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Summary We present resultsf experiments conducted to study bursting of air kesobt a free surface, for the range of bubbleusadi
0.42 mm < R < 2.7 mm, in water and glycerol-watdutions. We show that the jet velocity increaséh wecrease in radius as 1/R till

R= 1 mm for glycerine- water, below which the vélpdas an opposite dependence on R. The stagdindet jet formation are
presented from high speed imaging of the process.

Introduction

Bursting of bubbles at the free surface of a ligrgdults in the formation of fast moving liquidgeDuchemin et al
(2002), performed simulations of this phenomenaafaride range of bubbles and found that the velogitied as R
for R > 0.5 mm, where R is the undeformed bubbtiiusa Boulton Stone and Blake (1993) however foang*
variation of jet velocity for the same range ofuRing boundary integral simulation. These conttélicresults are yet
to be verified experimentally in fluids of differeviscosity. The physical mechanism behind thesdireg of jet velocity
is still not clear, since various theories prediffering exponents of R in the relation for jelagty (Longuet- Higgins,
1995, Katz, 1999). It is also important to expltre similarities of a cavity collapse at the freeface to other physical

singularities in nature such as collapse of stapdiaves (Zeff et al, 2000).

Experimental setup and measurements

e We study the collapse of a bubble at a free surfacd the subsequent jet
I A~ formation, using the setup shown in fi 1 inevand gl I-wat ixt
o AN . g p gure 1 inavand glycerol-water mixture
'—’—‘ iﬁ % . N (68.3% of glycerol). The liquid was taken in a sparent acrylic tank of 3.5x5
g N '—‘ cnt cross sectional area and filled up to the brimellder avoiding meniscus.
4 Capillary tubes of different sizes were used farducing bubbles of sizes 0.42
[ e mm < R < 2.7 mm inside the liquid. Air was fed itk@ capillary by operating a

T e | SYringe pump running at constant discharge. Thehdige was selected in such
cnmen] - a way to avoid crowding of bubbles at the free aef thereby eliminating the

— possibility of bubbles merging. The bubble releaBed the capillary stays at

conmoer|  the free surface for a short time and then burBkés bursting process was
captured by a high speed CCD camera with high sitebhED back lighting and

at frame rates < 19000 Hz. The following measurgséom the images were
conducted. 1. undeformed bubble radius R, obtdireed the image of the rising

bubble in the liquid, 2. static parameters of tlublile and 3. the sequence of
bubble bursting.
Fig 1: The schematic of experimental set- up
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Results

The variations of the static parameters of the b the free surface in figure 2(a) with respecR were studied.
Equating buoyancy force to surface tension forcéhatrim section, R/R ~ 0.81 R/R, where R = (o/pg)*? is the
capillary length, as obtained by Boulton-Stone inascour measurements (figure 3(b)).. The heigktie@bubble above
the free surfacechn glycerol- water matches the prediction of Allahal (1961). Princen’s (1965) prediction of the
height of spherical cap matches with present experimentation (figure 3@gformation of the bubble from a spherical
shape can be understood by studying the variatbRs, and Z with R/R.. Due to the compression of the bubble in the
vertical direction due to buoyancy, and the subsagelongation in the horizontal direction to camsevolume R/R

increases while /R decreases with increase in R/R

Fig 2 shows the stages of bubble bursting, alonly thie time gap between those stages. The bursténty when a hole
develops in the spherical thin film part of the bigh The hole in the stretched film becomes laeget reaches the rim in
short time (~1/3000 sec) creating a cavity in tiee surface. The retracting film also produces tryligaments along the
periphery of the rim, as shown in figure 2(b), whiigaments give rise to tiny droplets. The expased(figure 2(c)) cause
generation of high Laplace pressure inside thethieneby pushing the fluid downwards with very hggeed, the cavity
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also collapses due to surface tension reducinfréleesurface area. The stages of cavity collapsebeaseen from figure
2(d) to 2(f). Since the cavity collapse occurs limat of 10°sec, it is highly possible that the collapsing pheena to
follow an impact time scale rather than convectire scale. Figure 2(f) and 2(g) show the finagstaof axisymmetric
flow convergence to produce a jet.
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Fig 2: Different stages of bubble burst (from leftright) for bubble radius R= 2.19 mm, grid siselimm. The time
difference between the images from (a) to (d) 80@0 sec, the time difference between (d) & (ejve as (f) & (g) is
5/3000 sec while (e) and (f) are separated by 2Y3@@.

Fig 3: Variation of static parameters
as a function of dimensionless radius
R/R.. The static parameters are as
shown in figure 2(a).
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For R< R <R, where R=pv¥/c, the viscous -capillary length, by neglecting draeffects, Duchemin et al. (2002)
defined a viscous -capillary velocity scale=¥/pv. They then proposed that if viscous effects shbelahegligible, due
to the high Re, then V/ =~ (R/ R)™? implying that the jet velocity V ~ ¢(p)/R)*>. This scaling matched the results
from their simulations for R/R> 2x1(, as could be seen in figure 4. However, the sitimria of Boulton-Stone (1993)
as well as our present experimental results shoWRascaling of jet velocity for R/R> 2x10". We expect this
discrepancy to be due to the distortion of the beishape from the spherical shape assumed by Dicletral at larger
radius. As could be seen from figure 3(a) deforamatf the bubble from a spherical shape is notigibig for R/R.>
0.3. The velocities of the jet in the glycerol-wasolution also show a 1/R scaling, similar to tléiserved by
Duchemin et al. (2002) in the same range of RH®wever the magnitude of the jet velocity is amder of magnitude
lower than predicted by Duchemin et al.; viscosiggms to have much stronger effect than expecieilaGto that in
Duchemin et al., there seems to be a viscous ¢utd®/R =~ 600, below which jet velocity decreases with R.t&o
conclude, there seems to be only 2 regimes objetdtion from collapse of bubbles at the free suafat larger radius
there is a regime in which V ~ 1/R, while at a de1aR there seems to be a regime in which V"-vihere n = 3.
Physical explanations for these scalings are ybetfound.
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