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Stable-streamlined cavities following the impact
of non-superhydrophobic spheres on water†

Ivan U. Vakarelski, * Aditya Jetly and Sigurdur T. Thoroddsen

The formation of a stable-streamlined gas cavity following the impact of a heated Leidenfrost sphere on

a liquid surface or a superhydrophobic sphere on water is a recently demonstrated phenomenon.

A sphere encapsulated in a teardrop-shaped gas cavity was found to have near-zero hydrodynamic drag

due to the self-adjusting streamlined shape and the free-slip boundary condition on the cavity interface.

Here we show that such cavities can as well be formed following water impact from a sufficient height

of non-superhydrophobic spheres with water contact angles between 4301 and 1201. In this case the

streamlined cavity is attached just above the sphere’s equator, instead of entirely wrapping the sphere.

Nevertheless, this sphere with attached cavity formation has near-zero drag and a predetermined free

fall velocity in compliance with the Bernoulli law of potential flow. The effect of surfactant addition to

the water solution is investigated. The shape and fall velocity of a sphere with streamlined cavity

formation were unaffected by the addition of low surface modulus synthetic surfactants, but were

destabilised when solutions containing high surface modulus surfactants, such as soaps, were used.

1 Introduction

Formation of an air cavity upon sphere impact on a water
surface is a classical fluid dynamics problem with relevance to a
wide range of industrial, military and sport applications.1–11

A remarkable difference is observed between the impact of a
smooth hydrophilic sphere and the impact of water-repellent
superhydrophobic sphere on a water surface.4–10 A superhydro-
phobic sphere forms a cavity at a very low impact velocity, well
below the threshold impact velocities for cavity formation by
smooth hydrophilic spheres. A similar effect of low impact
velocity cavity formation is observed if the sphere is heated to
temperatures above the Leidenfrost temperature of the liquid
pool.12

Recently we demonstrated a novel phenomenon of complete
encapsulation of a solid metallic sphere in a stable streamlined
gas cavity following the impact of the sphere on a liquid held in
a deep tank. The phenomenon was observed following the
impact of heated Leidenfrost spheres on a perfluorocarbon
liquid, PP1 (perfluoro-2-methylpentane, F2 Chemicals, Ltd),13

or on water heated to 95 1C, as well as by the impact of
superhydrophobic spheres on room temperature water.14 At a
certain impact velocity, controlled by the release height of the
sphere above the liquid surface, the sphere entrains a cylinder
of air during the impact which afterward pinches off to finally
pacify, forming a stable teardrop-shaped gas cavity. An example
of sphere-in-cavity formation is shown in Fig. 1a for a 10 mm
heated Leidenfrost steel sphere free-falling in PP1. These
sphere-in-cavity formations exhibit very low hydrodynamic
drag, less than 1/10 of the drag measured for similar streamline
shape solid projectiles.14 Nevertheless the near-zero drag for-
mation falls at a discrete terminal velocity obeying the Bernoulli
equation of potential flow applied along the cavity interface, with
the larger cavities falling with higher characteristic velocities. This
novel phenomenon of a minimized drag object moving in a liquid
can have important implications for energy saving by friction and
drag reduction technology advances.15–20

A precondition for the formation of the sphere-in-cavity
structure in our previous study was non-wetting sphere impact,
either by means of the Leidenfrost effect21–23 or by the use of
superhydrophobic spheres in water. Here we demonstrate that
a similar type of structure can be produced by the impact of
non-superhydrophobic room temperature spheres on water.
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As known from prior studies, in the case of non-superhydrophobic
spheres equatorial connectivity of the sphere to the cavity is
establish during the water impact.3 Respectively, the major differ-
ence with the non-wetting impact formation, studied here, is that
the streamlined cavity is attached to the falling sphere instead of
wrapping around it. Several examples of streamlined cavities
attached to free-falling spheres are shown in Fig. 1 and their steady
free-fall can be seen in Video 1 (ESI†). In contrast to the sphere-in-
cavity Leidenfrost sphere example shown in Fig. 1a, in each case of
non-superhydrophobic sphere impact on water a clear contact line
can be observed between the sphere and the cavity slightly above
the sphere equator, as indicated by the arrows in Fig. 1b–d. In this
study we will first introduce the process of formation of the sphere
with the attached cavity. Following this we characterize the shape of
the sphere with cavity formation, along with its drag and fall
velocity. Finally we investigate the effects of added surfactants used
to manipulate the air–water interface mobility.

For simplicity, further on in the text we will refer to the sphere
encapsulated in the streamlined cavity formation (Leidenfrost or
superhydrophobic spheres) as ‘‘sphere-in-cavity’’ formation
and to the sphere with attached streamlined cavity formation
(non-superhydrophobic spheres) as sphere with attached cavity
or ‘‘sphere-with-cavity’’ formation.

2 Experimental

In our experiments we use high-speed video imaging to moni-
tor the sphere impact and free-fall of the sphere with attached
air cavities in a deep water tank. All experiments were conducted
in room temperature water at 21 1C, of density 998 kg m�3 and
kinematic viscosity 1 mPa s. The spheres used were of polished
zirconium oxide (zirconia, ZO), rS = 5.6 g cm�3, of diameters
DS = 10, 15, and 20 mm, polished steel (ST), rS = 7.8 g cm�3,

of diameters DS = 10, 15, and 20 mm, and polished tungsten
carbide (TC), rS = 14.8 g cm�3, of diameters DS = 10 and 15 mm.
The spheres were purchased from FRITSCH GmbH (FRITSCH
Grinding balls) or Simply Bearing, Ltd.

We characterise the spheres’ hydrophobicity using the static
advancing water contact angles Y. After thorough washing with
ethanol and water the as-received steel spheres were hydro-
philic with a water contact angle Y E 601. However, after some
use, e.g. dropping the spheres in the water tank and recovering
them, the contact angle typically increased to about Y E 901.
For simplicity we will also refer to these spheres as unmodified.
If the spheres were cleaned for several minutes using a plasma
cleaner device (Harrick PDC-002) they become fully wetted with
Y o 301. Alternatively, the sphere surface can be made hydro-
phobic by applying a commercial coating Ultra Glaco (Soft 99,
http://www.soft99.co.jp), resulting in Y E 1201. The super-
hydrophobic steel spheres used in our prior study of sphere-
in-cavity formations were coated with a Glaco Mirror Coat Zero
(Soft 99, http://www.soft99.co.jp) agent that contains hydro-
phobic silica nanoparticles, resulting in a water contact angle
Y4 1601.14,22 The unmodified tungsten carbide and unmodified
zirconia spheres also have water contact angles close to Y E 901.

Experiments were conducted in two deep water tanks: a 2
meter tall 12 � 12 cm cross section tank made of clear acryl,
and a larger 2.5 meter tall and 40 � 40 cm cross section tank
with front and back glass windows. A practical limitation for
conducting the experiment was the laboratory ceiling height.
Most of the experiments were conducted in a laboratory with a
4.0 meter ceiling height, limiting the experiment to unmodified
spheres with a 2.0 meter release height above a 2.0 meter deep
water column in the tank. However for some experiments the
smaller water tank was moved to a higher ceiling lab, allowing
experiments with plasma cleaned and ethanol washed spheres
using up to 5.0 meter release heights above a 2.0 meter deep
water column.

The cavity formation and sphere-with-cavity free-fall inside
the tank were monitored with a high-speed video camera
(Photron SA5) using a typical filming rate of 2000 frames
per second (fps). The camera shutter was adjusted to a short
exposure of 1/20 000 s, to improve the sharpness of the images.
Both back-light and front-light illumination imaging were used
in different experiments.

In the surfactant-solution experiments we used the anionic
surfactant sodium dodecylsulfate (SDS) or a mixture of the
anionic surfactant sodium lauryl-dioxyethylene sulfate (SLES),
the zwitterionic surfactant cocoamidopropyl betaine (CAPB)
and myristic acid (MAc). SDS and MAc were purchase from
Aldrich, SLES from AK ChemTech Co., Ltd, and CAPB from
Mystic Moments, UK. We also used a commercial shampoo
( Johnson’ss Baby Shampoo) which is soap free, and a toilet
soap (Coasts soap) that contains various sodium fatty acids.

The SDS concentration used was of 10 mM, slightly above
the SDS critical micelle concentration (CMC) of 8 mM. In
preparing the surfactant solution mixture we followed Golemanov
et al.24 by first preparing a stock solution of 10 wt% (6.6 wt%
SLES + 3.4 wt% CAPB) in which 0.4% MAc was dissolved by

Fig. 1 High-speed camera snapshots of sphere-in-cavity formation for a
10 mm Leidenfrost steel sphere, TS = 250 1C, free falling in PP113 (a) and for
spheres with attached streamlined air-cavity formation free falling in water
using a: (b) 20 mm zirconia sphere; (c) 15 mm steel sphere; and (d) 10 mm
tungsten carbide sphere. All spheres in (b–d) have a water contact angle of
about 901 and were released from about 2.0 m above the water surface.
The cavity–sphere contact line is marked with a white arrow in each
image. See Video 1 (ESI†) for the steady fall of 10 mm zirconia, 10 mm steel
and 10 mm tungsten carbide spheres with attached cavities.
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heating the mixture to 60 1C under mild stirring until a clear
solution was obtained. The stock solution was diluted 2.5 times
with DI water when in the water tank. The Johnson’ss Baby
Shampoo was used as a B1 wt% in water solution. The Coasts

soap bar was first ground into small pieces and dissolved as a
5 wt% stock solution by heating at about 60 1C while stirring.
The stock solution was then dissolved in 25 liters of water in the
tank to about a 0.04 wt% final concentration.

For simplicity further in the text we will refer to the above
surfactant solutions at the specified concentrations used in the
tank as SDS solution, shampoo solution, SLES + CAPB + Mac
solution and soap solution. Table S2 (ESI†) summarises the
surfactant solutions’ composition, surface tension and surface
dilation modulus.

3 Results and discussion
3.1 Formation of the cavity

The formation of an air cavity upon the sphere impact on water
occurs above a critical impact velocity, which is a function of
the sphere–water contact angle, as well as the sphere surface
micro-roughness.1–7 For smooth hydrophilic spheres the
threshold velocity is about 7.5 m s�1, corresponding to a drop
height of more than 3 m. For rough7 or hydrophobic sphere
impacts the critical impact velocity decreases, with super-
hydrophobic spheres making an air cavity practically at any
impact velocity.4 For the smooth unmodified sphere used in
most of the experiments here (Y E 901) we were able to form a

cavity using an impact velocity of about 6.0 m s�1, which
corresponds to a sphere release height of about 2 meters above
the water surface. If the steel spheres were washed with ethanol
and water before use (Y E 601), the release height needed to
be increased to above 3 m, and for plasma cleaned spheres
(Y o 301) to above 4 m above the water surface, in good
agreement with prior experimental and theoretical studies.4–10

All results presented in this section are for sphere impact on pure
water, however we notice that when a surfactant is added the
critical cavity velocity can be affected due to dynamic surface
tension effects.11

When the impact velocity of the sphere is below the
threshold the sphere will cross the air–water interface without
forming a cavity as in the example shown in Fig. 2a, for an
ethanol-washed 10 mm steel sphere impacting from a 2 meter
release height. However when an unmodified 10 mm steel
sphere was released from the same height the sphere forms a
cavity upon water impact, which eventually results in the
sphere with attached cavity formation. The entire process of
the formation of the streamlined cavity in this case can be seen
in the composite Video 2 (ESI†), with snapshots shown in
Fig. 2b–k. For each of the four panels of the composite video
the camera is fixed at a different position below the water
surface to track the cavity formation vs. depth. The sphere
depth is indicated on each of the Fig. 2 snapshots.

The snapshots given in Fig. 2b–d capture the initial cavity
forming upon the unmodified sphere impact on the water
surface. A seal-off cavity, which is typical for such impact
velocities, is observed (Fig. 2c and d).5,10 Fig. 2e–g track the

Fig. 2 (a) Snapshot of an ethanol-washed 10 mm steel sphere (Y E 601) crossing the air–water interface without cavity formation, after being released
from 2.0 meters above the water surface. (b–k) Snapshots from composite Video 2 (ESI†) tracking the formation of the stable streamlined cavity attached
to an unmodified 10 mm steel sphere (YE 901) following release from 2.0 meters above the water surface. (b–d) Impact and surface seal-off leading to
cavity formation. (e–g) Bubble shedding with well pronounced acoustic ripples along the cavity. (h and i) Ripple pacification with reduced bubble
shedding. (k) Stable-streamlined cavity configuration. The sphere depth below the water is indicated below each panel. Notice that the four panels of
Video 2 (ESI†) were shot using an identical sphere dropped from the same height in consecutive runs.
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gradual shedding of bubbles behind the cavity, which is
assisted by the acoustic ripples propagating along the cavity
surface.13 Further on the acoustic ripples gradually pacify with
only smaller bubbles being shed, as seen in Fig. 2h and i.
Finally, in Fig. 2k the ripples are fully pacified and the steady
state sphere with attached cavity fall can be observed through
the depths 115 to 150 mm below the water surface.

Most of the experiments in our study were conducted using
unmodified spheres. However, as illustrated in Fig. 3 for the
case of 10 mm steel spheres nearly identical attached cavities
were produced for a variety of surface treatments, i.e. for
plasma cleaned spheres (Y o 301, Fig. 3a), ethanol washed
spheres (Y E 601, Fig. 3b), unmodified spheres (Y E 901,
Fig. 3c), or hydrophobic spheres (YE 1201, Fig. 3d), when they
are released from the appropriate height above the water
surface. The cavity-formation release height threshold was
about 4 m for the plasma-cleaned sphere, 3.5 m for the ethanol
cleaned sphere, and about 2 m for the unmodified sphere.

For hydrophobic spheres the threshold height was about
0.5 meters, which is close to the release height used in our prior
study with superhydrophobic spheres.14 A Leidenfrost or super-
hydrophobic sphere will form an initial cavity upon impact
even when dropped from much lower heights. However,
formation of an initial cavity is not a sufficient condition.
As detailed in our prior studies13,14 even for non-wetted impact
conditions one needs a larger threshold release height as the
volume of the teardrop-cavity formed after the first cavity pinch-
off should be larger enough to secure approximate neutral
buoyancy of the sphere-in-cavity formation.

We note that for lower-density Teflon spheres (rS = 2.2 g cm�3)
used in a recent study of Di Mundo et al.9 the teardrop cavity is
found to collapse following the first cavity pinch-off after the
impact. The present study demonstrates a stable cavity formation
for much larger sphere/fluid density ratios of rS/r between
5.0 and 15. There may therefore be a critical minimum density
ratio needed to achieve a stable cavity.

The comparison in Fig. 3 demonstrates that the sphere with
attached cavity formation is nearly identical for the entire range

of smooth sphere hydrophobicity investigated herein. The
contact-lines all appear to be pinned at the same location,
slightly above the equator (B1101 from the sphere bottom),
irrespective of the value of Y. This pinning may be assisted by
the corner-flow separation upstream of the contact line.

The depth at which the stabilization of the sphere with cavity
formation was observed increases with the sphere density and
size, as well as with the sphere release height. For the 10 mm
zirconia sphere it was about a 1.0 meter depth and for the 20 mm
steel sphere about a 2.0 meter depth. Fig. S1 (ESI†) gives typical
examples of the depth trajectory vs. time and descent velocity vs.
time progression. For most of the spheres investigated here
the sphere with attached cavity formation was still stable when
reaching the bottom of the tank. However, we notice that if a deep
enough tank is used the cavity will eventually collapse due to the
buildup of hydrostatic pressure.13

A detailed analysis of the physics of the stable-streamlined
cavity was done in our initial investigation for Leidenfrost-
sphere impact on a fluorocarbon liquid.13 There it was
suggested that a pre-condition for the pacification of the
acoustic ripples along the side of the cavity is a lack of physical
contact between the sphere and the cavity. However the present
experiments demonstrate that in the case of water and a
smooth sphere of a water contact angle between o301 and
1201, the ripples do eventually completely pacify even when a
physical contact line between the cavity and the sphere is
present.

By extending the phenomenon of a stable-streamlined cavity
to wetting impacts we demonstrate that this is a far more
general phenomenon than anticipated before. Simplified, if
one releases a sphere from sufficient height above the water
surface, at a certain depth a stable-streamlined cavity attached
to the falling sphere can be produced. We note that although
there have been numerous prior investigations1–8 of water-
impact by steel spheres similar to the ones used in the present
study, most of them were limited to the observation of the
initial sphere impact until the cavity seal or shortly thereafter.
Using deeper water tanks than in prior investigations allows us
to track the sphere-with-cavity formation until the constant fall
velocity steady-streamlined cavity state is observed.

3.2 Cavity shape, drag and fall velocity

Fig. 4 shows snapshots from Video 3 (ESI†), which compares
the free fall of a sphere with an attached cavity formed by the
impact of an unmodified DS = 15 mm steel sphere (Fig. 4a) and
that formed by a DS = 15 mm superhydrophobic steel sphere
(Fig. 4b). For reference we also show the sphere-in-cavity shape
for a DS = 15 mm Leidenfrost steel sphere, TS = 400 1C in 95 1C
water (Fig. 4c). As seen in Fig. 4 and Video 3 (ESI†) the sphere
with attached cavity and sphere-in-cavity formations have a
similar cavity shape and close free-fall velocities. This suggests
that similar relations for the cavity volume, velocity and
drag might hold for both formations. Therefore herein we
follow the same characterization process for a sphere with an
attached cavity as done earlier for the enclosed sphere-in-cavity
formations.14 Table S1 (ESI†) summarises the physical

Fig. 3 Snapshots of the sphere attached-streamlined cavity for 10 mm steel
spheres free-falling in room temperature water: (a) plasma cleaned sphere with
water contact angle Y o 301, released from h0 = 4.2 meters above the water
surface; (b) ethanol cleaned sphere YE 601, h0 = 3.2 m; (c) unmodified sphere
YE 901, h0 = 2.0 m; and (d) ultra Glaco coated sphere YE 1201, h0 = 0.5 m.
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characteristics of the spheres with attached cavities, such as the
cavity length and diameter, terminal fall velocity, Reynolds
number and drag coefficient. The dependences derived from
these data are shown in Fig. 5–7 and discussed below.

As in the case of a sphere-in-cavity formation, we observe that
the spheres with attached cavities have self-similar shapes which
depend only on the ratio between the sphere and liquid densities.
The aspect ratio of the sphere-with-cavity length to the maximum
diameter was found to be L/D B 4.0 for the zirconia spheres;
L/D B 4.8 for the steel spheres, and L/D B 6.3 for the tungsten
carbide spheres (see Fig. 4a for the L and D definitions). These
ratios are slightly higher than for the sphere-in-cavity formations,
reflecting the fact that the cavity is now attached above the sphere
equator, giving a slimmer streamlined profile (Fig. 4).

The total volume of the cavity with sphere formation, VSC,
(including the sphere and the cavity volume) was estimated
from the video snapshots using a profile tracking MATLAB
image processing code. In our prior work we have shown that
the formation shape can be also fitted using a three-piece
algebraic curve that comprises a spherical front section, an
elliptical mid-section and a parabolic tail.14

As in the sphere-in-cavity case we find that the ratio of the
volume of the sphere with attached cavity formation to the
volume of the sphere VSC/VS was always only slightly less than the
ratio of the sphere density to the fluid density, rS/r. This is
demonstrated by the Fig. 5a data showing the VSC/VS vs. rS/r
dependence. This means that the sphere with attached cavity
formation is nearly neutrally buoyant. Furthermore, the volume of
the sphere–cavity formation was found to be empirically related to
the L and D dimensions as VSC E 0.47LD2 for all combinations of
sphere density and size studied, as shown in Fig. 5b.

The drag coefficient of the sphere-with-cavity, CD, was esti-
mated from the formation terminal velocity U and the sphere
with cavity formation volume VSC, using the following relation
from the balance of the buoyancy and drag force:

CD ¼
8g mS � rVSCð Þ

prD2U2
; (1)

where mS is the mass of the sphere. Because the effective
density of the sphere-with-cavity formation is always close to
the liquid density, the estimation of the drag coefficient is most
sensitive to the accuracy with which VSC is determined. Fig. S2a
(ESI†) illustrates the sensitivity of the drag coefficient to the
volume estimate variation. The error bars on the Fig. 6 data
represent the typical uncertainty in the volume VSC estimation.

Fig. 6 shows the dependence of the sphere-with-cavity drag
coefficient, CD, on the Reynolds number, Re = rDU/m, using data
for zirconia, steel and tungsten carbide spheres. For comparison
we also show data for the drag of the enclosed sphere-in-cavity
formation using superhydrophobic steel spheres, and the drag of
similar streamlined-shape solid projectiles measured in our recent
study.14 The average value of the drag coefficient, CD = 0.025 �
0.010, of the sphere with attached cavity formation is similar to the
value found for the sphere-in-cavity formation (e.g. superhydro-
phobic or Leidenfrost spheres in a cavity). This is close to an
order of magnitude lower than the drag on the similar shape
streamlined solid projectile, CD E 0.2, or sphere without a
cavity, CD E 0.45.25 The drag measured on Leidenfrost spheres

Fig. 4 Snapshots from Video 3 (ESI†) comparing (a) a 15 mm unmodified
steel sphere with cavity formation free-falling in room temperature water
with (b) a 15 mm superhydrophobic steel sphere-in-cavity formation free-
falling in room temperature water. (c) Sphere in cavity formation for a
15 mm Leidenfrost steel sphere, TS = 400 1C in 95 1C water.14

Fig. 5 (a) Dependence of the ratio of the total sphere-with-cavity over
the sphere volume VSC/VS on the sphere to liquid density ratio rS/r. The
data shown are for 10 mm (green triangles), 15 mm (red squares) and
20 mm (blue circles) unmodified zirconia (ZO), steel (ST) or tungsten
carbide (TC) spheres free falling in water. The dotted line corresponds to
neutral buoyancy of the sphere-with-cavity formation. The insert images
show silhouette snap-shots of 15 mm zirconia, 15 mm steel and 15 mm
tungsten carbide sphere formation. (b) Cavity volume as a function of LD2

(cavity diameter D and length L) for the same sphere sizes as in (a). The
same symbols are used as for (a). The dotted line is a best linear fit to the
data, which gives the relation VSC = 0.47LD2.
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(without cavities) in our prior studies can also be comparatively
low, reaching a CD = 0.04 � 0.01 value, but is manifested as
an early drag crisis phenomenon, triggered above a certain
Reynolds number.26–29 In contrast the drag on the sphere with
a cavity seems to be equally pronounced in the entire range of
Reynolds numbers investigated.

The low drag on the sphere-with-cavity is due to the stream-
lined shape of the formation and importantly to the exchange
of the no-slip boundary condition on the solid-water interface
with the free-slip or stress-free boundary condition along the
cavity gas–liquid interface. Here we show a similar drag value
for the sphere-in-cavity formation in which case the sphere is
completely isolated from the liquid and for the sphere-with-
cavity formation in which case there is direct contact between
the front part of the sphere and the liquid. However this is

perhaps not surprising, having in mind that the air layer
between the front of the sphere and the cavity before the cavity
separation from the sphere is very thin and provides only
partial effective slip.30–32 The direct contact between the sphere
and the liquid could explain the residual drag on the formation.

An important property of the sphere-in-cavity formation,
found in our prior study, was that although the formation drag
is near-zero, the cavity fall-velocity has a discrete value.14

The velocity value is determined by matching the hydrostatic
pressure gradient in the pool with the dynamic pressure from
the Bernoulli equation along the free surface, while the
pressure inside the gas-cavity is constant:

PC ¼ P0 �
1

2
ru2 � rgz (2)

Here PC is the pressure inside the cavity, z is the vertical
coordinate measured from the tail of the cavity, u is the fluid
velocity on the cavity surface and P0 is the reference pressure in
the fluid at u = 0 and z = 0. By numerically solving the Laplace
equation for the velocity potential f at the cavity surface,r2f = 0,
it was confirmed that the resulting velocity according to potential
flow theory u is in agreement with eqn (2) for all cavity shapes and
sphere-in-cavity fall velocities investigated.14 Based on these find-
ings, the following semi-empirical relation between the free-fall
velocity of the sphere-in-cavity formation U, the sphere diameter
DS and the ratio between the sphere and the liquid densities rS/r
was deduced:

U2 E C(gDS)[(rS/r) � 1] (3)

with the empirical coefficient C = 3.3 found from the best fit of
the experimental data for Leidenfrost sphere-in-cavity forma-
tions falling both in 95 1C water and in PP1. In Fig. 7 we plot the
same dependence of U2/gDS vs. [(rS/r) � 1] using the present
velocity data for sphere-with-cavity formations. A similar linear
dependence is obtained, with a slightly different coefficient of
C = 4.7. The variation in the coefficient reflects the earlier noted
difference in the cavity shape, where the attached cavity is more
slender than the cavity that fully encapsulates the sphere.

The close values of the drag coefficient and fall velocity
between the sphere-in-cavity formation and the sphere with
attached cavity formation shown here demonstrate that both
are near-zero drag formations for which the fall velocity com-
plies with the potential flow theory and Bernoulli equation
along the cavity interface. We also note that the physical model
used to describe the fall velocity of the streamlined cavity is
reminiscent of the Davies–Taylor study of the rise velocity of a
large spherical cap gas bubble in liquid.33

3.3 Effect of surfactant additives

The near-zero drag on the sphere with a streamlined cavity is a
result of the streamlined shape and the free-slip boundary
condition along the cavity interface, as confirmed by comparing
the drag on sphere-with-cavity and sphere-in-cavity formations
with the drag on similar shape solid projectiles (Fig. 6). It is well
known that surface active additives can effectively immobilize
the air–liquid interface. For small bubbles, even trace amounts

Fig. 6 Variation of the drag coefficient CD with the Reynolds number Re
for sphere-with-cavity for unmodified zirconia spheres of diameter DS =
10, 15 and 20 mm, L/R E 4.0 (solid red diamonds), unmodified steel
spheres of diameter DS = 10, 15 and 20 mm, L/R E 4.7 (solid red triangles)
and unmodified tungsten carbide spheres, DS = 10 and 15, L/R E 6.3 (solid
red circles). Data for solid spheres without a cavity (empty green squares)
are taken from Jetly et al.32 Data for superhydrophobic steel sphere-in-
cavity formation, DS = 15, 20 and 25 mm, L/R E 4.5 (empty red triangles)
and solid streamlined projectiles of similar shape, DP = 25 mm, LP/RP = 4.5
(solid blue squares), are taken from Vakarelski et al.14 See Fig. S2b (ESI†) for
a picture of the streamlined solid projectile and Vakarelski et al.14 for
further details on these measurements.

Fig. 7 Variation of the sphere-with-cavity terminal velocity U with sphere
diameter DS and sphere to liquid density ratio rS/r � 1. The same sphere
symbols are used as in Fig. 5a. The dotted line is a linear best fit to the data,
giving a coefficient C = 4.7 in eqn (3).
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of surfactant can lead to interface immobilization. However for
the larger gas cavities and high interface shear rates in our
experiments the interface sensitivity to surfactant additives will
depend on the surfactant type and concentration.

In our choice of test surfactants we follow foam rheology
investigations24,34–37 that have clarified two types of surfactant
additives with respect to their effect on the foam-bubble
mobility. The first are typically synthetic surfactants (for example
SDS) which show low surface modulus and fast relaxation of the
surface tension following surface dilation. The second type,
exemplified by the sodium and potassium salts of fatty acids (also
known as soaps), have a high surface modulus and slow surface
tension relaxation. Foam shearing experiments indicate that for
the low-surface-modulus surfactants the bubble interface behaves
as mobile, and in contrast for the high surface modulus surfac-
tants the foam bubble interface behaves as immobile.34–36

As examples of low modulus surfactants here we use 10 mM
SDS water solution and a commercial shampoo (Johnson’ss

Baby Shampoo) water solution which is soap free. As examples
of high modulus surfactants we use a mixture of SLES + CAPB
surfactants + myristic acid (MAc) and also a high concentration
solution of a regular toilet soap (Coasts soap) that contains
various sodium fatty acids. The advantage of the SLES + CAPB +
MAc mixture is that following the preparation protocol the
solution stays clear and transparent, whereas the toilet soap
solution fast becomes turbid.24 Details of all surfactant solu-
tions’ composition, concentration and preparation are given in
the Experimental section and summarized in Table S2 (ESI†).

Video 4 (ESI†) compares the free-fall of a 10 mm unmodified
steel sphere with an attached cavity in pure water, SDS solution,
shampoo solution, SLES + CAPB + MAc solution and soap
solution. Fig. 8 shows snapshots for the pure water and various
surfactant solutions taken from this video. As can be seen in
the video and the snapshots for the cases of the SDS solution
(Fig. 8b) and shampoo solution (Fig. 8c) we observed stable
attached cavities with nearly identical shape and fall velocity to
the case of cavities formed in pure water (Fig. 8a). This result
indicates that the low-surface-modulus surfactants are not

affecting the mobility of the cavity interface and the cavity
behaves as having a free-slip interface. It also shows that the
strength of the air–liquid surface tension does not seem to
affect substantially the cavity formation. This is in agreement
with previous results for sphere-in-cavity formation using low
surface tension PP1 liquid.13

The observation that even very high concentrations of
surfactant above the CMC that readily lower the surface tension
of water do not affect the mobility and the shape of the cavity
formation might seem surprising. However this result is in
good agreement with the foam rheology investigations that
indicate free-slip on bubbles for foams formed using low-
surface-modulus surfactants.34–36 At the same time it is in
sharp contrast with the behaviour of micron sizes bubbles in
water, in which case even trace amounts of contamination are
found to immobilise the interface as evaluated in rising bubble
terminal velocity experiments38–41 and in bubble interaction in
atomic force microscopy (AFM) experiments.42,43 This beha-
viour clearly demonstrates that the mobility of the air–water
interface strongly depends on the flow regime and related
tangential stress applied on the bubbles or cavity interface.
For small bubbles and low shear stress close to the Stokes
regime even a trace amount of surfactant that does not change
the surface tension will fully immobilize the interface and the
bubbles behave like rigid particles.38–44 For larger deformable
bubbles their rise velocity is in agreement with the mobile-surface
rise velocity predicted by the Moor theory45 of stress-free interface
bubbles, unless a higher concentration of surfactant is added.46–48

Finally for the larger foam bubbles and higher shear rates, as
well as in our falling cavity experiments, even for concentra-
tions of synthetic surfactants above the CMC the interface
remains free-slip.

In contrast to the low modulus surfactants, in the case of the
SLES + CAPB + MAc solution it was not possible to form a stable
cavity. Shortly after the sphere impacts the water surface
the cavity was either completely detached from the sphere, or
as in the example given in Video 4 (ESI†) (Fig. 8d) was constantly
shedding. In the case of the soap solution (Fig. 8e), we observed
an intermediate case of a ‘‘cut-tail’’ cavity formation. The fall
velocity of the sphere with a cut-tail cavity is close to that of the
sphere with streamlined cavity formation as seen in Video 4
(ESI†). However for the case of the cut-tail the cavity volume VSC

is much smaller, i.e. the formation is less buoyant and therefor
the drag is higher, estimated to be CD E 0.1, for the example given
in Fig. 8e, and even higher, CD E 0.3, for the example given in
Fig. 8d. On the other hand, when the cavity is completely removed
the drag will increase to the limiting case of a sphere without a
cavity CD E 0.45. Thus we show that viscous stress on the cavity
interface eventually leads to partial, in the case of the soap
solution, or complete, as in the case of the SLES + CAPB + MAc
solution, cavity destruction.

The surfactant-mixture and soap-solution results are in
agreement with the foam shearing experiments, confirming
the trend that high elastic modulus surfactants are effective in
immobilising the interface. We note however that the SLES +
CAPB + MAc concentration needed in our experiment to

Fig. 8 Snapshots from Video 4 (ESI†) comparing 10 mm unmodified steel
spheres with cavity formation free-falling in pure water and different
surfactant solutions: (a) pure water; (b) SDS solution; (c) shampoo solution;
(d) SLES + CAPB + MAc solution; and (e) soap solution. The estimated drag
coefficients for each case were: (a) CD E 0.03; (b) CD E 0.03; (c) CD E 0.03;
(d) CD E 0.30; and (e) CD E 0.10.
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destabilize the cavity was about 8 times higher (B4 wt%) than
the concentration used in the foam rheology experiments.34–36

Using a lower B0.5 wt% concentration, which was shown to
immobilise bubbles in foam shear experiments, we were still
able to produce stable cavity formations. This reflects the fact
that cavity formation is a more dynamic process than foam
shearing, which follows the general trend of higher shear stress
resulting in higher interface mobility. A related experimental
detail was that when a sphere was impacting a foam covered
water interface, instead of a foam-free interface as in the rest of
the experiments, a stable cavity formation was occasionally
observed even in the case of the higher concentration SLES +
CAPB + MAc solution. The effect of foam on top of water on the
initial cavity formation has been recently investigated,11 how-
ever the exact mechanism of cavity stabilisation in our experi-
ments will require further investigation.

We finally note that the surfactant mixture solution experi-
ments showed that the immobilisation of the interface did not
result in a stable-streamlined cavity of higher drag close to that
of the similar shape solid projectile (CD B 0.2) as one might
assume. Instead the cavity was partially formed as in the cut-tail
formation (Fig. 8e) or completely destroyed (Fig. 8d). This
indicates that the teardrop streamlined cavity is a stable
formation only as long as its interface is stress-free. One way
to estimate if the cavity mobility will be affected by the presence of
a surfactant additive is to compare the magnitude of the surface
dilation modulus, Es.

34–36 For the SDS solution Es E 3.0 mN m�1

(SDS solution surface tension s E 38.5 mN m�1), while for
the SLES + CAPB + MAc and soap solutions it is much larger,
Es = 300 to 400 mN m�1 (sE 27.0 mN m�1).34 A comprehensive
model that relates the shear viscous stress at which the inter-
face become mobile with the dilation properties of the interface
under various surfactant additive conditions will be addressed
in future investigations. However, we point out that our experi-
ment is a much simpler system to test such models compared
to foam rheology experiments where the shear force is averaged
over many bubbles.34–36

4 Conclusions

A sphere inside a stable-streamlined gas cavity free-falling in
liquid is a recently discovered phenomenon that is a practical
realisation of an object moving in a fluid approaching the near
zero-drag predicted by the well-known d’Alembert paradox.14 In
our initial study of this phenomenon a pre-condition for the
formation of the stable cavity was non-wetting sphere impact.
Here we show that similar stable-streamlined cavity formation
can be observed following the water impact of a smooth sphere
with a wide range of water contact angles, from fully wetted
hydrophilic spheres to hydrophobic spheres. The only require-
ment is that the sphere is released from sufficient height above
the water surface to initiate cavity formation, and that the
liquid tank is deep enough to observe the stabilised cavity.
The difference between the non-wetting sphere formation and
wetted sphere formation is that in the case of wetted spheres

the streamlined cavity is attached just above the sphere equator
instead of entirely wrapping the sphere. Nevertheless, the
sphere with an attached cavity shows the same low drag and
same dependence of the free-fall velocity on the sphere size and
density as the sphere in the enclosed cavity investigated before.
Finally, we study the effect of added surfactants to the water on
the streamlined cavities. It was found that even high concen-
tration low-surface-modulus synthetic surfactant mixtures did
not affect the cavity shape or fall velocity, indicating that the
interface remains free-slip. When high concentration high-
surface-modulus surfactant mixtures, e.g. soap solutions, were
used the cavity was partially or completely destroyed, indicating
interface immobilization. These results are in good agreement
with foam rheology experiments. However, a higher surfactant
concentration was needed to immobilize the interface than in
the case of foam shearing experiments, confirming the trend of
higher liquid–air interface tangential mobility at higher inter-
face shear rates.
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