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Abstract: The present work is motivated by the effort to understand basic processes occurring in
three-phase systems where small bubbles interact with large particles. The simplified system of a
single bubble rising in a stagnant liquid and colliding with a solid surface is studied. The effect of
two specific surfactants, «-Terpineol and n-Octanol, is investigated. Two independent measurements
are combined: (i) bubble—solid surface collision experiments and (ii) the bubble shape oscillations
induced by a movable capillary. Both experiments are based on high-speed imaging resulting in the
evaluation of the restitution coefficient characterizing the collision process and the relative damping
time characterizing the bubble shape oscillations in the presence of surfactants. It was observed
that even for small concentrations of a surfactant, both the bubble shape oscillations and the bubble
bouncing on the solid surface are significantly suppressed. Two predictions for the restitution
coefficient are proposed. The equations include a term characterizing the suppression of the damping
time in the presence of surfactants and a term balancing the inertia, capillary and viscous forces in
the liquid film separating the bubble and the solid surface. The proposed equations successfully
predict the restitution coefficient of bubble bouncing on the solid surface in liquids with the addition
of specific surfactants.

Keywords: bubble—surface collision; surfactants; bubble oscillations; gas-liquid—solid system; plas-
tics flotation

1. Introduction

Gas-liquid-solid three-phase systems are found in many industrial applications. An
important one is the separation of solid materials by flotation. This process is based on the
ability of some solids to remain attached to the bubble surface or bubbles to be captured
on the solid surface. Particles and bubbles then create agglomerates floating to the liquid
surface, from which they can be easily separated [1-4]. The small bubble and larger particle
interactions can be simplified by replacing the particle with a horizontal solid surface. The
present research is motivated by the study of this simplified system to characterize the
effect of surfactants and frothing agents on the interaction process of small bubbles and
larger particles.

The process of bubble interaction with a horizontal solid surface was extensively stud-
ied both experimentally and theoretically, and various effects were investigated (reviews
available in [5,6]). To quantify the process of collision and rebound, the restitution coeffi-
cient was used for the case of solid and deformable fluid particles [7-10]. The restitution
coefficient ¢ is defined as the ratio of the rebound velocity, U,, and the terminal steady
rise velocity of the particle, U; (¢ = U,/ U;). The coefficient provides an indirect measure
of energy dissipation during the particle contact with the solid surface. Its knowledge is
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important, e.g., for numerical simulations of complex dispersed systems, where it can be
applied to simplify the contact process and hence reduce the computational costs [11].

A scaling of the restitution coefficient based on data for bouncing of solid spheres and
liquid drops was reported by Legendre et al. [9] in dependence on the Stokes number of the
particle far from the wall. To provide a general scaling, the Stokes number is modified by
including an added mass coefficient, which becomes relevant when the fluid particle moves
in a liquid with non-negligible inertia [12]. Applying the scaling of the restitution coefficient
also for bubble bouncing on a solid surface, the following equations were reported [10]:

_ B
e exp{ CmRJ M)

Ca
e=exp|—pB2 C Re

The Reynolds number (Re = pD,U; /) provides the comparison of the bubble inertia
relative to the viscous forces induced by the film drainage between the bubble and the
solid surface. The capillary number (Ca = U;-y /0 is) then gives the ratio of bubble inertia
relative to the bubble surface force. Here, p and y are the density and viscosity of the liquid,
respectively, Dy is the equivalent bubble diameter, and ¢ stands for the surface tension.
The added mass coefficient C;, is assumed far from the solid surface and generally, its
value depends on the actual bubble aspect ratio. For spherical bubbles, it attains the value
Cm = 0.5 (far from the wall) and C;;, = 0.73 (touching the wall) [8,12-14]. For oblate bubbles,
it can be calculated from the kinetic energy of the potential flow around an ellipsoidal
bubble approaching the wall [14,15].

Note, the term C,,Re is proportional to the modified Stokes number St* defined in
the works of Legendre [8-10]. Assuming that the density of the dispersed phase (air) is
negligible to the density of the continuous phase (water), the relation C,;Re = 9St* holds.
The values of the parameters 87 and B, (10.5 and 90, respectively) were obtained by fitting
the experimental data [8-10] (see also in [16]).

Equations (1) and (2) provide the restitution coefficient of bubbles bouncing in pure
liquids, however, the values of the parameters f; and f, vary in the presence of surfac-
tants [16]. The effect of surfactants on the bubble bouncing process has been intensively
studied by the group of Malysa [17-21]. The presence of surfactants significantly sup-
presses the bubble velocity, shape deformations, and rebound from the surface. This
suggests that the energy is dissipated not only by viscous stresses in the thin liquid film
but also by other stresses associated with the adsorption/desorption of the surfactant on
the bubble interface. However, no quantification of the surfactant concentration effect on
the restitution coefficient has been published yet.

Bubble dynamics and bubble shape deformations are very sensitive even to low
interface contaminations or low concentrations of surface-active agents [22-25]. The bubble
interface behavior is primarily linked to the instantaneous variations of the surface tension
induced by interfacial area changes, i.e., to the dilatational rheology of the interfacial layer.
The parameters quantifying the interface rheology are the dilatational surface elasticity
and viscosity. In the case of non-micellar solutions, the dilatational surface elasticity
characterizes the recoverable energy stored in the surface and the dilatational surface
viscosity reflects the energy dissipation through the surface relaxation processes [26]. The
commercial measurements of interface rheology are based on the oscillating drop/bubble
methods [27,28]. Assuming the model of diffusion-controlled relaxation processes, the
surface dilatational rheology has been evaluated quantitatively [29]. From the drop/bubble
oscillation experiments, another parameter related to the drop/bubble interface rheology
can be evaluated—the damping time or damping rate of bubble shape oscillations. As well
as the dilatational surface viscosity, the damping rate is also a measure of energy dissipation
during the interface variations, thus both variables are interlinked. When no damping is
observed, the interface is purely elastic, i.e., the surfactant exchange between the interface
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and the bulk is negligible and the elasticity modulus is determined by the equilibrium
between the surface pressure and the surfactant surface concentration [30]. When the
damping of surface oscillation occurs, the surface energy is dissipated at the interface. In
the case of non-micellar soluble surfactants, the surface energy dissipation is related to the
surfactant exchange between the interface and the bulk during the relaxation processes.
Other relaxation processes relevant for other types of surfactants can be (i) exchange of the
surfactant between micelles and the bulk solution, (ii) slow adsorption/desorption because
of barriers at the surface, and (iii) in-surface reactions [30]. These processes may occur
when micellar surfactants or macromolecules (e.g., proteins, polymers) exist in the solution.

The damping time/rate can be also used as a suitable quantity to assess the effect of
surfactant presence on the bubble interface properties [22,31-33]. Regarding our previous
experience in the quantification of restitution coefficients [16] and damping rates of bubble
shape oscillations [34], we aim to couple the results of these two independent experiments.
To characterize the effect of surfactants on the restitution coefficient, two measurements
were performed and analyzed: (i) bubble-solid surface bouncing experiment resulting
in restitution coefficient values and (ii) bubble shape oscillation experiments resulting in
values of the damping time for various surfactant concentrations.

The work is limited by two specific surfactants: «-Terpineol and n-Octanol, which
are nonionic non-micellar surfactants often used as frothing agents [35,36]. «-Terpineol
is a popular fragrance ingredient used in perfumes, cosmetics, and household cleaning
products. In addition, the important biological properties of x-Terpineol increase its
interest also in medicine and the pharmaceutical industry [37,38]. n-Octanol is a surface-
active agent often used as a model surfactant partially soluble in water and with known
surface-active properties [39]. Another surface-active property of n-Octanol arises from
the enhancement of the foamability in combination with other ionic surfactants [40,41].
These two surfactants were used in several articles dealing with the bubble dynamics and
bubble-solid surface interactions [18,21,42]. However, the quantification of their effect on
the restitution coefficient has not been provided yet. Therefore, this work aims to provide
new predictions of the restitution coefficient, which will also include the effects caused by
the presence of these two surfactants.

2. Materials and Methods
2.1. Experimental Setup and Used Materials

The experimental setup used for both types of experiments is illustrated in Figure 1.
The setup consists of a rectangular cell of 110 mm x 110 mm x 260 mm in size (2 L
working volume), a device with a moveable capillary [43], a light source and the high-speed
camera Photron Fastcam SA1.1 (Photron Ltd., Tokyo, Japan). The device with movable
capillary [43] enables to produce a bubble with a defined size for collision experiments and
an oscillating bubble for oscillation experiments. A capillary of inner diameter 250 pum is
used to form bubbles with sizes ranging from 0.4 to 1.9 mm.

The experiments were performed for deionized water and for aqueous solutions
of a-Terpineol and n-Octanol of the same concentrations (0.1 x 1073, 0.3 x 1072 and
1.0 x 1073 mol/L). The results of our new experiments were combined with data published
in our previous works [16,34]. Deionized water with a final conductivity of 1.1 uS/cm was
obtained by distillation and additional filtration through activated carbon and ion-exchange
resin. The density, viscosity, and surface tension were measured to characterize the physical-
chemical properties of all used liquids. The static surface tension was measured with the
tensiometer Kriiss K11 (KRUSS GmbH, Hamburg, Germany) using the du Noiiying ring
method. The dynamic surface tension (dependence of surface tension on the bubble
surface age) was measured by the tensiometer Kriiss BP 100 (KRUSS GmbH, Hamburg,
Germany). The values of dynamic surface tension relevant to the first bubble-wall collision
were obtained for aging times between 2 and 5 s (depending on the bubble size and the
corresponding rise velocity). The viscosity is measured by the Ubbelohde viscosimeter
(Type U 0, constant 0.001, TECHNICKE SKLO, n. p-, Drzkov, Czech Republic) and the
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density by balancing the immersed solid body of known volume (Kriiss K11). During
the measurements of liquid properties and subsequent experiments, the temperature was
maintained at 20 °C. The addition of surfactants does not change the values of density and
viscosity, even for the most concentrated solutions. The physical-chemical properties of all
investigated liquids are given in Table 1. The glass plate provided a horizontal surface for
the bubble collision experiments. The plate was cleaned by chromosulfuric acid to ensure
the hydrophilicity of the surface and to avoid the effect of surface roughness on the collision
process [18]. The zeta-potential and the pH were not measured in the present experiments,
because no effects of non-ionic surfactants on both the bubble surface charge [44,45] and
the charge of quartz surfaces similar to glass [46,47] were found.

high-speed T
camera _ ©

drainage valve

\ light

[

manostatic WO
yle capillar
chamber S ‘ Py
filling valve )
coil magnet
-

Figure 1. Experimental setup.

Table 1. Physical-chemical properties of all used liquids. The dynamic surface tension corresponds to the moment of the

first contact of the bubble with the solid surface. The bubble aging time corresponding to this moment varies in dependence

on the bubble size and the corresponding velocity.

Densiy hgm®)  Viscosity P 0L i)

Deionized water ! 998 1.002 72.2 72.2
o-Terpineol 0.1 x 1073 mol/L ! 998 1.000 71.6 71.8
«-Terpineol 0.3 x 1073 mol /L 998 1.000 70.1 71.0
o-Terpineol 1.0 x 1072 mol/L ! 998 1.000 64.3 67.5
n-Octanol 0.1 x 10~3 mol/L 998 1.000 71.0 71.0
n-Octanol 0.3 x 10~3 mol/L 998 1.000 67.8 69.0
n-Octanol 1.0 x 10~3 mol/L 998 1.000 55.2 59.5

! Physical-chemical properties correspond to the data in [16].

The surface tension for solutions of both surfactants was measured in a wide range
of concentrations to provide sufficient data for the evaluation of adsorption isotherms
(Figure 2). Using the Gibbs adsorption equation and the non-linear Langmuir shape of the
isotherm, the constants I';, and K; were obtained by fitting the experimental data (I';, = 4.61
x 107 mol/m?, K; = 1.36 m3/mol for a-Terpineol solutions; I';; = 9.44 x 10~% mol/m?,
K; =1.30 m?3/mol for n-Octanol solutions). The constant I';;, represents the theoretical
maximum surfactant concentration at the interface and the constant Kj, is the Langmuir
equilibrium adsorption constant providing a useful measure of the surface activity of the
surfactant [48].
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Figure 2. Surface tension in dependence on the concentration of surfactant. Evolution of Langmuir
isotherm for solutions of both surfactants.

2.2. Bubble Collision Experiment

The bubble-wall collision experiment consists of bubble generation, bubble free rise,
and bubble bouncing on the horizontal solid surface. The whole process is recorded by the
high-speed camera Photron Fastcam SA1.1 (Photron Ltd., Tokyo, Japan) with a macroscopic
lens (5400 fps, 1024 pix x 1024 pix, 10 um/pix). The sequence of images is treated to obtain
the bubble position and the boundary using the procedure described previously [16]. With
the assumption of axial symmetry of the bubble, the center-of-mass position, volume,
and surface area of the bubble are evaluated for each image. The equivalent bubble size
Dy, is determined from the images captured long before the bubble—wall collision as the
diameter of a sphere with the same volume. The instantaneous bubble velocity is obtained
by differentiating the center-of-mass positions of the bubble obtained from a time sequence
of images. An example of the time evolution of the bubble’s center-of-mass position (left
y-axis) and velocity (right axis) is shown in Figure 3 (negative sign of y/R; indicates the
bubble under the wall). The bubble terminal velocity U; is the steady state value of the rise
velocity achieved before it starts to feel the presence of a solid surface. It is determined by
velocity averaging over a proper period of time.

-1.0 = 1
-1.1
=
{Q
s s e O e e e -
>
-1.2
% U, 1u,
® bubble position (left axis)
@ bubble velocity (right axis)
1.3 . f . : -1
0.00 0.01 c r 0.02 0.03

t(s)

Figure 3. Time dependence of normalized bubble position (left y-axis) and velocity (right y-axis).
Explanation of impact and rebound moment evaluation. Deionized water, D = 1.05 mm.
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Figure 3 also demonstrates the determination of the instants of the bubble impact
t. and the rebound ¢,. They are defined as the moments when the distance between the
center-of-mass of the bubble and the solid surface is equal to the equivalent bubble radius
Rp. In Figure 3, both moments are represented by the points where the normalized bubble
position (blue circles) crosses the horizontal line with the ordinate —1.0. Note that the
impact and rebound instants cannot be defined exactly, as the bubble and the wall are
always separated by a liquid film (and hence no real contact exists) until the rupture of the
liquid film and the three-phase-contact line formation. The impact and rebound velocities,
U, and U, are defined as the velocities corresponding to the impact and rebound moments
(see indication by arrows in Figure 3). The present definition of both instants is equivalent
to the definition provided by Legendre et al. [8]. The different definitions of these instants
would lead to slightly different values of impact and rebound velocities. In the present
work, only the first rebound of the bubble from the surface is analyzed.

2.3. Bubble Shape Oscillation Experiment

The experiments of bubble shape oscillations are performed by the same procedure as
published in our previous works [22,34]. The experiment starts by the bubble growth at
the capillary. After reaching a suitable bubble size (typically around 1.2 mm), the capillary
suddenly moves upwards and induces bubble shape oscillations. The needle movement
is controlled to keep the bubble attached to the capillary. The whole process is recorded
by the high-speed camera Photron Fastcam SA1.1 (Photron Ltd., Tokyo, Japan) with a
macroscopic lens (10,000 fps, 700 pix x 384 pix, 5 um/pix).

The image processing of each image provides the experimental bubble boundary,
which is fitted by a function to obtain the coefficients necessary to evaluate the damping
time of the shape oscillations. The fitting function assumes the axial symmetry of the
bubble and harmonic oscillations around a spherical bubble of diameter Dj,. The function
is decomposed into Legendre polynomials with the coefficients a; characterizing the actual
bubble shape [49]. The degree of the Legendre polynomial (index i) characterizes the
differences from the given spherical shape (oscillation modes): ap (mode 0) describes the
volume changes, a1 (mode 1) describes the bubble displacement, a, (mode 2) describes the
limiting cases of the ellipsoid-like shape, a3 (mode 3) describes the deformation in a shape
with three lobes, etc. For a detailed description, see Vejrazka et al. [34] (their Figure 2).
The processing of the whole image sequence provides the time evolution of coefficients a;
following the cosine functions (Figure 4a) with decreasing amplitudes A;.

The amplitudes decrease exponentially with the damping time 7; as an exponent
parameter (Figure 4b), which is evaluated by fitting the time dependence curve of the
amplitudes A; by Equation (3)

Ai:ciexp<—t> i=2,...8 3)
Ti

where ¢; and 7; are the fitted parameters. Figure 4b shows the time dependence of the
amplitudes A; for three oscillation modes (2, 3, and 4) in a semi-logarithmic representation.
The amplitudes are evaluated in three ways: (i) peak-to-peak (p2p) evaluation corresponds
to the difference between the two adjacent maximum and the minimum divided by 2; (ii)
maximum values of the amplitude (max); (iii) absolute values of the minimum amplitude
(min). As the slopes of the lines for the presented modes are practically the same (see
Figure 4b), the damping time is evaluated from the slope for mode 2 only because this
value was proved to be the most reliable [34].
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Figure 4. The evaluation of bubble shape oscillations for 0.1 x 10—3 mol/L n-Octanol solution, bubble size Dy =1.173 mm,
time t = 0 s corresponds to the end of the needle movement; (a) time dependence of Legendre polynomial coefficient a; for
mode 2, 3 and 4; (b) time dependence of amplitudes A; for modes 2, 3 and 4.

3. Results and Discussion
3.1. Restitution Coefficient

As it was observed in our previous study [16], the presence of x-Terpineol suppresses
the bubble rebound from the solid surface. This suppression can be quantified by de-
creasing the restitution coefficient ¢ (Figure 5a,b), where ¢ = 0 denotes a zero-value of the
bubble rebound velocity and hence no rebound from the solid surface. The restitution
coefficient represents the energy dissipation during the drainage of the liquid film when
the bubble approaches the solid surface. According to the scaling proposed by Legendre
et al. [8-10], the restitution coefficient can be expressed as an exponential function of the
inverse value of the modified Reynolds number (Equation (1)) or as a function of the
ratio of the capillary number and the modified Reynolds number (Equation (2)). Both
equations cover the effect of bubble size and liquid inertia but do not cover the presence
of surfactants (Figure 5). Even Equation (2), which also considers the capillary forces at
the bubble interface by including the capillary number, does not reflect the changes in
the restitution coefficient (Figure 5b) when surface-active agents are present in the liquid.
Comparing both surfactants, the decrease of restitution coefficient is more significant in
the solutions of n-Octanol. For example, similar values of restitution coefficients were
obtained for the lowest concentration (0.1 x 1073 mol/L) of the n-Octanol solution and
for the middle concentration (0.3 x 1072 mol/L) of the «-Terpineol solution. When the
surface tension under static conditions (Table 1) or the evolution of Langmuir isotherms
(Figure 2) are compared, it can be found that both these solutions slightly differ in the
magnitude of surface tension. Even the dynamic surface tension is not a suitable correlation
parameter, although its magnitude obtained for the two surfactant solutions with similar
restitution coefficients is the same. The small decrease in dynamic surface tension, which
only slightly exceeds the expected experimental error (0.5 mN/m), cannot explain the
significant changes in the restitution coefficient. A more significant decrease of the surface
tension was only found for the high concentrated solutions where no bubble rebound from
the surface is observed. Thus, neither the static nor the dynamic surface tension would
help characterize the decrease of the restitution coefficient in the presence of surfactants.



Minerals 2021, 11, 442

8 of 13

1.0

08|

02|

1.0
deionised water —— /3,=90; Z&L (2009) [10]

a-Terpineol 0.1 x 10°* mol/L 4= 198 £,=279
a-Terpineol 0.3 x 10° mol/L 2 e

deionised water
a-Terpineol 0.1 x 10° mol/L
a-Terpineol 0.3 x10”° mol/L

[ X JoNoX X X}

[

®

[ J
a-Terpineol 1.0 x 10™ mol/L 0.8 | © a-Terpineol 1.0 x10° mol/L
n-Octanol 0.1 x 10° mol/L O n-Octanol 0.1 x10° mol/L
n-Octanol 0.3 x 10° mol/L @® n-Octanol 0.3 x10° mol/L
n-Octanol 1.0 x 10 mol/L 0.6} @® n-Octanol 1.0 x10° mol/L

— 3,=10.5; Z&L (2009) [10]

0.0
10

102 101
1/C,Re () CalC,Re ()
(a) (b)

Figure 5. The restitution coefficient for the used liquids; (a) expression of Equation (1), where the restitution coefficient

is the exponential function of the inverse value of the square root of the modified Reynolds number; (b) expression of

Equation (2), where the restitution coefficient is the exponential function of the square root ratio of the capillary number and

the modified Reynolds number.

To analyze the results, a detailed description of the bouncing process is needed. The
bubble approaching the solid surface starts to decelerate and deform from its original shape
due to the increase of pressure in a liquid film separating the bubble and the solid surface.
The lubrication force in a liquid film, which is opposing the bubble inertia and the bubble
surface force, becomes significant. A part of the bubble kinetic energy is dissipated in the
film due to viscosity effects and another part is stored in the bubble deformation resulting
in the increase of the bubble interface.

In the case of large deformations and small viscous dissipations (e.g., bubbles in
distilled water), the kinetic energy recovers and the bubble rebounds from the surface. The
rebound of bubbles from the solid surface is then controlled by three forces: the inertial
force, the lubrication force due to viscous dissipation in the film, and the surface force.
The term Ca/(CyRe) includes all these forces and is sufficient to describe the restitution
coefficient for pure liquids.

The presence of surface-active agents causes additional energy dissipation at the
bubble interface [16]. The possible mechanism of the additional energy loss can be as-
sociated with the surface viscosity of the interface covered by surfactants and/or with
the Marangoni stresses caused by the uneven distribution of the surfactant molecules at
the bubble interface. No matter which mechanism is relevant, the formation of a new
interface due to the bubble shape deformation during the collision process induces the
adsorption/desorption of surfactants leading to an additional energy loss. To provide the
proper scaling of the restitution coefficient in the presence of surfactants, an independent
study of bubble shape oscillations was performed.

3.2. Damping Time of Bubble Shape Oscillations

The damping time was measured for a wide range of surfactant concentrations,
including those used in bubble collision experiments. To eliminate the effect of the bubble
size, the absolute value of the damping time T (~10' ms) is normalized by the characteristic

viscous time (~10% ms)
T

~ pDE/u

where p and y are the liquid density and viscosity, respectively. The characteristic viscous
time expresses the scale of the damping time due to normal viscous dissipation in the
liquid moving around the oscillating bubble [15,49].

(4)

Td
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The observed decrease in the dimensionless damping time with increasing surfactant
concentration is shown in Figure 6. To better characterize the effect of surfactants, the di-
mensionless damping times measured in surfactant solutions are related to those measured
in distilled water (subscript w refers to pure water). For comparison, the relative values of
the surface tension are also shown in Figure 6. From both the damping time and surface
tension curves, it is evident that the addition of n-Octanol (green symbols) causes more
significant changes in surface activity and faster damping of the bubble shape oscillations
than the same addition of «-Terpineol (red symbols). The obtained faster damping also
suggests more significant energy dissipation at the bubble interface [26,28] and hence
higher surface viscosity of the n-Octanol monolayer than that of the x-Terpineol monolayer.
Moreover, the damping times for the n-Octanol solutions with concentrations higher than
0.5 x 1073 mol/L are so small (and the bubble oscillations dampen so fast) that their values
are not measurable by the present technique.

1.2 112
! distilled water ]
10 —
< [ -
3 [ 3
w08 N
~ L ~
W [ b
0.6
04 A damp. time a-Terpineol ‘ ' 0.4
H A  damp. time n-Octanol -
[l @ surf. tension a-Terpineol A ]
0.2 f|l— — Langmuir o-Terpineol A 10.2
H @ surf. tension n-Octanol A
[|=+=Langmuir n-Octanol
105 104 102 102

¢ (mol/L)

Figure 6. Relative decrease of the dimensionless damping time (triangles, left axis) and the relative
decrease of surface tension (circles, right axis) in dependence on the surfactant concentration. The
blue solid line represents the distilled water; black solid lines indicate the concentrations used for
collision experiments.

Figure 6 also presents the differences in the relative decrease of the damping time
and in the relative decrease of the surface tension. If the results obtained for the smallest
concentration of surfactants used in our experiments are compared (see values on the black
solid line corresponding to ¢ = 10~% mol/L), the relative decrease of the surface tension is
negligible for both surfactants, whereas the decrease in the damping time observed for the
n-Octanol solution (7;/7 4, = 0.726) is much more significant than that for the x-Terpineol
solution (74/ 7, = 0.840).

In the next section, the experimental values obtained for relative damping times are
used to better correlate the results of the restitution coefficients.

3.3. Correlation of Restitution Coefficient with the Relative Damping Time

As it was mentioned in Section 3.1., the study of bubble shape oscillations and their
damping can be helpful to characterize the bubble—solid surface collision when surfactants
are present in the liquid. Both scaling Equations (1) and (2) can be extended by including
the relative damping time 7;/7, 5, and thus are rewritten in the following forms

e = exp|— (Td)&ll (5)
N p 71 Td,s vV CmRe
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T4 %2 Ca

e .

Here, the index s stands for a solvent in general and the parameters 1, 61 and 7, , are
obtained by fitting the experimental data (for their particular values see Table 2). Figure 7
compares the final fits of Equations (5) and (6) to the measured values of the restitution
coefficients. Although, the close-fitting of the equations is not perfect, after including
the term of the relative damping time into the scaling, the effect of surfactants on the
decrease of the restitution coefficient is satisfactorily described for the studied o-Terpineol
and n-Octanol. The values of restitution coefficient obtained in the 1 x 10~3 mol/L n-
Octanol solution were excluded from the fitting, as the corresponding damping time was
unmeasurable by the present technique.

Table 2. Optimized parameters of Equations (5) and (6) for the prediction of the restitution coefficient.

Equation ¥ () d; () R? ()
) 6.9 140 0.96
©) 123 —1.87 0.95

7i represents the particular parameters 1 and 7,; 6; represents the particular parameters §; and d,; R? is the
coefficients of determination.
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® u-Terpineol 0.1 x 10° mol/lL ® -Terpineol 0.1 x 10™ mol/L
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Figure 7. Prediction of the restitution coefficient for the used liquids; (a) expression for Equation (5); (b) expression for

Equation (6).

Comparing both types of scaling, Equation (5) seems to be more appropriate for data
fitting (compare the coefficients of determination R?). It can be caused by the fact that
the surface tension forces, which characterize the ability of the interface to be deformed,
are included into Equation (6) twice: first in the form of the capillary number and then
also in the form of the relative damping time. However still, both types of equations
predict successfully the restitution coefficients of the bubble—solid surface collision in water
solutions of two specific types of surfactants.

4. Conclusions

The process of bubble bouncing on a hydrophilic solid surface in a liquid is studied
experimentally. The restitution coefficients characterizing the energy dissipation during
the bubble contact with the solid surface are obtained for different bubble sizes and
concentrations for two specific types of surfactants, x-Terpineol and n-Octanol.

The presence of surface-active agents in water affects the bubble dynamics, shape
deformations, and hence the restitution coefficient. Even for a small concentration of
surfactant, which has no effect on its physical properties, both the bubble shape oscillations
and the bubble bouncing on the solid surface are significantly suppressed. The surfactant
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adsorption/desorption from the bubble interface plays a significant role in the bouncing
process and hence needs to be included into the prediction equation of the restitution
coefficient. New forms of these equations are suggested. The original equations based on
the scaling proposed by Zenit and Legendre [9,10] are extended by a term characterizing the
effect of surfactants on the bubble shape oscillations. The term is the relative damping time
of the bubble shape oscillations, which is defined as the ratio of damping time obtained
in the surfactant solution and in pure solvent (water in the present case). This relative
damping time is obtained by an independent experimental technique based on the study of
bubble shape oscillations induced by a movable capillary. The proposed Equations (5) and
(6) successfully predict the restitution coefficient of bubble bouncing on the solid surface
in liquids with the addition of surfactants. The parameters of these equations (given in
Table 2) are optimized and thus also limited to the two specific surfactants (o-Terpineol
and n-Octanol) and their validity for other types of surfactants should be proved.
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