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We report results from the first systematic experiments for investigating surfactant
effects on path instability of an air bubble rising in quiescent water. The addition
of surfactant to a gas—water system causes a non-uniform distribution of surfactant
concentration along the bubble surface, resulting in variations in the gas—water
boundary condition from zero shear stress to non-zero shear stress due to the
Marangoni effect. This leads to retarded surface velocity and ends up with
immobilization of the bubble surface with increasing surfactant concentration, where
the drag corresponds to that of a solid sphere of the same size. Using two
high-speed cameras and vertical traverse systems, we measure three-dimensional
trajectories, velocities and aspect ratios of a millimetre-sized bubble simultaneously
for ~1 m. Experimental parameters are the diameter of the bubble and the surfactant
concentration of 1-Pentanol or Triton X-100. We explore the surfactant effect on the
drag and lift forces acting on the bubble in helical motion. While the drag force
monotonically increases with the surfactant concentration as expected, the lift force
shows a non-monotonic behaviour. Nevertheless, the direction of the lift force in a
reference frame that rotates with the bubble along its trajectory is kept almost constant.
We also observe the transient trajectory starting from helical motion to zigzag, which
has never been reported in the case of purified water. The instantaneous amplitude
and frequency of the transient motion agree with those of the motion regarded
as steady. Finally the bubble motions are categorized as straight/helical/zigzag and
experimentally examined in the field of two dimensionless numbers: Reynolds number
Re € [300 900] and the normalized drag coefficient Cj, which represents the slip
condition. Remarkably it is found that the motions of a bubble with the intermediate
slip conditions between free-slip and no-slip are helical for a broad range of Re.
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1. Introduction

Three-dimensional motions of a millimetre-sized bubble rising in quiescent water
is one of the most fascinating and important aspects of bubble hydrodynamics (Ern
et al. 2012). Typical types of the motions are: a zigzag path in which a bubble
moves oscillatory in one vertical plane and a helical path showing a circular or
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an ellipsoidal horizontal motion. This phenomenon is called ‘path instability’ or
‘Leonardo’s paradox’ (Magnaudet & Eames 2000; Prosperetti et al. 2003; Prosperetti
2004; Veldhuis, Biesheuvel & van Wijngaarden 2008), which can be widely seen
in nature and industrial processes. It is known that these motions are affected
by many factors such as surface-active impurities in water, shape oscillations and
wake instabilities. In particular, the presence of impurities often makes it difficult to
interpret experimental results, which had prevented the complete understanding of its
mechanisms.

For instance, on the one hand, Hartunian & Sears (1957) performed experiments
and reported that path instability of a bubble in tap water occurs above the critical
Reynolds number Re. ~ 202. On the other hand, Duineveld (1995) reported Re. = 662
in super-purified water. The Re. of the other observations (e.g. Haberman & Morton
1954; Saffman 1956; Aybers & Tapuku 1969; Tsuge & Hibino 1971; Mercier, Lyrio
& Forslund 1997) exist within these values. These discrepancies are owing to the
sensitivity of the path instability to surfactant, known as dominant impurities in water.

The main effect of surfactant is to vary a shear stress at the liquid—gas interface
as discussed in detail in §2.2. The effect of surfactant on drag and lift forces acting
on a bubble, which rises straight up in water, had been investigated in detail, e.g.,
by Cuenot, Magnaudet & Spennato (1997), Zhang & Finch (2001) and Fukuta,
Takagi & Matsumoto (2008) (for a detailed summary, see the review article by
Takagi & Matsumoto (2011)). Jachimska, Warszynski & Malysa (2001) and Krzan
& Malysa (2002) investigated the effect of alcohols on the terminal velocity of bubbles.
Wang, Papageorgiou & Maldarelli (2002) studied the formation of wakes at order-
one Reynolds number for spherical bubbles due to the immobilization of the bubble
surface with surfactant. Eggleton, Pawar & Stebe (1999) examined the effects of a
monolayer-forming surfactant on a strongly deforming interface. However a systematic
exploration of this important parameter on path instability is as yet missing.

In this paper we investigate the surfactant effect on path instability of a bubble. To
the best of the authors’ knowledge, we for the first time perform systematic laboratory
experiments and discuss the underlying physical mechanisms. The discussion is based
on recent studies for path instability of a bubble with a free-slip condition and a
no-slip one, which we briefly summarize below.

Lunde & Perkins (1997), Briicker (2001) and Zenit & Magnaudet (2009)
experimentally visualized a wake of a bubble showing path instability: a straight
rising bubble has an axisymmetric wake; in helical motion a double-threaded wake
(two counter-rotating vorticities) is observed; in zigzag motion a vortex is shed
periodically from the wake. de Vries, Biesheuvel & van Wijngaarden (2002) found
that the aforementioned phenomena are widely seen in various liquids. These results
indicate a significant role of a wake on path instability. Mougin & Magnaudet (2001)
carried out direct numerical simulation (DNS) for a bubble as a spheroidal body of
fixed shape with a free-slip condition and obtained zigzag and helical paths, consistent
with the experimental observations of Ellingsen & Risso (2001). They revealed that
one of the origins of the path instability is wake instability. For wake instability of
a non-deformable object, slip conditions at the body surface play an important role.
Magnaudet & Mougin (2007) investigated the wake instability of a spheroidal object
at a fixed position with both a free-slip and a no-slip condition. For the free-slip case,
the wake is caused by vorticity accumulation at a rear stagnation point, while for the
no-slip case, the separation of the boundary layer originates the wake, as found by
Leal (1989). Nevertheless wake dynamics leading to the double-threaded wake or the
periodic vortex shedding are similar in nature. Yang & Prosperetti (2007) conducted a
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FIGURE 1. (Colour online) (a) Experimental system for measuring three-dimensional
motions of a bubble. Two cameras attached to vertical traverse stages can trace the bubble
for ~1 m. The super-purified water, surfactant, and nitrogen gas are guided into the tank from
the bottom. (b) Typical snapshots of a bubble of a diameter d, = 2.0 mm. Time interval of
each snapshot is 8 ms.

linear instability analysis for the axisymmetric flow past a fixed-shape spheroid with
free-slip boundary conditions. Their results qualitatively resemble those found for the
flow past a rigid sphere. These researches indicate the central role of the vorticity
on the instability mechanism, independently of its source. Shew & Pinton (2006) and
Shew, Poncett & Pinton (2006) measured three-dimensional paths of a bubble rising in
super-purified water. They calculated forces acting on a bubble of a free-slip condition
using the generalized Kirchhoff equation (Howe 1995; Mougin & Magnaudet 2002).

2. Experimental apparatus and surfactant kinetics
2.1. Experimental set-up

Figure 1(a) shows a sketch of the experimental set-up.

Considering the fact that impurity of water greatly affects motions of a bubble, we
design the set-up with great care for avoiding any impurities as much as possible.
We use super-purified water (made by Milli-RX 12¢, Milli-Q SP, Millipore co.) as
a liquid and Teflon tubes for guiding super-purified water into the tank. The tank is
completely closed except an inlet and an outlet for a single bubble. Membrane filters
are installed inside the inlet and the outlet to remove any dust larger than 10 pm.
We clean the tank using super-purified water at least three times before and after
each measurement. For quantifying the purity of the water, total organic carbon (TOC)
and electric conductivity of the super-purified water are monitored using the TOC
monitor (A-10, Millipore co.) and the electric conductivity meter (SC-82, Yokogawa
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Electric co.). The TOC and the electric conductivity are kept below 20 p.p.b. and over
18.2 M2 which is comparable with that of the ideal water (18.3 MS2), respectively.

We design the tank as 10 cm x 10 cm x 100 cm. A distance between a bubble and
sidewalls of the tank is more than 10 times larger than the bubble diameter for all
experiments. Based on previous investigations summarized by Clift, Grace & Weber
(1978), rise velocity for the present condition is estimated below 0.2 % of that in an
unbounded quiescent liquid. The temperature of the liquid is in the range of 20-25 °C,
measured in each experiment.

We use a nitrogen gas so that dissolution of the gas into the liquid is negligible.
A single bubble is generated at the bottom of the test section. Bubble sizes are
controlled in the range of 1-4 mm by a bubble generation system which consists of
a pressure controller (DPI520, Druck co.), an electric valve, and an audio speaker
(F-200, Technics co.). Tomiyama et al. (2002) and Wu & Gharib (2002) reported that
the methods for introducing a bubble at a bottom of a tank affect the path instability
and are categorized into two types: ‘large initial shape deformation’ and ‘small initial
shape deformation’. Our study belongs to large deformation type as most of the related
work.

For three-dimensional measurements, two digital cameras (MotionPro 10000,
Redlake co.) are placed at right angles to each other and attached on vertical traverse
systems (KT-45A-B20-100, THK co.) following a bubble vertically for ~1 m. The
frame rate of the cameras is set at 500 frames per second and the shutter speed is
at 1 ms. We install telecentric lenses (59LGG950 & 59LGH416, CVI Melles Griot
co.) on cameras, providing the same magnification at all object’s distances. Figure 1(b)
shows typical bubble images taken by one of the cameras. The centroid of a bubble
and the volume equivalent diameter represent the bubble position and size, respectively.
We use a low-pass filter under 60 Hz for the measured path to remove noise due to
the vibration of the lenses. Instantaneous frequency f of the oscillation of the bubble
horizontal velocity and instantaneous amplitude A of the horizontal projection of the
paths are calculated using Hilbert Transform as done by Ellingsen & Risso (2001). We
estimate measurement errors of the present system less than 0.1 mm for the position
and 2.2 mm s~! for the instantaneous velocity. As an indicator of bubble shape we use
the aspect ratio x = a/b, where a and b are the major and minor axis, respectively.

2.2. Kinetics of surfactants

In the presence of surfactant, the distribution of shear stress along the interface is
not uniform (e.g. Cuenot et al. 1997; Fukuta et al. 2008). In the case of high Péclet
number Pe (=d,U/D, where d, is the bubble diameter, U is the bubble velocity and
D is the diffusion coefficient), low surfactant concentration compared with the critical
micelle concentration (CMC) and low rate constant for desorption, the surfactant on
the surface is advected towards the rear part of the bubble, leading to a sudden
variation of the surfactant concentration at a given position on the interface. This
results in non-uniform distribution of shear stress on the surface, which causes the rear
part of the bubble stagnant (Cuenot et al. 1997; Fukuta et al. 2008). Depending on the
position of this jump, the drag coefficient varies between the value corresponding to a
clean bubble and a rigid sphere.

In the present study we use 1-Pentanol and Triton X-100 with setting the
concentration at O p.p.m. (super-purified water) —150 p.p.m. for 1-Pentanol and
0.27 p.p.m. for Triton X-100. The value of the CMC for Triton X-100 is 0.23 mol m~3
and the solubility for 1-Pentanol is 2.5 x 10° mol m™>. In our experiment, the
concentration for Triton X-100 is 4.4 x 10~* mol m~3, much lower than the CMC
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and the concentration for 1-Pentanol is up to 1.4 mol m—3. Micelles do not form in the
bulk aqueous phase and the drag force is expected to increase with the concentration
of surfactant. The Péclet number Pe is of the order of 10°, i.e. the advection time
scale is very small compared with the time scale of the surface diffusion. With this
sufficiently high Péclet number the location of the stress jump is dominated by the
balance between the advection and adsorption—desorption kinetics of surfactant. The
main reason to choose 1-Pentanol and Triton X-100 is that expected experimental
observations are very different as described below.

The expected observations in these surfactant solutions rely on the parameters
of adsorption and desorption process and surfactant concentrations. The absorption
and desorption kinetics on the air—water interface and related constants had been
investigated (e.g. Fainerman & Lylyk 1982; Lin, McKeigue & Maldarelli 1990). In a
Langmuir framework, an equation for the kinetic rate of surfactant exchange j; on the
air—water interface is

js = kaCY(Foo - F) - de, (21)

where C; is the sublayer concentration, [, is the maximum adsorbed surface
concentration, I” is the surface concentration and k, and k; are the rate constants
for adsorption and desorption, respectively. The absorption rate k, of Triton X-
100 is k, =50 m> mol™' s~! (Lin et al. 1990), approximately 10 times larger than
that of I-Pentanol, k, = 5.08 m® mol~' s~!(Fainerman & Lylyk 1982). The values
of k; for Triton X-100 and 1-Pentanol are 3.3 x 1072 s~! (Lin et al. 1990) and
1.10 x 10? s7! (Fainerman & Lylyk 1982), respectively. The equilibrium (or saturated)
surface concentration I, at j, =0 is

_ ka CS
" ke, Co + Ky

For an initially clean surface (I" = 0), the equilibrium surface concentration can be
estimated as

Is. (2.2)

Teq
Lo = / js(t) dr ~ kaCsFooreq’ (23)
0

where 7., is the time required to equilibrate a monolayer on an initially clean surface.
Therefore the time t,, is of the order of [k,C; + k7" Using Uejeqn = 356 mm s~! for
the 2 mm in diameter bubble and the numbers for the rate constants, the distance
required to equilibrate a monolayer z.,/d. ~ TeqUciean/d. 1s approximately 1.5 for
1-Pentanol solution at 150 p.p.m. and 3000 for the Triton X-100 at 0.27 p.p.m. The
bubbles rising in the Triton X-100 solution thus show a slow reduction in velocity. In
contrast, in the case of 1-Pentanol, its larger concentration insures a rapid equilibration
and the velocity rapidly decelerates.

Using the Gibbs adsorption equation and assuming Langmuir isotherm, the
surface equation of state is given by the Szyszkowski equation (2.4) or Frumkin
equation (2.5):

0 =09 — RGT Ty In(1 + K, C;) 2.4)
r
=%+&ﬂme—F ) (2.5)

where o is the surface tension, 0 =0y at I' =0, Rs is the perfect gas constant, T
is the absolute temperature and K, is the Langmuir equilibrium adsorption constant.
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The values of I, are 2.9 x 107 mol m~2 and 5.9 x 107° mol m~? for Triton
X-100 and 1-Pentanol, respectively. The values of K, are 1.5 x 10° m® mol™" and
5.6 x 107> m® mol™" for Triton X-100 and 1-Pentanol, respectively (Chang & Franses
1995). Equation (2.4) with constants above gives the reduction of the surface tension
o/og less than 5% for both surfactants in the range of concentrations used in our
experiment. Also, the small reduction in surface tension had been reported: the surface
tension is almost unchanged from the clean surface case as measured by Lin et al.
(1990) for Triton X-100 and by Posner, Anderson & Alexander (1952) for 1-Pentanol
for concentrations used in our experiment.

Savic (1953) proposed that the bubble surface could be divided into two different
regions separated by a stagnant-cap angle 6. from the front stagnation point; for 6 < 6.
the surface concentration of surfactant I" is zero and the liquid remains free to slip
along the interface, whereas at the rear of the bubble (6 > 6.) I" is non-zero and the
relative tangential velocity vanishes. Sadhal & Johnson (1983) obtained a form of the
normalized drag force Cj, as a function of the cap angle 6 in the creeping flow limit
and numerical simulations conducted by Fdhila & Duineveld (1996) and Takemura
& Yabe (1999) provided strong indications that the hydrodynamical description given
by the stagnant-cap model for Re = O(10%) is realistic to describe the drag. The
normalized drag coefficient Cj, (cf. Cuenot et al. 1997) is defined as

CD - CD,clean

CD, rigid — CD, clean

) (2.6)

Ch

where Cp cjean and Cp i are the drag coefficient of a bubble with a free-slip condition
and a no-slip condition, respectively. The free-slip condition and the no-slip condition
are thus scaled as C;, =0 and 1, respectively. In the present work, we adopt the
normalized drag coefficient C}, as an indicator of the surface slip condition.

2.3. Preliminary test: the effect of impurities in super-purified water

For checking the effect of impurities in super-purified water we measure terminal
velocities of bubbles smaller than 1.5 mm in diameter in this set-up. We then obtain
the drag coefficient Cp as a function of Reynolds number Re. Here the drag coefficient
is calculated by equating the drag to the buoyancy force

4d.g
Cp= , 2.7
=305 2.7
and the Reynolds number is defined as
Ud,
Re = , (2.8)
%

where g is the acceleration of gravity and v is the kinematic viscosity of a liquid.

The results are shown in figure 2. We also show the drag curves for a sphere with
a no-slip condition (Clift et al. 1978) and with a free-slip condition (Mei, Klausner &
Lawrence 1994). A sphere with a no-slip condition has much larger value of Cp than
that with a free-slip condition. The drag curves for a spherical bubble (Mei et al. 1994)
and theoretical prediction for a deformable bubble (Moore 1965) agree for Re < 100
but deviate for 100 < Re due to the effect of bubble deformation. The present results
are slightly lower than the theoretical curve by Moore (1965) and agree with previous
experimental results by Duineveld (1995), Takagi et al. (2003) and Sanada et al.
(2008) in super-purified water. We can thus neglect the impurity of the super-purified
water in our set-up. By applying a spatial differential operator along the bubble surface
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FIGURE 2. Drag coefficient of straight rising bubbles (d, < 1.5 mm): —, an empirical

relation for a rigid sphere (Clift et al. 1978); —, a model for a clean deformable bubble
proposed by Moore (1965); --, numerical results for a clean spherical bubble by Mei
et al. (1994); ¢, experimental results for contaminated bubbles by Takagi er al. (2003); v,
experimental results for clean bubbles by Duineveld (1995); O, experimental results for clean
bubbles by Sanada er al. (2008); ¢, experimental results for clean bubbles by Takagi et al.
(2003); W, present results in super-purified water.

to both sides in (2.5) and appropriate normalization, the Marangoni shear stress on the
bubble surface, the origin of the Marangoni effect, can be described as

S p— 9)

nx(t-n)=———V,TI, .
1-r

where n is the unit normal vector on the surface, V; is a spatial differential operator
along the bubble surface and p is the density of the liquid. Here Ma is the Marangoni
number,

_ RGTFmax

2.10
U (2.10)

a
We recall that in the present condition the Péclet number is so high that the
location of the stress jump is dominated by the balance between the advection and
adsorption—desorption kinetics of surfactant. In this case, equation (2.9) shows that the
Marangoni number determines the strength of the Marangoni shear stress that causes
the drag. With increasing bubble size at the same surfactant solution, the Marangoni
number decreases owing to an increase of rise velocity U. Thus, in general, the effect
of surfactant on the drag coefficient decreases with the bubble size. The present study
investigates a bubble of d, > 1.5 mm, larger than those presented in figure 2. The
effect of impurity is therefore even smaller.

3. Results and discussion

In this section we show results for studying the effect of 1-Pentanol on path
instability in § 3.1. In the latter part of this section we investigate the relation between
the slip condition and forces acting on a bubble. In § 3.2 we analyse a transient motion
of a bubble due to the effect of Triton X-100. In §3.3 we provide a phase diagram
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FIGURE 3. Trajectories of a bubble (d, = 2.0 &+ 0.1 m min) in 1-Pentanol solution for
(a) 0 p.p.m. (super-purified water), (b) 25 p.p.m., (¢) 75 p.p.m. and (d) 150 p.p.m. The helical
motions are seen in the 1-Pentanol solution for lower concentration (a—c) while the zigzag
motions are observed for higher concentration (d).

using the Reynolds number Re and the slip condition represented by Cj,, defined at
(2.6) in order to examine the ranges of parameters for obtaining straight/helical/zigzag
motions.

3.1. Surfactant effect on quasi-steady motion

Figure 3 shows typical trajectories of a bubble in 1-Pentanol solution at different
concentration. The size of the bubbles d, is 2.0 & 0.1 mm, which have no shape
oscillation in filtered tap water in which contamination does not have a significant
effect on the bubble motion in the considered experimental conditions (Ellingsen
& Risso 2001). These three-dimensional motions clearly show a dependence on
surfactant concentration. We observe helical trajectories in super-purified water
(figure 3a) and in 1-Pentanol solution in the cases of lower concentration (figure 3b,c).
The zigzag motions are found in higher concentration (figure 3d). Tsuge & Hibino
(1971) found an empirical relation for path instability of a rising bubble in a stationary
liquid:

St =fd,/U = 0.100C%*, 3.1

where St is the Strouhal number and f is the frequency of the bubble horizontal
velocity. This relation is satisfied within 30% in both purified water and surfactant
solutions. Our measurements are within 30 % of the empirical relation (3.1). Figure 4
shows rise velocities U corresponding to the trajectories presented in figure 3. The
bubble in the super-purified water has the fastest velocity Ulq, = 356 4= 4 mm s,
which agrees with the result of Duineveld (1995), Ueun = 354 mm s='. In the
surfactant solution bubbles first accelerate in the low z/d, region and then decelerate.
For higher position z/d, > 300 the velocity approaches the terminal velocity, which
decreases with increasing surfactant concentration. This tendency is the same as
that for straight rising bubbles (cf. Frumkin & Levich 1947; Fdhila & Duineveld
1996; Liao & McLaughlin 2000; Takagi et al. 2003). This indicates that the slip
conditions are varied by the concentration of 1-Pentanol solution. For a zigzagging
bubble in surfactant solution of 150 p.p.m. the vertical velocity shows oscillations.
The frequency of the vertical velocity f, is 17.9 Hz, which is twice as large as that
of the horizontal velocity, f = 8.93 Hz. It is found experimentally by de Vries et al.
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FIGURE 4. The rise velocity U as a function of the vertical position of a bubble (z)
normalized by the bubble diameter (d,). The thick line is the bubble velocity in O p.p.m.
1-Pentanol solution (super-purified water), the thick dashed line in 25 p.p.m. solution, the
thick dashed—dotted line in 75 p.p.m., the thick dashed line in 100 p.p.m. and the thin line in
150 p.p.m. The lines for 0, 25, 75 and 150 p.p.m. correspond to the trajectories of (a—d) in
figure 3, respectively.

(2002) and numerically by Mougin & Magnaudet (2006) that zigzagging bubbles have
a double-threaded wake of which the axially vorticity components switch sign twice
in one period of zigzag. This would be the reason why the frequency of the bubble’s
vertical velocity is twice that of its horizontal velocity. In addition, it is interesting to
note that the frequency of the vortex shedding from the rear part of a rigid sphere is
(Kim & Pearlstein 1990)

wVRe
v — 5
md?

where w is 0.30. We obtain w = 0.30 & 0.02 for a zigzagging bubble in surfactant
solution of 150 p.p.m., which has a spherical shape and the drag coefficient close
to a rigid sphere as shown later. This indicates that the mechanism of the vorticity
generation and the periodic vortex shedding for the high-concentration case is similar
to that of a rigid sphere, where the frequency of the vortex shedding is defined by the
stable position of the vortex column (Saffman 1992).

For a straight rising bubble it becomes more spherical with increasing Cj: for higher
Cj, the rise velocity is lower, resulting in lower Weber number,

(3.2)

U,
We = P74 (3.3)

o

where o is the surface tension. Thus, the surface tension plays a dominant role,
leading to the spherical shape. Recall that the decrease of the surface tension at the
bubble surface due to the absorption of surfactant is less than 5% as discussed in
§2.2. Figure 5(a) shows the aspect ratio x of bubbles in three-dimensional motion
as a function of the normalized slip condition Cj,. The shape of the bubble is more
spherical with the slip condition being closer to no-slip. This trend is consistent with
that for a straight rising bubble. Zenit & Magnaudet (2008) revealed that the criterion
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FIGURE 5. (a) The aspect ratio x as a function of the normalized slip condition Cj,. (b) The
frequency f of the bubble horizontal velocity () and the amplitude A of the bubble
horizontal trajectory (A) as a function of the normalized slip condition Cj},.

of path instability of a bubble with a free-slip surface is not the Reynolds number
but the aspect ratio y > 2.0 of the bubble shape. The aspect ratio of a bubble with
a free-slip condition in figure 5(a) is x ~ 2.0, satisfying the criterion. In contrast, for
higher Cj,, the x is below the criterion, suggesting the effect of surfactant that triggers
path instability.

The bubble trajectory projected on a horizontal plane is represented by the frequency
f and the amplitude A as shown in figure 5(b). With increasing Cj, the amplitude A
first increases, reaching the maximum, and then decreases. The variation of A is large,
as the maximum A is about five times larger than the minimum A. The frequency
f first decreases, reaching a minimum, and then increases. These non-monotonic
dependencies on Cj, should reflect the nature of the underlying physical mechanisms,
i.e. forces acting on a bubble, which we shall discuss in the following.

For the shape oscillation Duineveld (1995) found that the shape oscillation starts at
We > 5 and Lunde & Perkins (1997) observed the shape oscillation with the bubble
diameter (d,) being larger than 3.5 mm. These parameters for the present experiments
are We <5 and d, < 3.5 mm. Furthermore, we measure the bubble shapes for four
periods at (a) Cj, =0 and (b) C}, = 0.4 above z/d, > 300 shown in figure 6. The
amplitude of the shape oscillation is less than 0.024 mm, which is in the order of the
measurement error, suggesting that the shape oscillation is negligible.

For a non-deformable body moving freely in viscous flow, the generalized Kirchhoff
equation (Howe 1995; Mougin & Magnaudet 2002) can be used. In addition, if the
symmetry axis of the ellipsoidal bubble is aligned with the bubble velocity vector, the
generalized Kirchhoff equation reduces to (cf. Shew et al. 2006)

Fl _FBI
F=|F| = —Fp , 3.4
F3 —(d¢/d[)A11USlIl9

where

(x =1 —cos'y"!

cosTIx 1 — (x2 = )'"?/x*

Ay =pV (3.5)
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FIGURE 6. The bubble shape at (a) C}, =0 and (b) C}, = 0.4 for four periods of helical paths
(A, O, 0, —). The shape change is less than 0.024 mm, implying that the shape change is
negligible.

FIGURE 7. The magnitude of the lift force F; acting on the bubble as a function of
the normalized slip condition Cj,. The lift force show non-monotonic dependence on the
slip condition. The maximum lift force is found around C} = 0.12, corresponding to the
maximum amplitude A and the minimum frequency f.

Here 6 is the pitch angle of the path and ¢ is the azimuthal angle against the
direction of motion. The subscripts 1, 2 and 3 indicate the components of the forces
in directions 1, 2 and 3, respectively. Direction 1 is the same direction as the minor
axis of a bubble, direction 2 is taken as the plane 1-2 being vertical and direction 3
is normal to the plane 1-2 with setting the right-hand coordinate. The origin of these
Cartesian coordinates (1, 2, 3) is the centroid of the bubble. Here Fp; and Fjp, are the
components of the buoyancy force in directions 1 and 2, respectively.

The magnitude of lift force F; = \/F; + F> calculated by (3.4) is shown in figure 7.
Remarkably the lift force shows a non-monotonic dependence on the slip condition.
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FIGURE 8. The angle of the lift force § in the reference frame as a function of Cj, normalized
by Beean = 0.92 rad at Cj, = 0. Remarkably, B is almost constant in C}, > 0 and lower than
that in C}, = 0. This indicates that the direction of the lift force is constant in the surfactant
solution for the bubble of d, = 2.0 mm.

The maximum lift force is found around Cj, = 0.12, corresponding to the maximum
amplitude A and the minimum frequency f. de Vries et al. (2002) estimated the
magnitude of the lift force as

Fr=pylU, (3.6)

where y is the circulation of the vortex in the direction of motion and / is the distance
between the treads of double wakes. For the present case this estimation gives the
order of the lift force, 20—40 uN, in good agreement with experiments, 20-30 uN.
Based on (3.6) one possible mechanism for the non-monotonic behaviour of the lift
force is as follows: for the Cj, < 0.12 the vortex generation sharply increases with
increasing Cj, resulting in the increase of the circulation y. This effect exceeds the
effect of decreasing the rise velocity U, leading to the increase of the lift force. In
contrast, for C}, > 0.12, the increase rate of y is less than the decrease of U, resulting
in the decrease of the lift force.

In figure 8 we show an angle of the lift force 8 in the reference frame normalized
by Beean = 0.92 rad at Cj, = 0. Remarkably the B is almost constant for non-zero
Cj},. Briicker (2001) and Zenit & Magnaudet (2009) showed that the direction of the
lift force is on the symmetric plane of the double-threaded wake. Thus, the constant
B indicates that the alignment of double-threaded wake in the reference frame is
independent of the slip condition for C}, > 0. Note that the value of this constant 8 is
lower than that at Cj, = 0, indicating that the symmetric plane of the double-threaded
wake for C}, > 0 is closer to the direction of motion of a bubble. The reason for this
is not clear at the moment. One possible reason is that for C}, > O the rear part of the
bubble surface has high surface concentration of surfactant that provides the similar
boundary condition in the azimuthal direction.

3.2. Surfactant effect on transient motion
We observe transient trajectories of a bubble in Triton X-100 solution: figure 9(a—c)
show straight-helical-zigzag transition for a bubble of 1.3 mm in diameter,
helical-zigzag for a bubble of 2.0 mm and zigzag-helical-zigzag for a bubble of
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FIGURE 9. (Colour online) The three-dimensional trajectories of rising bubbles in Triton
X-100 solution: (a) a bubble of 1.3 mm in diameter first rises straight, then changes into a
helical motion, followed by a zigzag motion; () a bubble of 2.0 mm in diameter demonstrates
the transient trajectory changing from a helical into a zigzag motion; (c) a bubble of 3.1 mm
in diameter shows a zigzag—helical-zigzag transition.

3.1 mm. In the following we discuss the transient trajectory of a bubble of 2.0 mm in
diameter in comparison with quasi-steady trajectories as reported in § 3.1.

The helical-zigzag transition shown in figure 9(b) has never been reported while
the opposite transition, zigzag—helical transition, is found for a bubble with a free-slip
condition in both experiments (e.g. Shew et al. 2006) and numerics (e.g. Mougin &
Magnaudet 2001). A comprehensive description for zigzag-helix transition is given
by Mougin & Magnaudet (2006): a planar symmetry of the double-treaded wake
which drives the zigzag motion is broken and the two vortices wrap around each
other, allowing the trajectory to become three-dimensional, i.e. helical. In this case
the helical-zigzag transition has not be seen. For the present experiments, therefore,
another mechanism should be dominant, which we discuss below.

For studying this mechanism further the corresponding rise velocity of figure 9(b)
is shown in figure 10. It first approaches the velocity of a bubble with a free-slip
condition, then decreases continuously and finally comes close to that of a bubble
for a no-slip condition with velocity oscillations. This reduction of the velocity shows
that the slip condition gradually changes from free-slip to no-slip for a long distance
~1 m. This is attributed to the continuous accumulation of Triton X-100 on the bubble
surface as discussed in § 2.2, resulting in the gradual increase of drag. A similar trend
of this velocity decrease had been reported by Zhang & Finch (2001) for smaller
bubbles rising straightly in a quiescent liquid. This extended reduction in velocity
allows us to observe the transition from helical to zigzag. The three-dimensional
motion is helical for z/d, < 290 where the velocity of the bubble is higher than the
transition velocity U./Ugeq = 0.55, corresponding to the slip condition of C}, < 0.7.
For z/d, > 290 the bubble motion is zigzag with mean velocity lower than U, and
the velocity shows oscillation. This suggests that the transient slip condition dominates
the transient motion of a bubble. In addition, the transition velocity U, is the same
as that for quasi-steady motion in 1-Pentanol. This indicates that the instantaneous
slip condition of the bubble in this transient motion could be considered as the slip
condition which leads to the corresponding quasi-steady path instability as shown in
§3.1. The reason why the quasi-steady assumption works well is not clear at this
moment. The total time for developing a wake from a moment when a bubble starts
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FIGURE 10. The rise velocity U in Triton X-100 0.27 p.p.m. solution as a function of the
bubble vertical position z. The vertical and lateral axis are represented by the unit of U, and
d,, respectively. The thin solid line is the velocity of a bubble with a free-slip condition and
thin dashed line is that of a bubble with a no-slip condition. For z/d, < 290 (U/U_jeq, = 0.55)
the bubble motion is helical while for z/d, > 290 the bubble motion is zigzag.

moving at constant speed is estimated as the vorticity diffusion time scale, w?/v,
where v is the kinematic viscosity and w is the semiwidth of the wake. In our
condition it is in the order of 1 s, in the same order of total time for changing surface
condition ~5 s. We here propose one hypothesis. Mougin & Magnaudet (2006) found
that there is a time delay ~5d,/U between the change of sign of the trailing vortices
and the vanishing of the body rotational velocity at the inflection points of the zigzag
path. It may show that the length of the wake which affects the bubble motion is ~5d,.
Adding the vorticity advection time scale with the time delay between the change
inside the wake and bubble velocity may give the time ~10d,/U ~ O(0.1) s, much
smaller than the time for changing surface condition.

For validating this interpretation, we investigate the relationship between the
instantaneous slip condition C}, and the amplitude A of the bubble trajectory projected
on a horizontal plane (see figure 11). The non-monotonic dependence on the Cj, is
again observed as discussed in § 3.1. In figure 11 we also show the measurements for
quasi-steady motion. Remarkably the results for both cases agree within measurement
errors, which could support the interpretation.

3.3. Phase diagram of the surfactant effect on a single-bubble path instability

In this subsection we discuss the range of parameters for obtaining the typical types
of motions: straight, helical and zigzag. The parameters are the Reynolds number
(Re) and the slip condition represented by the normalized drag coefficient (C}). In
figure 12, the types of path instability regarded as quasi-steady motion are plotted in
the Re—Cj, space. This is the first mapping of bubble behaviours for a wide range of
the slip conditions and the Reynolds numbers.

The results of a bubble with both a free-slip and a no-slip condition show a
consistent trend with previous investigations, exhibiting a clear dependence on Re
(e.g. Duineveld 1995; Ellingsen & Risso 2001; Shew et al. 2006 for a free-slip
condition and Fdhila & Duineveld 1996; Jenny, Dusek & Bouchet 2004 for a no-slip
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FIGURE 11. The amplitude A of the horizontal trajectory for the bubble of the transient
motion (filled circles) and that of quasi-steady motion (open squares) as a function of the
normalized drag coefficient Cj,. The measured amplitudes are normalized by the amplitude
of a bubble with a free-slip condition A...,. The results of the transient motion show
an agreement with that of the quasi-steady motion, indicating that the instantaneous slip
condition can be regarded as the quasi-steady slip condition which leads to the corresponding
path instability as shown in § 3.1.
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FIGURE 12. (Colour online) The parameter field of Reynolds number Re and the slip
condition represented by the normalized drag coefficient Cj,: asterisk, straight rising motion;
square, helical motion; triangle, oblique motion; circle, zigzag motion. The grey regions of
(a—c) indicate the bubble trajectories for (a—c) in figure 9, respectively.

condition): a bubble with a free-slip condition, indicated by the line of Cj, =0 in
figure 12 rises straightly for Re < 600; for Re ~ 650 a bubble demonstrates helical
motion; for Re > 700 a bubble shows zigzag motion. Bubbles which do not exhibit
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path instability with free-slip surfaces at Cj, = 0 have the aspect ratio less than 2.0,
consistent with the results of Zenit & Magnaudet (2008). The behaviours of a bubble
with a no-slip condition, along Cj, =1 in figure 12, show a good agreement with the
existing results of a rigid sphere; the oblique motion is observed for 210 < Re < 270
and the zigzag motion for larger Re regime. Note that the helical motion is never seen
in this region. As discussed by Fdhila & Duineveld (1996), Magnaudet & Mougin
(2007) and Yang & Prosperetti (2007), the path instability of a bubble with a no-slip
condition has a similar mechanism as that of a rigid sphere.

With the intermediate slip condition for 0.4 < Cj, < 0.6, in contrast, a bubble
shows helical motions for an entire range of the Reynolds number in this study,
i.e. Re € [300, 900].

To understand this phase diagram, we first discuss the behaviour of a bubble
with a free-slip and a no-slip condition. The flow evolution with an object with a
fixed spheroidal shape (x = 2.5) is studied by Magnaudet & Mougin (2007). With
increasing the maximum vorticity by increasing the Reynolds number, the flow first
undergoes a supercritical regular bifurcation which leads to a steady double-threaded
wake with a planar symmetry. This is strongly related to the oblique motion for a
freely moving bubble with a no-slip condition and the helical motion for a free-slip
condition. By further increasing the Reynolds number, a secondary supercritical Hopf
bifurcation occurs. The sign of the streamwise vorticity shed in each thread changes
periodically. This is quite relevant to the zigzag motion of a freely moving bubble with
both a free-slip and a no-slip condition. We find that the aforementioned mechanism
nicely explain their dependence on the Reynolds numbers of a bubble with a free-slip
and a no-slip condition.

We now view this phase diagram with varying Cj, at fixed Re in the region of
Re < 600 (cf. the dashed arrow for Re =400 in figure 12). Note that with increasing
C}, at fixed Re the total vorticity generation at the bubble surface increases. With
increasing Cj, at Re < 600 bubble motion first changes from straight to helical and
then helical to zigzag. It indicates that the enhancement of the vorticity generation due
to the changing of the slip condition first leads to the regular bifurcation for the helical
motions and then the Hopf bifurcation for the zigzag motions. This is the same way
of evolution of the flow bifurcation for a free-slip and a no-slip bubble with varying
Re as described in the previous paragraph. With increasing Cj, at fixed Re > 700
(cf. the dashed—dotted arrow for Re = 800 in figure 12), however, the bubble motion
first shows zigzag, followed by helical and then comes back to the zigzag motion. This
transition is clearly different from that for Re < 600. The possible reason could be
given by the maximum local vorticity generated on the bubble surface. A bubble with
a free-slip condition shows a larger deformation, which gives a larger local curvature
and leads to higher local vorticity generated on the bubble surface (Batchelor 1967).
This high local vorticity could trigger the vortex shedding from the bubble surface.
For a bubble with an intermediate slip condition, the moderate deformation generates
moderate local vorticity which may be smaller than that with a free-slip condition. For
a bubble with a no-slip condition, the immobile surface generates larger local vorticity
which could again trigger the periodic vortex shedding. To address this point, further
experiments and numerics are required.

4. Conclusion

In this work we have experimentally investigated surfactant effects on the path
instability of a single bubble rising in quiescent liquid and discussed the underlying
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mechanisms. We have obtained three-dimensional trajectories, velocities and aspect
ratios of the bubble for ~1 m using two high-speed cameras and vertical traverse
systems. We have controlled the diameter of the bubble in the range of 1-4 mm and
the surfactant concentration of 1-Pentanol or Triton X-100. The addition of surfactant
has varied the surface slip condition from a free-slip to a no-slip condition due
to Marangoni effect. The slip condition have been quantified using the normalized
drag coefficient Cj, which is the experimental drag coefficient scaled by the drag
coefficients of a free-slip and a no-slip condition. We have first shown the effect of
1-Pentanol on the path instability. The three-dimensional motion has been changed
drastically with varying surfactant concentration. We have explored the relationship
between the slip condition and the forces acting on the bubble. Remarkably, the lift
force has shown a non-monotonic dependence on the slip condition, although the
direction of the lift force has been constant in the reference frame. It implies that the
double-threaded wake has the fixed alignment of the vortices. We have also observed
the transient trajectory starting from helical to zigzag, which has never been reported
before. Its instantaneous frequency of the bubble horizontal velocity and amplitude
of the horizontal path have agreed with those of quasi-steady motions, indicating
that the wake can follow the time evolution of the slip condition in a very short
time for this case. Finally we have investigated the parameter range for obtaining
straight/helical/zigzag motion in the Re—Cj, space. While types of bubble motions have
been strongly dependent on Re in the case of a free-slip and a no-slip condition, those
in intermediate slip conditions for 0.4 < C}, < 0.6 have been helical for the broad
range of Re € [300, 900].
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