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Path instability of rising spheroidal air bubbles:
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The conditions for which the paths of freely rising bubbles become oscillatory are studied
experimentally using silicone oils with viscosities ranging from 0.5 to 9.4 times that of water. Since
these fluids are nonpolar, as opposed to water, the gas-liquid interfaces remain clean without the
need of an ultrapure environment. We find the Reynolds number at incipient transition to vary from
70 to 470, for decreasing liquid viscosity. Correspondingly, the bubble aspect ratio remains almost
constant, ranging only from 2.36 to 2.0 for the same set of conditions. Hence, we argue that the
dominant parameter to trigger the instability is the bubble shape and not the Reynolds number. Since
vorticity generated at the bubble surface is almost independent of the Reynolds number and mostly
depends on the bubble aspect ratio in the parameter range covered by our experiments, present
results strongly support the view that path instability is a direct consequence of the wake instability
that occurs when this surface vorticity exceeds a certain threshold. © 2008 American Institute of

Physics. [DOI: 10.1063/1.2940368]

Air bubbles larger than a certain size rising in water
under the effect of buoyancy are known to follow paths with
horizontal oscillations, while they are only submitted to a
vertical gravitational force. This paradigm has caught the
attention of scientists for centuries, starting with Leonardo da
Vinci’s observations.' Rigorous studies of the phenomenon
were conducted over the last 50 years. In water, small
bubbles (say, less than 1.5 mm in diameter) are kept almost
spherical by surface tension and rise along a straight path,
while slightly larger bubbles follow a zigzag or a helical
path. Until recently the reasons for this change of behavior,
as well as the precise threshold at which it occurs, remained
unclear. Early experiments conducted in water, under appar-
ently the same conditions, gave a broad range of conditions
for the transition to oscillatory path to occur (see Ref. 2 for a
review). The experimental results of Duineveld® obtained in
hyperclean water gave a new insight into the phenomenon,
as they made it clear that in most of the previous experiments
the air-water system contained some surfactants which pre-
vented the interface from being stress-free, changing the dy-
namics of the problem completely.

The nature of the path instability was first investigated
theoretically by considering the possibility of an irrotational
mechanism.*> This view was, however, shown to be incor-
rect both by a rigorous numerical stability analysis6 and by
experiments.7 Only recently, through direct numerical simu-
lations of the Navier—Stokes equations around a freely mov-
ing spheroidal bubble with a prescribed shape, has the nature
of the instability began to be understood.® In this model, the
trajectory becomes unstable as a result of an instability of the
wake. In particular, the onset of path instability was found to
coincide with the time at which the wake loses its axial sym-
metry and develops two counter-rotating trailing vortices,” an
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observation confirmed by experiments in hyperclean water.”
The first indication of the relation between wake instability
and bubble path was reported by Briicker."”

Of particular relevance to this study is the work of Mag-
naudet and Mougin11 who performed numerical simulations
of the flow past a fixed oblate spheroidal bubble of pre-
scribed shape embedded in a uniform stream to determine
the range of parameters for which the wake becomes un-
stable. They found that this cannot occur whatever the Rey-
nolds number for bubbles with an aspect ratio y less than
2.21, while for higher y the wake experiences a steady su-
percritical bifurcation for a critical Reynolds number de-
creasing as y increases. Since the vorticity generated at the
bubble surface owing to the stress-free condition is at the
root of the mechanism, they built a criterion to determine
whether the flow is unstable or not, based on the maximum
of this quantity. Although the nature of the instability affect-
ing the wake of a fixed bubble is now clearer (see also Ref.
12), the experimental evidence to further support the appli-
cability of these ideas to freely rising bubbles is still limited.
This is partly because there are only a few experimental re-
sults for hyperclean water™”"® and, to our knowledge,
“clean” experiments with other liquids have not been carried
out.

In this letter we report new experimental results which
clarify the conditions for the transition to an oscillatory path
for the case of clean fluids different from water, namely,
silicone oils. As is well known, these fluids are formed by
nonpolar molecules as opposed to water. This feature makes
the gas-liquid interfaces remain clean under standard labora-
tory conditions. Our experiments make use of several sili-
cone oils with viscosities ranging from half that of water to
ten times this value. The most important result of this inves-
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TABLE I. Properties of the liquids used in the experiment: p is the density,
w the dynamic viscosity, and o the surface tension. The properties of pure
water are also shown for reference.

Liquid p (kg/m®)  w(mPas) o (mN/m) Mo=gu'/(pc?)
Water 1000 1.00 72.86 2.5x107"
DMS-T00 761 0.49 15.9 1.8x 10710
DMS-T02 873 1.75 18.7 1.6%X1078
DMS-TO05 918 4.59 19.7 6.2x1077
DMS-T11 935 9.35 20.1 9.9%x107°

tigation is that, when the liquid viscosity is varied, the con-
ditions for transition to an oscillating path occur over a wide
range of values of the Reynolds number while the critical
aspect ratio remains mostly unchanged.

The experiments were conducted in a 30 cm tall cylin-
drical glass tank, with a 10 cm diameter. At the bottom of the
container a capillary tube within which the bubbles were
formed was inserted. Bubbles of different sizes were pro-
duced by changing the diameter of the capillary and also by
lightly tapping the tubing (to add a small disturbance to the
gas flow). The bubbles were formed with air which was in-
jected in the capillary tube using a syringe pump. By using
very small pumping rates (1 ul/min), the formation of single
bubbles was made possible. To ensure that the interfaces re-
mained clean, all parts in direct contact with the liquid (glass
container and capillaries) were thoroughly cleaned before
each experiment: They were rinsed twice with methanol (Al-
drich, 27047-4, 99.9% purity) and four times with double-
distilled water. Note that all walls in contact with the liquid
were made of glass to reduce the contamination. All experi-
ments were conducted in a room with temperature control
(T=22=1°C).

Four types of silicone oil (polydimethylsiloxane) were
used, purchased from Gelest Inc. Their properties, obtained
from the manufacturer, are listed in Table I. The value of the
Morton number, which is a “summary” of the fluid proper-
ties, is also shown. Note that the range of values of this
number extends over four orders of magnitude. Although
only the viscosity of the liquids was varied (the surface ten-
sion remained relatively constant), the combined effect of the
variation of physical properties is representative of a wide
range of common low-viscosity liquids. Results obtained
with these liquids will systematically be compared to the
reference data of Duineveld® obtained in hyperclean water.
Also important are comparisons to the theoretical analysis of
Moore,"* who predicted the terminal velocity and aspect ra-
tio of oblate spheroidal bubbles rising in straight line in the
limit of very large Reynolds number. In particular, Moore
calculated the bubble aspect ratio y as a function of the We-
ber number We=pU2deq/ o as if the fluid were inviscid. If we
write the Weber number as a function of the other relevant
dimensionless numbers for a viscous liquid, we have We
=Re?Mo'*Ar~?", where Re=pd,U/ p is the Reynolds num-
ber, Mo= gut/(pa®) is the Morton number, and Ar
=p\e‘"gd2q/ w is the Archimedes number. Hence, assuming that
Moore’s prediction for the bubble shape still applies to
bubbles rising in a viscous liquid provided Re is large
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FIG. 1. (Color online) Typical bubble shape images obtained in DMS-T05
silicone oil with a bubble of d.,=2.64 mm and x=1.97. (a) shows the origi-
nal image and (b) shows the corresponding fit obtained through an expan-
sion in Legendre polynomials. In (b) d; and d, are indicated.

enough, and considering that 0= Oyqa /4 according to
Table I, a bubble rising in silicone oil will have the same
aspect ratio (i.e., same We) as one rising in water provided
the Reynolds number of the former is half that of the latter.
This is of course only a rough estimate, since viscous effects
also affect the bubble shape as will be shown below.

To measure the shape and terminal velocity U of
bubbles, a high speed camera was used (APX Photron). The
images, as that shown in Fig. 1(a), were obtained at approxi-
mately 20 cm above the capillary to ensure that the bubbles
had reached their terminal velocity. The optical array used in
this study resulted in a resolution of around 35 pixels/mm,
for an acquisition rate of 1000 frames/s. Using the MAT-
LABO Image Processing toolbox, the images were converted
into binary format and the geometrical center of the blobs
was located and tracked in time. With this routine, the
equivalent diameter [deq=(d12ds)” 3, where d, and d, are the
long and short bubble diameters, respectively] and the aspect
ratio (y=d,/d,) was calculated for each case. A typical result
is shown in Fig. 1(b). Also note that with our one-camera
setup, it is not possible to precisely determine the bubble
shape after the onset of the instability; hence, some experi-
mental uncertainty is expected. Nevertheless, our study fo-
cuses on the determination of the critical conditions for
which our setup is sufficient.

A series of typical images for increasing bubble sizes is
shown in Fig. 2. For each experiment the bubble size was
increased until the oscillating path was first detected. The
conditions for transition were determined by interpolating
the experimental conditions (d.q, X, U) in between the last
straight and first oscillating paths. The critical conditions
were identified using the bubble velocity. For bubbles below
the transition, this velocity was nearly constant whereas once

FIG. 2. Typical bubble images obtained in DMS-T02 silicone oil: (a) d¢q
=1.48 mm, y=1.64; (b) dq=2.06 mm, x=1.91; (c) deq=2.10 mm, x=1.99;
(d) deg=2.33 mm, x=2.10; () deq=2.52 mm, x=2.43; (f) deq=2.60 mm, y
=2.61. Bubbles (a)-(c) have a straight path; (d) is the first bubble of the
series to exhibit a zigzag path.
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FIG. 3. (Color online) (a) Reynolds number Re as a function of the bubble
equivalent diameter d,,. (b) Bubble aspect ratio x as a function of d,.
Results for DMS-T00 (X), DMS-T02 (O), DMS-T05 (<), DMS-T11 (V);
hyperclean water ((J) (from Ref. 3). In (a), the solid lines show the predic-
tion of Ref. 14; the error bars on the first data point of the DMS-T02 case
show the magnitude of the experimental uncertainty (5%). The solid circles
(@) show the critical conditions at which the transition to oscillatory path is
detected.

the instability manifested itself, it fluctuated both in the ver-
tical and horizontal directions. The bubble was considered to
be above the transition point when the standard deviation of
its velocity was larger that 5% of the terminal velocity. From
the one-camera view it was not possible to determine
whether the oscillatory path was a planar zigzag or a helix.
Nevertheless, a few experiments were conducted by filming
the bubble motion from above at incipient oscillating path
for each liquid. In all cases, a zigzag type oscillation was
observed.

Figure 3(a) shows the measured Reynolds number as a
function of the equivalent bubble diameter. For all cases, the
experimental Reynolds number is close to that predicted in
Ref. 14. This is a clear indication that the assumption that the
bubble surface is clean is correct. Note that the measured
terminal velocities are slightly larger than those predicted in
Ref. 14, a point also noted in Ref. 3. This discrepancy most
likely results from the fact that the bubbles in the experi-
ments are not perfect oblate spheroids, as shown in Fig. 2.
For the case of the least viscous oil (DMS-T00), the terminal
Reynolds number is very close to that found in water (from
Ref. 3) for the same range of bubble diameters. The critical
Reynolds number Re, at which oscillations are first detected
strongly decreases as the Morton number increases. This fact
is at odds with what is known for the case of solid spheres
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FIG. 4. (Color online) Reynolds number Re as a function of y. All symbols
are as in Fig. 3. The dashed line (that passes through the solid circles) shows
the boundary of critical conditions; the dashed-dotted line shows the corre-
sponding part of the critical curve reported by Ref. 11 for a fixed bubble.

where the wake first loses its axisymmetric structure at a
well-defined Reynolds number.'>'®

Figure 3(b) shows the measured aspect ratio y as a func-
tion of the bubble size. As expected, the bubble becomes
more oblate as its size increases, so that y always increases
with d,. For a given d,, x also increases as surface tension
decreases, i.e., from DMS-T11 to DMS-T00. However, sur-
face tension changes by about 25% in between these two
oils, whereas, in some range of deq, the aspect ratio is found
to change by 70% for a given bubble diameter. This is a clear
indication that the prediction of Ref. 14 for the bubble shape
only provides a rough estimate under present experimental
conditions. This is because viscous effects, which are not
accounted for in this theory, significantly contribute to alter
the bubble shape in the range of parameters we are consid-
ering. In other words, x does not depend only on We but also
on Re, as could be inferred from the fact that the problem has
two independent control parameters, namely, We and Re (or
Mo and Ar). The influence of these viscous effects is easily
discernible in Fig. 2: Bubbles are becoming less fore-aft
symmetric as their size increases, “large” bubbles being flat-
ter at the front and more rounded at the back, owing to pres-
sure corrections induced by viscous effects. Most notably,
Fig. 3(b) indicates that the critical aspect ratio for which the
transition to oscillatory behavior is first observed remains
remarkably constant for “low-viscosity” oils (i.e., up to
DMS-TO05), increasing only for the most viscous oil. Note
that the critical aspect ratio found for the low-viscosity oils is
similar to that determined in Refs. 3 and 13 (i.e., y=2.0) in
hyperclean water.

Eliminating d_, in between Figs. 3(a) and 3(b) allows us
to obtain Fig. 4 which displays the evolution of Re as a
function of . A similar plot was used in Ref. 11 to obtain the
critical curve separating the regime where the wake of a
fixed bubble is stable (i.e., axisymmetric) from that where it
is fully three dimensional and thus produces a nonzero lift
force. Here the region of stable rectilinear path lies to the left
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of the dashed line. The results corresponding to transitional
conditions indicate that Re, changes drastically, falling from
467 for DMS-T00 to 70 for DMS-T11. With solid axisym-
metric bodies, the configuration that yields the lowest Re.. is
that of a flat solid disk moving broadside on, in which case
Re, is about 115." Hence, when rising in a fluid of large
enough viscosity, a spheroidal bubble may have a critical Re
lower than any solid body. Combined with data available for
hyperclean water which indicate ReC%650,3’13 present re-
sults show that the transition from straight to oscillatory path
of spheroidal bubbles spans a full decade of Reynolds num-
bers. In contrast the aspect ratio only increases from 2.0 to
2.1 for the three least viscous oils, finally reaching 2.36 for
TMS-T11. This is the key result of the present investigation.
To figure out its significance, let us quickly come back to
some of the conclusions reached in Ref. 11 for a fixed, per-
fectly spheroidal bubble. First it was shown there that, for
large enough Re and y, the normalized maximum vorticity
®maxdeq/ U at the bubble surface (reached at the equator of
the bubble, where both the local fluid velocity and interface
curvature are maximum) is independent of the Reynolds
number and evolves as X8/3. Then, when re-expressed in
terms of surface vorticity, the critical curve separating the
stable and unstable regions of the (x,Re) phase space was
shown to reduce t0 wpgdeq/ U=25+8.6 X 103 Re. When ap-
plied to the present range of Re,., this criterion, combined
with the x®3-law, suggests that the critical aspect ratio
should almost stay constant, varying by less than 5%. As
shown by Fig. 4, this view is well supported by present re-
sults. The increase in the critical aspect ratio found with the
most viscous oil can also be explained on the basis of the
results of Ref. 11. Indeed, Fig. 5 of Ref. 11 shows that finite-
Re effects still affect the strength of the surface vorticity for
Re=0(10%), w,,,, then decreasing significantly with decreas-
ing Re. Typically, an oblate bubble with y=2.0 and Re
=0(10°) is shown to produce as much vorticity as a bubble
with y=2.35 and Re=0(10?). Therefore, to satisfy the above
criterion, it is clear that a bubble rising with an O(10?) Rey-
nolds number has to be slightly more oblate than its “high-
Re” counterpart to generate the required amount of vorticity.
Finally, the experimental results shown in Fig. 4 also indicate
that the theoretical predictions of Ref. 11 for the critical as-
pect ratio are shifted by about 0.2 toward higher values. This
difference can be explained on the basis of the fore-aft asym-
metry of real bubbles in the transitional range, as compared
to the perfect symmetry of the bubbles considered in Ref. 11.
As real bubbles have flatter fronts than their perfectly sphe-
roidal counterparts, the maximum curvature and surface fluid
velocity which determine w,,, have to be estimated from the
geometry of their front half rather than from their overall
aspect ratio. When re-evaluated in this way, the relevant as-
pect ratio y,, is approximately 10% larger than y=d,/d,, as
we defined from Fig. 1(b). For instance, the bubble in Fig. 1
corresponds to x,,=2.18 rather than to x=1.97. Using this
correction, present results for freely moving bubbles are
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found to collapse on the theoretical predictions obtained in
Ref. 11 with fixed bubbles. Additionally, some visualizations
of the wake structure for bubbles after the instability were
conducted: The presence of two counter-rotating streamwise
vortices was  observed, as previously reported
experimentally,9 in an indirect manner, and numerically.2
These results will be presented elsewhere.

Therefore, combined with the numerical findings of Ref.
11, experimental results obtained with five different liquids
now provide evidence of a one-to-one correspondence be-
tween the onset of the wake instability of a fixed bubble and
that of the path instability of a freely moving bubble. Hence
they confirm and extend the statement made in Ref. 8 on the
basis of purely numerical results for perfectly oblate bubbles
that there is a direct relationship between the instability of
the bubble wake and that of its path. Moreover, they fully
support the idea that the whole instability mechanism is gov-
erned by the amount of vorticity generated at the bubble
surface, a process mostly related to the bubble oblateness.

These experiments were performed at IMFT during the
sabbatical year of R.Z., who acknowledges the support of the
PASPA program of UNAM. The technical assistance of S.
Cazin was greatly appreciated.
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