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Collisions between millimeter-size bubbles in water against a glass plate are studied using high-speed

video. Bubble trajectory and shape are tracked simultaneously with laser interferometry between the glass

and bubble surfaces that monitors spatial-temporal evolution of the trapped water film. Initial bubble

bounces and the final attachment of the bubble to the surface have been quantified. While the global

Reynolds number is large (� 102), the film Reynolds number remains small and permits analysis with

lubrication theory with tangentially immobile boundary condition at the air-water interface. Accurate

predictions of dimple formation and subsequent film drainage are obtained.
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A key physical process that controls the impact of a
bubble (or drop) on a solid-liquid interface is the drain-
age dynamics of the thin film trapped by the deformable
object. The hydrodynamic drainage of this film down to
the nm scale prior to rupture has a venerable history. In
1939, Derjaguin and Kussakov [1] demonstrated that
when a macroscopic bubble is pushed towards a mica
plate, the hydrodynamic pressure in the film not only
flattens but can change the sign of the curvature of the
bubble to form a dimple when the hydrodynamic pres-
sure exceeds the bubble Laplace pressure. The character-
istic time scale of the film drainage process depends on
the boundary condition that pertains on the interfaces. In
the low Reynolds number regime when inertia effects are
small, the onset of dimple formation and the subsequent
drainage of the liquid film trapped between a bubble and
a wall [2,3], between a drop and a wall [4], and between
two drops [5] occur on time scales on the order of
seconds. Such phenomena have been modeled with
quantitative precision [6]. On the other hand, the fast
collision and attachment of millimeter-size bubbles in
different fluids and on a variety of surfaces have been
investigated experimentally by Zenit and Legendre [7],
Malysa et al. [8], and Tsao and Koch [9]. The experi-
ments are interpreted by treating the bubble as an effec-
tive particle whose deformation is analyzed in a
phenomenological way. Quantitative theoretical analysis
of fluid mechanics on the nanoscale remains elusive [10].

In this Letter, we report bubble impact experiments using
direct high-speed (up to 54; 000 frames=s) video record-
ings, taken at two perspectives, of a millimeter-size bubble
in water (0.5–1.5 mm diameter, Re �50–230) colliding
with a smooth glass surface. Trajectory data for the moving

and deforming bubble are taken synchronously with laser
interferometry recordings of the thinning of the water film
trapped between the approaching bubble and the surface.
Analysis of the interferometry fringes provides spatial-
temporal information about the dynamic response of the
water filmdown to a thickness of about�100 nm. Although
the film drainage process occurs on ms time scales, the
Reynolds number based on the film thickness (��m)
remains small. This permits quantitative analysis with a
lubrication model using a tangentially immobile hydrody-
namic boundary condition at the bubble-water interface.
Depending on the bubble size, the outcome of such inter-
actions includes bubble bounces prior to final attachment to
the surface. This study complements recent drop-impact
studies in air [11], the impact and deformation of soap
bubbles at the air-water interface [12] and the effect of a
Leidenfrost vapor on the impact splash behavior of a drop
on a hot surface [13].
A schematic of the experimental setup is presented in

Fig. 1(a). A glass container (cross section: 4 by 4 cm,
height: 20 cm) is filled with deionized water and covered
with a glass microscope cover slip (Fisherbrand, thickness
0.17 mm). A bubble is released from a fine needle
(Nordson EFD 32 G, inner diameter 0.10, outer diameter
0.24 mm) connected to a capillary at a distance of 5 mm
below the glass surface. Upon release, it rises under buoy-
ancy to reach terminal velocity before colliding with the
glass cover slip. The bubble diameter can be varied be-
tween 0.5 to 1.5 mm by using a second precision syringe to
inject an air bubble of controlled length into the capillary.
Then, by pushing the first syringe the bubble is transported
towards the needle tip until it is released gently into the
water.
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For interferometry, a laser (2 mm beam diameter with
300 mW, Nd:YAG continuous wave laser, � ¼ 532 nm)
after reflecting from a steering mirror is passed through a
50% beam splitter onto the glass slide at the area of bubble
impact [Fig. 1(a)]. The interference pattern between light
reflected from the glass-water and the bubble-water inter-
face is recorded with a high-speed camera (SA1, Photron
Inc.) at up to 54 000 frames=s through the beam splitter. A
snapshot with a typical interference pattern is depicted in
Fig. 1(b). A second high-speed (same frame rate) camera
synchronized through a phased-locked-loop records a side
view of the bubble rising and bouncing off the glass plate
[Fig. 1(c)]. Such data furnished the bubble radius R0 and
the velocity of the center of mass VðtÞ from the side view.
Over 20 experimental runs have been recorded and
analyzed.

In Fig. 2 we show a bubble of radiusR0 ¼ 0:69 mmwith
terminal velocity of VT ¼ 14:8 cm=s. This gives a global
Reynolds number of Re ¼ 2�R0VT=� � 200, where � ¼
1000 kg=m3 is the density and � the dynamic viscosity of
water. The capillary numberCa ¼ �VT=� is around 0.002,
where � ¼ 0:072 N=m is the water surface tension. To
describe our results, an arbitrary time origin t ¼ 0 ms is
set when the bubble still travels at a speed close to the
terminal velocity and is barely deformed by the proximity
to the glass surface. At t ¼ 2:8 ms, the bubble has made
‘‘contact’’ with the glass, showing considerable deforma-
tion with a well-developed dimple. The circular symmetry
of the fringes demonstrates that the trapped water film is
axisymmetric. At t ¼ 3:4 ms, the dimple has reached its
maximum size while the deformation of the bubble is most
pronounced. The bubble is about to reverse its trajectory
and ‘‘separates’’ from the glass surface shortly after

t ¼ 7:0 ms. At time t ¼ 9:9 ms, the bubble has receded
furthest from the surface and is about to commence an
approach for a second collision. The size of the dimple at
the second encounter (t ¼ 17:5 ms) is smaller due to the
lower impact velocity. At this bubble size, the dimple
resolves without further bounces. However, a small film
is maintained (t ¼ 20:3 ms) under buoyancy that forces
the film to drain slowly. Eventually, the film ruptures at the
dimple rim where the water film is thinnest and falls within
the range of an attractive disjoining pressure that destabil-
izes the film. For all cases studied, we observe that the film
rupture starts at the thinnest part of the water film located at
the rim of the dimple. After rupture, a three-phase contact
line forms and propagates until a final equilibrium state is
attained at time t ¼ 270 ms in Fig. 2 and results in a loss of
interference fringes. All stages of the process can be
clearly resolved and are now available for analysis.
The dewetting processes and the displacement of the

water film by the three-phase contact line that formed after
the film ruptured at the dimple rim is presented in Fig 3.
Rupture breaks the axisymmetry of the film and the sub-
sequent dewetting process is about 100 times faster than
the film drainage process. This long film drainage time is
called the induction time in the important particle-bubble
pickup process central to mineral flotation; the very rapid
dewetting process is relatively unimportant by comparison
and is consistent with the coalescence of a mercury drop on
to a mica surface under attractive electrical forces [14].
The collision and bounce of a bubble is characterized

by the global Reynolds number (� 102) defined in terms of
the bubble diameter and the terminal velocity. In contrast,
the film drainage process is characterized by a small film

FIG. 2. The collision of a bubble of radius R0 � 690 �m and
terminal velocity VT ¼ 14:8 cm=s with the glass surface. The
processes of bubble impact, dimple formation, bounce, and
formation of three-phase contact line (see text) are evident.

FIG. 1. (a) Schematic of the experimental setup. A bubble
released from a fine needle rises towards the glass slide. Two
synchronized high-speed cameras record the vertical bubble
position and the interference fringes between the glass and the
bubble surfaces. (b) A frame of the interferometric fringes from
which the local film thickness h can be determined and the
dimple diameter D is indicated. (c) Side view showing
the bubble (radius R0 � 0:5 mm) taken at the same time as
the interference pattern, with a reflection at the glass surface.
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Reynolds number Ref ¼ �hFVF=� � 1, where hF � R0

is the characteristic film thickness and VF is the character-
istic velocity of the air-water interface of the film.
Therefore, the spatial-temporal evolution of the axisym-
metric water film thickness, hðr; tÞ, can be described using
lubrication theory. The hydrodynamic boundary condition
at the glass surface is the usual tangentially immobile
condition where the fluid velocity vanishes at the surface.
Traditionally, the hydrodynamic boundary condition im-
posed at the air-water interface is the vanishing of tangen-
tial shear stress. However, this condition would predict film
drainage rates that are 4 times faster than present experi-
mental observations. On the other hand, imposing the
tangentially immobile condition at the bubble surface gives
excellent agreement with experiments without adjustable
parameters. Surface contamination is responsible for this
observation (see later).

With these boundary conditions, the film evolution
is given by the Stokes-Reynolds equation @th ¼
1=ð12�rÞ@rðrh3@rpÞ. The fluid pressure p in the film,
measured relative to bulk solution, is given by the Young-
Laplace equation that depends on the curvature of the
bubble-water interface pþ�¼2�=R�ð�=rÞ@rðr@rhÞ.
Here, ð2�=RÞ is the Laplace pressure of the bubble with
R� R0 [15] and �ðhÞ is the disjoining pressure that char-
acterizes interactions between the glass surface and the
bubble (e.g., van der Waals, electric double-layer interac-
tions). This contribution is significant when the film thick-
ness falls below about 100 nm and is responsible for
initiating film rupture. To complete the model, we need
one initial condition: hðr; 0Þ ¼ h0 þ r2=2R0, where h0 is
some initial separation at which the deformation due to
interaction is not important [at t��20 ms in Fig. 4(a)]
and four boundary conditions: @rh ¼ 0 ¼ @rp at r ¼ 0 due
to symmetry, p� r�4 as r ! 1 [16] and at some large
radial coordinate r ¼ rmax: @th ¼ �VðtÞ, where VðtÞ is the
velocity of the center of mass of the bubble obtained from
the experiment [see Fig. 4(a)].

We present a sample comparison, without adjustable
parameters, for a smaller bubble (R0 ¼ 385 �m) with a
lower terminal velocity so that it will not fully detach from
the glass surface during rebound. Thus the fringe pattern is
always present during the entire bubble-surface encounter.
The order for the fringes is obtained from the point of film
rupture. The position and velocity of the center of mass of
the bubble, extracted from synchronized images of the side

view camera, provide the boundary condition data for our
model.
In Fig. 4(a), we show the observed position and velocity

of the bubble undergoing a gentle bounce. We define t ¼ 0
to be the moment when the dimple first forms. Initially for
t � �10 ms, the bubble approaches the surface with a
constant terminal velocity of 8:7 cm=s. The presence of a
bounce is indicated by the maximum in the center of mass
position and the center of mass velocity changing sign at
around t ¼ 0. However, the bounce is gentle and the bub-
ble remains sufficiently close to the surface to provide a
continuously varying interference fringe pattern. In
Fig. 4(b), we compare the measured film thickness during
the bounce from the experiment (open circles) with the
lubrication model (solid lines). We obtain excellent agree-
ment in the position and time dependence between the
model and experiments. In the insets selected interference

FIG. 4 (color online). (a) Measured time variations of the
position and velocity of the center of mass of a bubble (R0 ¼
385 �m) approaching the glass surface. Insets: Bubble shapes at
the indicated time points. (b) Profiles of the film thickness at
times ti indicated by circles in part (a). Symbols denote experi-
mental results, and solid lines represent our model with VT ¼
8:7 cm=s. The first six film profiles are separated by 0.185 ms
and the remaining are separated by intervals of 0.37 ms. Insets:
Interference patterns at the indicated times.

FIG. 3. The evolution of the dewetting process that corre-
sponds to Fig. 2 with frames separated by 2.9 ms.
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patterns are plotted. According to the model [5], a dimple

forms at a separation of hD � 0:4R0

ffiffiffiffiffiffiffiffiffi

2Ca
p � 7 �m, which

coincides with observations. A full video of this experi-
ment together with trajectory data and calculated spatial-
temporal evolution of the water film is available in the
online Supplemental Material [17].

It is interesting to note that during the bounce, while the
outer part of the bubble is retreating from theglass surface, the
central portion of the film continues to thin. Similar behavior
has been observed in the low Reynolds number experiments
involving drop-surface [4], drop-drop [18,19], and bubble-
bubble [20] encounters and is consistent with predictions
from a perturbation analysis [21]. This observation suggests
that although the (high Reynolds number) effect of inertia is
central to the bounce phenomenon, the film drainage process
appears to remain in the low Reynolds regime.

In earlier studies of the rise of 1.5-mm diameter bubbles
in ultrapure water, the terminal velocity was found to be
about 35 cm=s [8,22,23], provided an extreme level of
cleanliness is maintained. However, the terminal velocity
drops to around 15 cm=s with the addition of surfactants in
parts per million concentration [8]. This effect has been
attributed to adsorption of trace impurities at the bubble
surface that generate sufficient Marangoni stress to render
the bubble-water interface to behave like a solid surface
with a tangentially immobile boundary. The terminal ve-
locities of our comparable-sized bubbles are also
�15 cm=s. We used deionized distilled water in our ex-
periments and maintained normal levels of laboratory
cleanliness, so it is possible that there is sufficient airborne
contaminants under our laboratory conditions to render the
bubble surfaces to be tangentially immobile. Indeed, the
variation of terminal velocity of our bubbles with size
(50< Re< 250) is found to be consistent with that pre-
dicted assuming a tangentially immobile boundary condi-
tion (see Supplemental Material [17]).

Using synchronized high-speed recordings to track bub-
ble trajectory and the interference fringes generated by the
thin water film trapped between the approaching bubble
and the glass plate, we can accurately quantify bubble-
surface collisions dynamics. Although the global Reynolds
number of the approaching bubble is high, provided the
motion of the bubble outside the film is available to furnish
the required boundary condition, the spatial-temporal evo-
lution of the thin water film can be described quantitatively
by a low Reynolds number lubrication model that predicts
the spatial-temporal evolution of the film radius and thick-
ness with quantitative accuracy. Using the traditional zero
tangential stress condition at the bubble surface would
predict a much thinner water film and a drainage rate that
is 4 times faster (see Supplemental Material [17]). The
experiments resolved simultaneously the large scale center
of mass movement and the microscopic thin film hydro-
dynamics. The excellent agreement between model and
experiments attests that we have captured the essential
physics of the bubble impact problem. Interestingly, the

liquid-gas interfaces can support tangential stress, in agree-
ment with similar studies in the low Reynolds number
regime [15,20,24].
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