect of wall constraint on amplitude
of trajectory is weakened with increasing concentration.

The wavelength of trajectory is almost unchanged when the
bubble collides with a wall in pure water. The wavelength of trajec-
tory increases instantaneously without collision. After surfactant addi-
tion, the wavelength changes. At 100 ppm, the wavelength is markedly
decreased. As the concentration increases, with a similar wall posi-
tion S’, the wavelength shows an upward trend. Compared with that
at 400 ppm and 800 ppm concentrations, the wavelength remains
from 20.5 to 22.5. The wavelength is mainly affected by collision
factors and is less affected by changes in concentration and wall
distance.

2. Mean and Instantaneous Velocity of Rising Bubble

Fig. 6(a) shows the relationship between the mean velocity of

bubbles and the dimensionless wall distance. As the wall distance
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increases, the mean velocity of a clean bubble gradually increases.
When the dimensionless distance reaches approximately 8, the
velocity approaches that of a free-rising bubble. The vortex shed-
ding caused by collision increases the shearing effect of the fluid
around the bubble, thus diminishing the bubble velocity [32]. After
surfactant is added, the mean velocity of the bubble decreases obvi-
ously. For pure water conditions, the velocity at the time of collision
is lower than the velocity without collision. When the concentration
is 100 ppm, the velocity change trend of the contaminated bubble
is the same as that of the clean bubble. At 400 ppm, the range of
change is further reduced. However, when the concentration is
800 ppm, the mean velocity of the bubble is almost unchanged.
The influence of the wall effect on the mean velocity of the bubble
decreases with the concentration, and the Marangoni effect gradually
dominates. Because of the hardening effect of the surfactant and
suppression of the internal circulation on the contaminated bub-
ble, the rigidity effect of the bubble increases. The surfactant causes
the vortex to become shorter and stronger, which leads to a weaker
wall shear effect and causes the mean velocity to decrease.

Path oscillation of a rising bubble is affected by the wall distance
and surfactant concentration. The Strouhal number (St:fdeq/U) is
used to evaluate the oscillatory behavior of rising bubbles, where f
is the frequency of trajectory. Fig. 6(b) shows the relationship between
the Strouhal number and the dimensionless wall distance. The Strou-
hal number of the clean bubble is linear (St ~ (0.0967—0.00251S"),
where S ranges from 0.22 to 7.62, the goodness of fit, R’, is great
than 0.93. The Strouhal number of the contaminated bubble grad-
ually fluctuates within a range as the distance increases (St ~ (15.5—
15.4S™), where S” ranges from 0.2 to 8.52, the goodness of fit, R’,
is great than 0.71. We find that the overall Strouhal number of the
clean bubble is smaller than that of the contaminated bubble. The
surfactant has more influence on the mean velocity than on the
frequency of path. The increased rigidity of the bubble contami-
nated by surfactant results in a lower mean velocity and a stable
frequency of path.

Instantaneous bubble velocity (U) is decomposed into three
direction components: wall-normal velocity (u), vertical velocity

(v), and spanwise velocity (w). According to the change character-
istics of bubble trajectory parameters, we analyzed the instanta-
neous velocity of bubble collision and free rising under different
concentrations, as shown in Fig. 7(a)-(h). In all cases, the wall-nor-
mal velocity changes significantly. In Fig. 7(a), (c), (e), and (g), the
bubble is attracted by the wall, causing periodic collision with the
wall. The wall-normal velocity accelerates and reaches a negative
peak before collision. After collision, the wall-normal velocity de-
creases until its sign changes. As the bubble moves away from the
wall, the wall-normal velocity increases to a positive peak. As the
bubble bounces back, the same process is repeated.

The viscous dissipation caused by collision changes the instan-
taneous velocity of the bubble before and after the collision. The
peak value of the instantaneous velocity of the clean bubble de-
creases by approximately 37%. However, as the surfactant concen-
tration increases to 100 ppm, 400 ppm, and 800 ppm, the peak val-
ues of the instantaneous velocity decrease by 20%, 14%, and 9%,
respectively, which is due to the strong inhibitory effect of surfac-
tants on velocity [12,17]. As the Marangoni stress and the surfac-
tant concentration increase, the deformation of the bubble is reduced,
and the conversion between kinetic energy and surface energy is
suppressed. Eventually, the impact of the collision is weakened.
Sections 3 and 5 provide detailed descriptions of the deformation
and energy changes in the bubble with collision.

Compared with that of free-rising bubbles, collision also causes
wall-normal velocity of clean bubbles to change periodically along
the collision trajectory. The change range of wall-normal velocity
decreases by approximately 12%. After surfactant addition, the
Marangoni effect occurs, which inhibits bubble movement and
reduces the velocity of the bubble. Unlike the clean bubble, colli-
sion increases the variation range of the wall-normal velocity of
the contaminated bubble. At 100 ppm, the range is increased by
11%. At 400 ppm and 800 ppm, due to the occurrence of collisions,
the range increases by 24% and 34%, respectively.

We calculate the frequency of the wall-normal velocity by using
the normalized power spectrum [35]. The normalized power spec-
trum is defined as
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FFT[f(t)|FFT[£(1)]
(FFT[f(t)]FFT[f(1)])

NPS[f(t)]= ©6)

where FFT is the fast Fourier transform, the overline represents the
complex conjugate, and < > shows the average value.

Fig. 8 shows the normalized power spectrum of the wall-normal
velocity for collision and free rising. Fig. 8(a) and (b) show that

(@ 3.0 6

pure water

under the condition of pure water, the power spectrum amplitude
of the wall-normal velocity decreases and the frequency increases
due to the existence of a wall. The main peak frequency increases
from 3.78 Hz to 5.24 Hz. Under the condition of pure water, the
power spectrum shows a secondary peak. The secondary peak
frequency changes from 53.05 Hz to 1049 Hz. In Fig. 7, the wall-
normal velocity of clean bubbles fluctuates greatly. As y" increases,

(b) 3.0 6

(d) 3

Fig. 9. Effect of various surfactant concentrations on the aspect ratio of collision at $'~0.22 and the free-rising case in the x-y plane: (a) (c) (e)
(g): collision at §'20.22, (b) (d) (f) (h): free-rising case; black point: the aspect ratio of the bubble, red line: the trajectory of the bubble.
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Side view of bubble

AN o
P

mode 2,0

Top view of bubble

mode 2,2
Fig. 10. A sketch of two shape oscillation modes of an ellipsoidal bubble.

a clean bubble appears at the same velocity at adjacent positions.
When surfactants are added, the fluctuation of the wall-normal
velocity of the contamination bubble is small. At the same y", the
contamination bubble has a more stable period. The wall-normal
velocity of clean bubbles oscillates, which affects the periodic sta-
bility. The oscillation of the wall-normal velocity of the clean bub-
ble shows different peaks through FFT, which represents the effect
of different factors. The wall-normal velocity oscillation of clean
bubbles may be related to bubble deformation. In Fig. 8(c)-(h), as
the surfactant concentration increases, the amplitude of the wall-
normal velocity power spectrum of collision is augmented. In the
case of wall collision, the main peak frequency of the contaminated
bubble gradually decreases from 4.37Hz to 4.22 Hz. However,
unlike that of the clean bubble, the main peak frequency of con-
taminated bubble collision is less than that in the free-rising case.
The change in contaminated bubble energy and force caused by
collision has an important influence on the change in the frequency
of the wall-normal velocity.

3. Oscillation of Shape and Motion

The shape and motion of the contaminated bubble are restrained
due to the decrease in surface tension and the Marangoni effect
[17,36]. Fig. 9(a)-(h) show the change in the aspect ratio of the bub-
ble (y=d,/d,) with wall collision and free rising at different concen-
trations. The aspect ratio of the bubble changes along the trajectory.
When the bubble moves towards the wall, the aspect ratio gradu-
ally decreases until reaching the minimum value, and energy con-
version occurs during collision. After collision, the aspect ratio of
the bubble gradually rises until reaching the maximum value at
the farthest distance from the wall.

As shown in Fig. 9(a) (b), compared with the free-rising clean
bubble, the existence of the wall increases the shear and the defor-
mation. The collision increases the mean fluctuation range of the
aspect ratio by approximately 38%. However, surfactant addition
reduces the aspect ratio of the bubble and inhibits bubble defor-
mation. Under the influence of the Marangoni effect, the conver-
sion between kinetic energy and surface energy is affected. As shown
in Fig. 8(c)-(h), the variation range of the aspect ratio of the con-
taminated bubble collision is different from that of the clean bub-
ble. Compared with that of the free-rising bubble, the fluctuation
range of the aspect ratio of bubble collision increases by approxi-
mately 8% at 100 ppm and 11% at 400 ppm. There is a little differ-
ence in bubble deformation between 100 ppm and 400 ppm due

to the impact of the collision. However, when the concentration is
800 ppm, the fluctuation range of the aspect ratio of bubble colli-
sion is reduced by 18%.

Bubble deformation causes shape oscillation and affects the
motion oscillation [35]. The main axis measured in two images
(x-y; y-2) is an accurate projection of the bubble axis. Shape oscil-
lation analysis is entirely based on these results. In Fig. 10, the
main axis is represented by a solid line, labelled d; and d,,. The
major and minor axes clearly show that the bubble experiences
regular oscillations in shape. Simple conversion is carried out on
the axis data to study the obvious property of two-axis oscillations.
According to the evolution of the two equivalent main axes of the
bubble, shape oscillation can be divided into mode (2, 0) and mode
(2, 2). Based on the two spatially equivalent main axes (d, and d,,)
of bubbles, the criteria of the two vibration modes are calculated.
For mode (2, 0), the significant in-phase oscillation is explained.
The in-phase oscillation of the major axis reflects the fluctuation in
the ellipticity of the bubble. The equivalent main axis dz=./dpd),
is calculated by observing the change in the equivalent area from
the side view to identify mode (2, 0). For mode (2, 2), the main
axis corresponds to backward oscillation. The bubble is an ellip-
soid rotating around its minor axis e, and its passage through the
ratio of the two main axes R=d,/d,; reveals the mode.

The expressions for the frequencies of the mode (2, 0) and mode
(2, 2) are shown in Egs (7)-(8) [26,35,37]:

¢ 1 16570 )"
2,0_; 2 3/2 3 (7)
p(T+1) 1,
1/ 8o \1/2
£, ,=—=Z ®)
27 3
P,

where 7 is the ellipticity of the bubble, defined as the ratio of its
major to minor axes. A span in ellipticity covers a wide range of
bubble sizes: 0.7 mm<r,,<7 mm [34].

As shown in Fig. 11, the frequency of symmetrical shape oscil-
lation is calculated. The frequency of mode (2, 0) is greater than
that of mode (2, 2) under the condition of pure water according to
the research rules of Veldhuis and Lunde [35,37]. The frequencies
of mode (2, 0) and mode (2, 2) show no obvious regular changes
with different wall distances. When a bubble is contaminated, the
frequency of mode (2, 0) decreases, and the frequency of mode (2,
2) increases. At 100 ppm, the mean frequency of mode (2, 0) de-
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Fig. 11. Effects of the frequency of symmetrical shape oscillation as a function of dimensionless initial wall distance S at various surfactant
concentrations: (a) pure water, (b) 100 ppm, (c) 400 ppm, and (d) 800 ppm; dashed line: mean frequency.

creases from 59.07Hz to 57.23Hz, and the mean frequency of
mode (2, 2) increases from 41.41 Hz to 52.59 Hz. At 400 ppm, the
mean frequencies of mode (2, 0) and mode (2, 2) are 54.84 Hz and
50.11 Hz, respectively. Compared to those at the 400 ppm concen-
tration, no significant change is observed when the concentration
is 800 ppm. The mean frequencies of mode (2, 0) and mode (2, 2)
are 53.56 Hz and 50.02 Hz, respectively. As the concentration in-
creases, the oscillation frequency tends to stabilize. The concentra-
tion gradient on the surface of the bubble causes the movement of
surfactant molecules to form Marangoni shear stress [6,7]. The
shear effect on the bubble surface enhances bubble rotation, and
the bubble shape gradually approaches a sphere. Therefore, the
Marangoni effect promotes the rotating oscillation frequency of
mode (2, 2) and suppresses the ellipticity oscillation frequency of
mode (2, 0).
4. Force Analysis

The forces acting on a bubble include buoyancy, drag, history,
lift, and added mass forces [38]. Kirchhoff’s equation is applied to
the motion of a bubble to estimate the drag and lift coefficients of
the bubble assuming that the bubble inertia can be ignored [39-
41]. The Kirchhoff equation can be written as

dU;
Aﬁ-a—l + &3 f2A U =F;+ Fp; @
t
a0
D3¢ *énfPusd+ &3 UiAdU =1 (10)

where A and D are the added mass and the rotational inertia ten-
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Fig. 12. Schematic of the coordinate system for a bubble.

sors, respectively. U and (2 are the velocity and rotation velocity,
respectively. F and /are the hydrodynamic force and torque expe-
rienced by the bubble, and ¢1is a Levi-Civita symbol. Fig. 12 shows
an orthogonal coordinate system (1, 2, 3), where 1 corresponds to
the bubble velocity vector direction. For a rising bubble in stag-
nant liquid, F=(Fp+Fy,, Fi,+Fp, F;3), where F, F;, and F; are
drag, lift, and buoyancy, respectively. History force is implicit in
the time dynamics of drag and lift but can be ignored [41]. The
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drag force Fy, is the force parallel to the bubble trajectory; and the
lift force F; is the force perpendicular to the bubble trajectory. The
symmetry axis of the flat bubble is aligned with the bubble veloc-
ity vector. The Kirchhoff equation governs six degrees of freedom
to completely specify the angular velocity £2and the linear veloc-
ity U. The 1-direction is always parallel to the velocity vector of the
bubble. The 2-direction and 1-direction form a right angle, the 1-2
plane is vertical, and the 3-direction is orthogonal to the 1-direc-
tion and 2-direction. Eq. (9), (10) can be simplified as

dU

All'd't'

=Fp+Fp; QA U=F,+Fp; - A, U=F;

.QIZ%?COSQ; sz(-id—?sin& (%z—%?

F,|=./F},+F, (11)

where @ and ¢ are the polar angle and azimuth angle of the bub-

Fg,=pVgcos; Fy,=pVgsiné,

ble rising path f=arctan(u/v) and d¢/dt:(u%¥ —V%-l-tl )/ufg, respec-

tively. A, is expressed as added mass A,;=C,;pV, Cy; is the added
mass coefficient, and V is the volume of the bubble [25].
M= 2— a’ T2 -1 ZZ

p _lcosl(;l):| (12)

Based on the calculation results, the drag coefficient C, and lift
coefficient C; of rising bubble are

2
R a__ZL{I_ 1

Cp=Fp/(my,pU2); C,=F,/(mt2, pU*12) 13)

Fig. 13(a) shows the change in the drag coefficient. Under pure
water conditions, the velocity fluctuation increases due to the exis-
tence of wall shear, which leads to an increase in the drag coeffi-
cient. The velocity fluctuation weakens and drag decreases gradually
with dimensionless distance [42]. Until the furthest distance is
approximately 8.5, the drag coefficient is close to the drag coeffi-
cient in the free-rising case. Referring to the velocity field, the drag
coefficient of the bubble is found to increase obviously due to col-
lision. After surfactant addition, the surface tension decreases. The

(a)
0.95 -y g ¥y ye x....... Y e v |
0.90 X, xR
Lok kX * * *
C 0.85 | . ®  pure water
D o 3 - * 100 ppm
collision no collision , PP
0.80 F 400 ppm
800 ppm
.
0.5 e ® ® @
)
_____________________ - . W ——
0.70
0.65 : — : .
2 1 6 8
S*

bubble surface changes from zero shear to the nonzero shear con-
dition under the influence of the Marangoni effect. As the surfac-
tant concentration increases, the vortex structure becomes stronger,
leading to an increase in bubble drag [13,14]. We find that the
fluctuation of the drag coefficient decreases near the wall with the
surfactant concentration, which corresponds to the velocity field.
At 100 ppm and 400 ppm, the drag coefficient of bubble collision
is higher than that in the no-collision situation. As the wall dis-
tance increases, the drag coefficient fluctuation decreases. How-
ever, when the concentration reaches 800 ppm, compared with
that in the free-rising case, the drag coefficient does not change
significantly with distance, showing that the drag force is mainly
affected by the concentration. As the concentration increases, the
bubble becomes a solid sphere, and the surface is fixed. The drag
coefficient of the bubble is equivalent to that of a rigid sphere of
the same size. At this moment, the impact of the collision between
the bubble and the wall is small. The Marangoni effect rather than
the wall effect predominates.

As shown in Fig. 13(b), to fit the change in C;, between the
free-rising bubble and near-wall bubble, the normalized drag coef-
ficient Cp, is defined as, where Cp, is the free-rising drag coeffi-
cient. The relationship between Cpy and S” obtained from the acrylic
case at 2.06<S'<7.62 is in good agreement with that in previous
experiments with bubbles moving along a rectilinear trajectory
(Cp~ (1+S7)), where S’ ranges from 1.11 to 7.62, and the good-
ness of fit, R?, is greater than 0.90 [43]. While the relation for the
contaminated bubble at 0.22<S'<8.52 corresponds to the analyti-
cal result (Cpy~ (40.06—39.04S ")), where the goodness of fit, R,
is great than 0.73. Compared with that of the clean bubble, which
transitions from zigzag to spiral movement, the normalized drag
coefficient of the contaminated bubble is smaller. As the concen-
tration increases, the rigidity of the bubble increases, causing the
wall effect to decrease and the drag coefficient to stabilize.

Fig. 14 shows the lift coefficient as a function of wall distance.
The existence of the wall has a considerable influence on the lift
coefficient of the clean bubble [44]. The path changes from a zig-
zag to a three-dimensional spiral, and the lift coefficient of the

1.10

(b) = pure watcrv
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- - < 800 ppm |
1.06 |- CH.
1.04
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Cp * -
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1.00
0.98
0. 96 1 1 1 1
0 2 4 6 8
S*

Fig. 13. Effect of drag coefficient C;, and dimensionless drag coefficient C;, as a function of dimensionless initial wall distance S” at various
surfactant concentrations: (a) drag coefficient of bubble C,; dotted line: the free-rising case; (b) dimensionless drag coefficient of

bubble C; dotted line: fitting result of contaminated bubbles.
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bubble gradually decreases with the initial wall distance due to the
wall-induced lift force pushing the bubble away from the wall. The
lift coefficient of the bubble is close to the lift coefficient in the
free-rising case, where the dimensionless distance is approxi-
mately 8.5. After surfactant addition, the lift coefficient decreased
obviously [21,45]. The nonlinear decrease in the lift coefficient is
related to the surfactant concentration. As the distance increases,
the lift coefficient of the contaminated bubble decreases. At 100
ppm, the lift coefficient decreases compared to that in the clean
bubble condition. Interestingly, as the distance increases, the lift
coefficients are similar at 400 ppm and 800 ppm. As the concen-
tration increases, the behavior of contaminated bubbles develops
towards rigid spheres [12]. The influence of concentration on lift
decreases and tends to be stable. The effect of the surfactant con-
centration on the lift coefficient of the bubble can be neglected.
5. Energy Analysis

As mentioned, when a bubble is close to a wall, especially in the
process of collision with the wall, energy conversion cannot be
ignored. We analyzed energy conversion with collision between the
wall and bubble under different surfactant concentrations, includ-
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Fig. 15. Effect of various surfactant concentrations on energy variations of bubble collision at §'~0.22; (%) E;; (@) E,; (M) E,; (A) E;
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ing surface energy E, and kinetic energy E,. The kinetic energy E;
and surface energy E, of the bubble can be calculated [25]:

Ek:%(pg+CMp,)V(u2+V2+w2):Eku+EkV+Ekw (14)

Es=0A (15)
7d; -2 _

A=—h(1+1—etanh lej, ezzl—)( z (16)
2 e

E,=E+E, 17)

where F;, E,,, and E,,, are the three components of the total kinetic
energy E,. E, is the sum of kinetic energy and surface energy.

In Fig. 15, the energy change with bubble-wall collision is shown
at $'~0.22, and changes in the surface energy and kinetic energy
are observed. When the bubble is close to the wall, the kinetic energy
E; rapidly decreases during the collision. After surfactant addition,
we find that the kinetic energy E,, E;,, E, and E,,, decrease due to
the Marangoni effect. E,, is more periodically affected by bubble
deformation and velocity. E,,, is consistent with the change in veloc-
ity in the spanwise direction, and the growth along y" is almost
unchanged. The surface energy of the bubble decreases with the
surfactant concentration. The maximum surface energy of a clean
bubble is 13.2 pJ. When the concentration is 100 ppm, the maxi-
mum surface energy is 9.8 pJ. The maximum value is 8.6 pJ at 400
ppm. At 800 ppm, the surface energy continues to decrease, and
the maximum value is 7.6 piJ. Due to the inhibitory effect of sur-
factant on bubble deformation and the decrease in the surface ten-
sion of the liquid, the change in the surface energy of the con-
taminated bubble gradually decreases during collision.

The total energy E, is affected by the surface energy and total
kinetic energy and changes periodically along the trajectory of bub-
ble collision. At the time of collision, the total energy reaches its
minimum value. We find that as the concentration increases, the
total energy change in the bubble gradually decreases. Affected by
the Marangoni effect, the total energy of the clean bubble during
collision is greater than that of the contaminated bubble. The total
energy range under pure water conditions is 14.62-8.92. At 100
ppm, 400 ppm, and 800 ppm, the total energy range is 10.07-8.46,
8.87-7.54, and 7.82-7.11, respectively, and the range of change is
5.7, 1.61, 1.33, and 0.71, respectively. As the surfactant concentra-
tion increases, the surface activity of the bubbles and the internal
circulation flow are inhibited, resulting in the bubble behaving simi-
lar to a rigid sphere.

Surfactant affects the ratio of the kinetic energy components to
total kinetic energy in three directions. Compared with those in
pure water, the proportion of E,, is increased, and the proportion
of E;,, is decreased. As the surfactant concentration increases from
100 ppm to 400 and 800 ppm, the minimum values of the kinetic
energy ratio in the vertical direction (E;,/E;) increase by 0.72, 0.73,
and 0.74, and the maximum ratios of kinetic energy in the wall-
normal direction (E;,/E;) decrease by 0.27, 0.26, and 0.25, respec-
tively. Surfactants also affect the ratio of kinetic energy and sur-
face energy to the total energy. The proportion of surface energy is
far greater than that of kinetic energy. Surfactants reduce the fluc-
tuation of the ratio of kinetic energy and surface energy to total

energy. As y' increases, the ratio of kinetic energy and surface
energy to total energy remains almost unchanged. Thus, the sur-
factant has a considerable influence on the conversion of surface
energy and kinetic energy and inhibits the deformation and motion
caused by bubble-wall collision. As the surfactant concentration
increases, the Marangoni effect enhances the inhibition of the wall-
normal kinetic energy of the bubble and weakens the influence of
the wall effect on the bubble.

CONCLUSION

The current work presents detailed information on the dynamic
behavior of an ellipsoidal contaminated bubble (Re~470-800) with
different initial dimensionless wall distances and surfactant (SDS)
concentrations (100 ppm, 400 ppm, 800 ppm), which helps improve
the understanding of dynamic behavior mechanism and provides
a reference for chemical, nuclear and environmental industries.
Due to the gradient of surface tension, the dynamic behavior of
bubbles is affected by the Marangoni stress on bubbles.

(i) SDS inhibits the transverse movement of bubbles and accel-
erates the transformation from zigzag trajectory to spiral trajectory.
The critical initial dimensionless distance at which the collision
occurs S is decreased due to a dimensionless distance change from
3.3 10 0.23.

(ii) SDS reduces the velocity of bubbles and increases the drag
of bubbles near the vertical wall. The wall-normal velocity of the
contaminated bubble has a more stable period.

(iif) SDS inhibits the deformation range of bubbles. Meanwhile,
the frequency of mode (2, 2) bubble rotation is increased and the
frequency of mode (2, 0) elliptic oscillation is decreased.

(iv) As the SDS concentration increases, the wall effect is sup-
pressed. After 800 ppm (Mo=2.65x10""’, 6=42.24 mN/m), the Maran-
goni effect dominates. The effect of wall boundary can be ignored.
Due to both wall shear stress and Marangoni shear stress affecting
bubbles simultaneously, the dominant factors of bubble behavior
near the wall are different at various concentrations. At 800 ppm, the
mean velocity and drag remain almost unchanged with distance
variation. The wavelength of trajectory and lift coefticient does not
change with increasing concentration. The deformation range of
bubble near the wall is lower than that of the bubble rising freely.
The conversion between kinetic energy and surface energy is
changed, which weakens the impact of the bubble-wall collision.
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NOMENCLATURE

Non-dimensional Numbers

Eo :E6tvds number, Eo=gd’,(0—p)o " [-]

Mo  :Morton number, Mo=(o—p)gus'cp " [-]
Re  :Reynolds number, Re=pUd,.z/ ' [-]

St :Strouhal number, St=fd,,/U [-]
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We  : Weber number, We=pU’d,,c™" [-]

Symbols

A :surface area [mm’]

A;  :added mass tensor [-]

C  :surfactant concentration [ppm]

Cp  :drag coefficient [-]

C, :lift coefficient [-]

Cy : added mass coefficient [-]

: equivalent diameter [mm)]

d,  :horizontal axis of in a plane of the bubble [mm]
d, :vertical axis of in a plane of the bubble [mm]
dp,  :major axis of the bubble (y-z) [mm]

dy  :major axis of the bubble (x-y) [mm]

: rotational inertia tensor [-]

e : minor axis of the bubble [mm]

E,  :Kkinetic energy [p]]

E,  :surface energy [u]]

E,  :total energy [p]]

t  :frequency of trajectory [Hz]

f(2, 0): frequency of shape oscillation (2, 0) [Hz]

f(2, 2): frequency of shape oscillation (2, 2) [Hz]

g  :gravity acceleration [ms ]

h :amplitude [mm]

F;  :buoyancy [N]

F, :dragforce [N]

F,  :lift force [N]

: elevation [mm)]

:horizontal shift of the periodic trajectory [mm]
: equivalent radius [mm]

: initial wall distance [-]

: initial dimensionless wall distance, S*:S/req [-]
: time interval between two frames of a photograph [s]
: wall-normal velocity [ms™']

: instantaneous velocity of bubble [ms™']

: mean velocity of bubble [ms™]

:vertical velocity [ms™']

: volume of bubble [mm”]

: spanwise velocity [ms™']

, Y, 2 : Cartesian co-ordinates [mm]

o~
8

s << gceE Twrne

>

Greek Symbols

: density [kgm ]

s surface tension [Nm™']

: dynamic viscosity [Nsm’]

:wavelength [mm|]

s ellipticity of the bubble [-]

:aspect ratio [-]

: the polar angle of the bubble rising path [rad]
:azimuth angle of the bubble rising path [rad]
: rotation velocity [rad/s]

: torque [Nm]

: Levi-Civita symbol [-]

m NS ON N NMT QD

Subscripts
g  :gasphase

May, 2022

E. Ju et al.

i : corresponding components on the coordinate axis

l :liquid phase

u, v, w : corresponding components to the direction of velocity
X, ¥, Z : corresponding components in X, y; z-direction

0  :free-rising bubble

Superscripts
*  :dimensionless quantity
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