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We report observations of cavity formation and subsequent collapse when a heated
sphere impacts onto a liquid pool. When the sphere temperature is much greater than
the boiling point of the liquid, we observe an inverted Leidenfrost effect where the
sphere is encompassed by a vapour layer that prevents physical contact with the liquid.
This creates the ultimate non-wetting scenario during sphere penetration through a
free surface, producing very smooth cavity walls. In some cases during initial entry,
however, the liquid contacts the sphere at the equator, leading to the formation of a
dual cavity structure. For cold sphere impacts, where a contact line is observed, we
reveal details of the contact line pinning, which initially forms a sawtooth pattern.
We also observe surface waves on the cavity interface for cold spheres. We compare
our experimental results to previous studies of cavity dynamics and, in particular, the
influence of hydrophobicity on the entry of the sphere.
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1. Introduction

The splash, cavity formation and collapse, and ensuing motion through a liquid
medium following the impact of a projectile are largely dependent upon the
surface characteristics and topology. This has been demonstrated through extensive
experimental study of sphere impact onto liquids: Worthington & Cole (1897, 1900)
and Worthington (1908) used spark photography to study the splash and cavity
formation after a sphere impacts a water surface; Richardson (1948) and May
(1951, 1952) performed experiments to study the impact of a sphere onto water;
and, in particular, May (1951) highlighted the importance of the surface condition on
the appearance of the splash and ensuing cavity. Interest in water entry problems stems
from their practical relevance to naval, aerospace and military applications, and has
received renewed interest in recent years due to advances in surface modifications to
alter the wettability of the solid (Shirtcliffe et al. 2010).

Recently, Duclaux et al. (2007), Duez et al. (2007) and Aristoff & Bush (2009) have
investigated the influence of sphere wettability on the entry and cavity dynamics. For
low values of the impact Froude number, e.g. Fr = V2

0/(gR0) = O(10) (where V0 is the
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impact speed, g is the acceleration due to gravity and R0 is the sphere radius), when
the target liquids wet the sphere, a thin film of liquid wraps around the sphere and
closes at the apex, creating a jet similar to that seen when a viscous drop impacts a
low-viscosity pool (Marston & Thoroddsen 2008). On the other hand, when the sphere
is hydrophobic, the film separates from the sphere and a cavity will form. At higher
values of Fr , above a threshold impact speed, a cavity forms regardless of the sphere
wettability. In the limit of negligible surface tension, Duclaux et al. (2007) present an
analytical model for the cavity dynamics and, in particular, the depth of the cavity at
pinch-off, identifying two regimes: (i) when the cavity radius never exceeds that of the
impacting body (which is more relevant to the cavity behind a long cylinder entering
vertically), the depth of the cavity, H, scales with the Froude number as H/R0 ∼ Fr1/3

and provides a location for the scaled pinch-off depth Hp/H = 1/3; and (ii) when
the cavity initially expands radially outwards (such as the cavity produced by sphere
impact), the depth of the cavity scales with the Froude number as H/R0 ∼ Fr1/2 and
the pinch-off depth Hp/H = 1/2.

At low Bond numbers, Bo = ρgR2
0/σ , where ρ is the liquid density and σ is the

surface tension, Aristoff & Bush (2009) examined the water entry of hydrophobic
spheres and presented an analytical model of cavity evolution. Noting that two
different wetting states are possible during sphere impact (one being the Wenzel state
over the lower part of the sphere, the other being the Cassie–Baxter state closer to
the equator), they introduce a ‘cone angle’, which accounts for the apparent separation
of the cavity interface from the sphere equator. As noted therein, the contact line
dynamics are difficult to observe during high-speed impact of spheres onto liquid
pools.

Other notable, recent studies in this area include the following works. Truscott
& Techet (2009a,b) examine the effect of spin, as well as half-coatings with
hydrophilic and hydrophobic coatings, on the entry and cavity formation. Grumstrup,
Keller & Belmonte (2007) observe a rippling effect following the pinch-off of the
cavity. Bergmann et al. (2009) present experiments and modelling of cavity collapse
following a disc impact onto water. Gekle et al. (2008) report that capillary waves
influence the closure of the cavity, while Gekle et al. (2009) investigate the air flow in
the cavity neck just prior to pinch-off. Yan et al. (2009) investigate the cavity shape
during impact at low Froude numbers. Finally, Marston, Vakarelski & Thoroddsen
(2011) observe an entrapped air bubble underneath an impacting sphere.

When a droplet of liquid is placed on a heated surface whose temperature is
significantly higher than the boiling point of the liquid, the drop becomes extremely
mobile due to a vapour cushion, which appears to ‘levitate’ the drop above the solid
surface. This heat-induced non-wetting can also lead to full rebound of impacting
liquid drops (Biance et al. 2006). This phenomenon is known as the Leidenfrost effect

(after Leidenfrost 1756) and was recently exploited by Vakarelski et al. (2011), who
show that, when a sphere is heated above the Leidenfrost temperature of a liquid and
released below the free surface, it becomes encompassed by a vapour jacket and the
drag force acting on the sphere falling through the liquid can be reduced by up to
85 %.

In related experiments with hot bodies impacting liquids, Zvirin, Hewitt & Kenning
(1990) measured the velocities of heated spheres falling in subcooled water, showing
film boiling for initial sphere temperature Ts > 450 ◦C but ‘disturbed’ films with
micro-bubble boiling in some cases. Li, Li & Chen (2008) imaged the impact of
molten metal droplets onto liquid coolants, showing that the impact onto the free
surface initially decelerates the droplet, but then the velocity increases again after the
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(a)

(b)

FIGURE 1. Comparison of impacts of (a) a cold sphere and (b) a ‘Leidenfrost’ sphere
onto C6F14 (PP1): (a) Ts = 22 ◦C, at times t = −10, 4.4, 7.9, 9.8, 15.1, 21.4, 39.1 ms
from impact; (b) Ts = 240 ◦C, at times t = −10, 14.3, 38.3, 54.3, 59.1, 66.3, 86.3 ms
from impact. In both cases the sphere is made of steel, with R0 = 7.5 mm, V0 = 1.0 m s−1

(Re = 1.15 × 104, Bo = 79, Fr = 13.6). See also the supplementary movies available at
journals.cambridge.org/flm.

initial cavity formation. Meyer (1999) performed experiments with a collective mass

of small, heated spheres impacting a water pool, whereby the spheres impact the free

surface as a cylindrical jet, but then disperse at the bottom of the air cavity that forms

after impact. Each of these experimental studies exhibits cavity formation, presumably

due to the heat-induced vaporization. However, since reference experiments with

cold materials were not performed, it is not possible to come to a decisive

conclusion about the exact influence of temperature on cavity formation during

impact.

In this study, we report observations of cavity formation and closure when a heated

sphere impacts a liquid with a low boiling point and a low heat of vaporization.

Figure 1 shows this general observation by comparing the impact of a cold sphere

(figure 1a) and a hot sphere (figure 1b) above the Leidenfrost temperature. We

investigate the effect of sphere temperature on the splash and transition to cavity

formation for various sphere radii, materials and impact velocities. We propose that

this novel experimental approach creates the ultimate non-wetting scenario for the

study of water entry problems.
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FIGURE 2. (a) Schematic of the experimental set-up used. (b) Snapshots during the cooling
of a static R0 = 7.5 mm steel sphere in PP1 with initial temperature Ts = 200 ◦C showing
the continuous vapour layer (top) and the explosive release of bubbles (bottom) when the
temperature passes below the Leidenfrost temperature of approximately 120 ◦C.

2. Experimental set-up

Our experimental set-up is shown schematically in figure 2(a). Three different
sphere materials were considered – agate, steel and tungsten carbide (Fritsch GmbH,
Germany), with densities ρs = 2800, 7800 and 14000 kg m−3, respectively, radii
R0 = 5, 7.5 and 10 mm, and roughness Ra = 0.06 µm. The steel and tungsten spheres
were released by an electromagnet placed directly above the centre of a glass tank
with inner dimensions 20 cm × 20 cm × 50 cm containing the target liquid. The depth
of the liquid, however, was kept at 40 cm to minimize splashing out of the tank. The
agate spheres were released manually using forceps. The spheres were never handled,
in order to eliminate surface contamination.

The liquid used for this study was a fully fluorinated liquid, perfluorohexane, C6F14

(Flutec PP1TM; F2 Chemicals Ltd, UK), which has a boiling point of 56 ◦C and a
low heat of vaporization of 90 kJ kg−1 (approximately 25 times lower than that of
water). The Leidenfrost temperature of this liquid is TL ≈ 120 ◦C, thus enabling us to
produce and maintain an inverted Leidenfrost effect with moderate sphere temperatures
Ts ≈ 200 ◦C. Although it is understood that the wettability and roughness of the
surface can affect the Leidenfrost temperature (see e.g. Liu & Craig 2010), here we
use untreated spheres for these experiments.

Snapshots of the cooling process for a static sphere are shown in figure 2(b).
The liquid (hereafter referred to as PP1) has density ρ = 1710 kg m−3, dynamic
viscosity µ = 1.1 mPa s and surface tension σ = 11.9 mN m−1. The capillary length
for this liquid is a =

√
σ/(ρg) = 840 µm, so that R0/a ≫ 1 and Bo = ρgR2

0/σ ≫ 1.
Hence we can essentially neglect the role of surface tension during the main
cavity dynamics (Duclaux et al. 2007; Aristoff & Bush 2009). The impact Froude
number, Fr = V2

0/(gR0), varies from 1 to 850, and the solid–liquid density ratios
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̺ = ρs/ρl = 1.65, 4.59 and 8.24 for agate, steel and tungsten, respectively. We note

also that the cavitation number Cn = (P − Pv)/(
1

2
ρlV

2
0 ) > 2 for all impact velocities

here, so we can neglect the formation of flow-induced cavitation bubbles.

The spheres were heated in a furnace for at least 30 min at the required temperature

before being transferred to the electromagnet. After each trial, the sphere was retrieved

from the tank using a magnet attached to a fishing line. The events were captured

using a high-speed camera (Photron Fastcam SA-5) equipped with a Nikon micro-

Nikkor 105 mm lens. The typical frame rate used was 12 500 f.p.s. and the recording

duration was sufficient to allow manual triggering. Silhouette imaging was performed

using multiple Sumita 350 W metal halide light sources equipped with fibre optic

guides illuminating a diffuser screen to achieve uniform back lighting. The liquid pool

temperature was measured to be approximately the same as the room temperature of

22 ◦C. The video sequences were saved to a computer for analysis. Several impact

heights in the range 5 cm 6 hr 6 250 cm were investigated, and the exact speed of

impact, V0, was determined directly from the video clips.

3. Summary of observations in Fr–Ts space

Figure 3(a) presents snapshots of the main features observed at 10 ms after impact

for increasing impact speed for a cold sphere (see caption for details). These features

are as follows: I, irregular apex jet produced by ejecta wrapping around the sphere; II,

small entrained air pocket and apex jet; III, partial cavity; and IV, full cavity. These

are the four main discrete features that can be observed over the range of impact

velocities for a cold sphere in this experimental study. Alternatively, in the Leidenfrost

regime (Ts > 120 ◦C), we observe one of the following: A, smooth cavity with pinch-

off before the surface seal; B, smooth cavity with pinch-off after the surface seal; or

C, sealed cavity. These three main features are shown in figure 3(b). The fully sealed

cavities in the cold sphere impacts (IV) and the Leidenfrost sphere impacts (C) are

qualitatively the same, whereby the cavity is sealed at the surface and remains attached

to the sphere throughout the field of view.

The transitions between these different impact features can be summarized in the

Fr–Ts parameter space, shown in figure 3(c). The differences between a boiling sphere

(where we observe bubble boiling rather than film boiling) and a true Leidenfrost

sphere in terms of the transition thresholds are relatively small – as evident from the

data for Ts = 110 ◦C and the data for Ts > 120 ◦C. Rather, the differences are more

qualitative in terms of the appearance of the cavity (see e.g. figure 6). The region

inside the dashed rectangle represents the extended area of cavity formation due to

the Leidenfrost effect where we can measure the pinch-off depth and time, before the

entire cavity is pulled below the surface. Most of our experiments were done within

this parameter space.

The physical appearance of the cavity is strongly dependent upon the wettability

of the sphere (e.g. Duclaux et al. 2007), which itself may be dependent upon the

temperature. The influence of temperature on wettability has been studied previously

for other experimental configurations, such as liquid droplets on a flat solid surface

(see Liu & Craig 2010, and references therein). We study the physical appearance of

the cavity for cold and hot spheres in more detail in § 5.
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FIGURE 3. (a) Snapshots showing the different features observed for cold sphere impacts
onto PP1, for R0 = 7.5 mm and Ts = 22 ◦C. Impact velocities are (I) V0 = 1.99 m s−1,
(II) V0 = 3.22 m s−1, (III) V0 = 3.67 m s−1 and (IV) V0 = 4.34 m s−1. Each image is taken
10 ms after impact. (b) Snapshots showing the distinct features observed for Leidenfrost
sphere impacts on PP1. (c) Map of the Fr–Ts parameter space showing transitions between
impact features. The red data points indicate the Leidenfrost cavities where the pinch-off
occurs before (⋆) or after (△) the surface seal. The vertical dotted line indicates the transition
from boiling to true Leidenfrost effects (see figure 6).
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4. Influence of sphere temperature on cavity formation

4.1. Sphere motion after impact

After free fall onto a liquid surface, a sphere with density ρs ≫ ρl will settle to a new
equilibrium velocity (the terminal velocity, Vt) owing to the added mass of the sphere
and the potential energy lost during excavation of the cavity. The time scale over
which the sphere reaches its terminal velocity can be given as (Aristoff et al. 2010)

τdecel ∼
R0

V0

(̺ + 1)

(

1 −
√

̺ − 1

Fr

)

, (4.1)

while the time scale for the collapse of the cavity induced by the impact is predicted
by Duclaux et al. (2007) as

τpinch ∼
R0

V0

√
Fr =

√

R0/g. (4.2)

As shown by Aristoff et al. (2010), the deceleration will affect the cavity evolution if
τdecel 6 τpinch. Thus we must measure these two quantities experimentally. By tracking
the tip of the sphere below the liquid surface from the first frame after impact, we can
assess the dynamics of both cold and heated spheres during the impact and subsequent
cavity formation. In figure 4, we show snapshots of the cavity and depths of spheres
at t = 20 ms after impact for Leidenfrost spheres for increasing density ratios with
(a) agate (̺ = 1.65), (b) steel (̺ = 4.59) and (c) tungsten (̺ = 8.24). The cavities
are qualitatively similar for all three spheres, but the depth of the sphere increases
with the density ratio, as expected (Aristoff et al. 2010). In figure 5, we plot the
trajectories of the sphere in terms of depth versus time from impact for both cold
and hot spheres for three impact velocities (V0 = 2.5, 5.18 and 6.45 m s−1) and three
sphere sizes (D0 = 10, 15 and 20 mm) for (a) agate, (b) steel and (c) tungsten spheres.
The depth, z(t), is normalized by the sphere diameter, and the time from impact is
normalized by the characteristic time scale of the sphere at impact, D0/V0. As one can
clearly see, the density ratio has a strong influence on the sphere motion following
impact, whereby, for the lowest density ratio shown in (a), ̺ = 1.65, achieved with
agate spheres, we observe significant deceleration from tV0/D0 > 2. The deceleration
diminishes, however, as ̺ increases, and the tungsten spheres, shown in (c), follow an
almost linear trajectory with Vz ≈ 0.85V0 at tV0/D0 = 10. For a thorough description
of the influence of impactor density on the entry through a free surface, the reader is
referred to Aristoff et al. (2010).

In contrast to the observations of Vakarelski et al. (2011) for the velocities of
spheres released below the surface, we find that the sphere temperature has little to
no influence on the sphere motion during the impact and cavity formation process,
evident from the overlap of the blue and red data sets in each of figures 5(a)–5(c).
This means that, even though the cavities may be drastically different between cold
and hot spheres, we can neglect the influence of the sphere temperature on the sphere

motion over the time scale of the cavity evolution (i.e. until cavity collapse or surface
seal), the effect of density ratio notwithstanding.

Note that, for fully immersed Leidenfrost spheres, the terminal velocity may
increase substantially from that of a cold sphere, as shown by Vakarelski et al. (2011),
with Vt ≈ 0.5 m s−1 for cold steel spheres and Vt ≈ 3.6 m s−1 for Leidenfrost spheres,
which means that the sphere initially decelerates after impact, then accelerates before
reaching terminal velocity. A similar observation was made by Li et al. (2008) for
molten metal droplets.
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(a) (b) (c)

FIGURE 4. Cavities formed during the impact of Leidenfrost spheres at t = 20 ms (T =
tV0/D0 = 5) after impact for (a) agate (̺ = 1.65), (b) steel (̺ = 4.59) and (c) tungsten
(̺ = 8.24). All sphere diameters D0 = 10 mm and V0 = 2.5 m s−1 (Fr = 127). The dashed
black line indicates the depth for constant velocity, i.e. z = tV0 = 50 mm.

4.2. Low impact speed

Figure 1(a) shows the impact of a room-temperature sphere (R0 = 7.5 mm, V0 =
1.0 m s−1) onto PP1. In this instance, a thin liquid film (marked by the arrow in the
second frame) from the pool wraps around the sphere and detaches just before closing
at the apex, producing an irregular apex jet. This phenomena is typical of impacts at
low Froude numbers where the liquid wets the sphere (e.g. Duez et al. 2007; Marston
& Thoroddsen 2008). In contrast, figure 1(b) shows the impact of a Leidenfrost sphere
with initial temperature Ts = 240 ◦C with the same sphere radius and impact speed.
The effect is dramatic, with a prompt splash and cavity formation. The subsequent
cavity dynamics are similar to those seen for the entry of a hydrophobic sphere, except
that here, in the case of the Leidenfrost sphere, there is no physical contact with the
liquid since the sphere is protected by a vapour jacket. This also produces an ultra-
smooth appearance of the cavity interface, unlike those formed for room-temperature
spheres at greater impact speeds (e.g. figures 9 and 10). The pinch-off point is shown
in the fifth image in the sequence and, for this realization, we find that the depth of
the centre of the sphere (measured from the initial free surface level) at pinch-off is
H = 5.9 cm, while the pinch-off depth is Hp = 2.5 cm, thus yielding Hp/H = 0.42.

These qualitatively different dynamics due to increasing sphere temperature can be
understood by examining close-ups of the sphere entry, presented in figure 6. Here,
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FIGURE 5. Sphere motion after impact determined by image analysis for (a) agate (̺ =
1.65), (b) steel (̺ = 4.59) and (c) tungsten (̺ = 8.24). The sphere depth is normalized by D0

and the time from impact scaled with the time scale D0/V0. Six experimental conditions are
shown for both cold and hot spheres. The solid black lines indicates motion under constant
speed V0.

we show snapshots taken near the surface at times t = 5 and 15 ms from impact
(T = 0.42 and 1.27). As the sphere temperature increases, we observe the gradual
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FIGURE 6. Close-up images of sphere entry into PP1 for V0 = 1.27 m s−1, R0 = 7.5 mm and
initial sphere temperatures Ts = 22, 70, 110 and 180 ◦C. The upper and lower rows of images
are taken at 5 ms and 15 ms after impact, respectively. The top of each image corresponds to
the approximate location of the liquid–air interface before impact. See also the supplementary
movie.

progression towards a complete vapour layer encapsulation. For the cold (22 ◦C)

sphere, we observe only a few small air bubbles at the apex of the sphere, which are
entrapped when the liquid film that wraps around the sphere closes. For Ts = 70 ◦C,
just above the boiling point of the liquid, there are some vapour bubbles on the lower
part of the sphere at t = 5 ms, but the effect is more pronounced once the sphere
is fully immersed. As such, for the intermediate temperatures, just above boiling, the
influence of temperature may be confined to viscous effects, lowering the effective
viscosity of the liquid in the boundary layer by approximately 50 % (according to
the manufacturer’s data), hence leading to a thinner, faster film wrapping around the
sphere (at low Fr). For Ts = 110 ◦C, we can see that the temperature is insufficient to
immediately vaporize the liquid (since Ts < TL) but that rapid boiling occurs, creating
a partial coverage of vapour bubbles around the lower hemisphere, which also leads
to the formation of ‘wrinkled’ cavity walls. However, once the sphere temperature
significantly exceeds the Leidenfrost temperature, the liquid is vaporized immediately
upon first contact, as shown by the thin grey outline shape around the sphere at
Ts = 180 ◦C, which indicates the vapour layer surrounding the sphere. Thus even
at early times we observe complete encapsulation of the sphere preventing physical
contact with the surrounding liquid and thus resulting in a smooth cavity formation.
Following from the measurements of Vakarelski et al. (2011) for stationary spheres,
we estimate the thickness of this vapour layer at the tip of the sphere to be no more
than 100–200 µm.

4.3. Cavity pinch-off and surface seal

As the pinch-off is a characteristic feature of the cavity dynamics for non-wetting
spheres, we measure the depth and time of the pinch-off for several impact speeds
and three different sphere radii and temperatures, as shown in figure 7(a,b). In
accordance with Duclaux et al. (2007), the pinch-off depth is roughly constant
(0.34 6 Hp/H 6 0.47) over the range of Froude numbers (8 6 Fr 6 200) and
temperatures (Ts = 120, 200, 240 ◦C) realized here for steel spheres. At Fr > 50
the top of the cavity seals (‘surface seal’) before the pinch-off, causing a spray of
droplets to fall into the cavity and impact onto the interface, which causes some scatter
in the data in figure 7(a). Note also that, for Fr > 200, the surface seal occurs and the
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FIGURE 7. (a) Scaled depth at pinch-off versus Froude number for different sphere
temperatures: Ts = 120 ◦C (△); Ts = 200 ◦C (©); and Ts = 240 ◦C (�). The dotted lines
indicate the limits Hp/H = 1/3 and 1/2, respectively, as determined by Duclaux et al. (2007).
(b) Pinch-off time versus Froude number for R0 = 5 mm (red), R0 = 7.5 mm (blue) and
R0 = 10 mm (green). The dashed lines indicate the mean values from each data set. (c) Pinch-

off time versus predicted scaling, (R0/g)1/2, for R0 = 5 mm (red), 7.5 mm (blue) and 10 mm
(green) and for the various materials: steel (�), agate (©) and tungsten (∆). The solid line has
a slope of 2.09.



476 J. O. Marston, I. U. Vakarelski and S. T. Thoroddsen

entire cavity is pulled below the surface before pinch-off occurs. The enclosed cavity
alters the internal pressure, fundamentally changing the dynamics, which, combined
with the effect of drops impacting the cavity interface, makes the pinch-off difficult to
measure precisely beyond this threshold.

The pinch-off time after impact, τ , presented in figure 7(b), is clearly independent
of both sphere temperature and impact speed. It is a constant determined purely by
the sphere radius, which scales as

√
R0/g (equation (4.2)). Our best fit to this time

scale for steel spheres yields τ ≈ 2.09
√

R0/g, shown by the solid line in figure 7(c),
where we also show data for both agate and tungsten spheres, exhibiting negligible
dependence on the sphere density.

Previous measurements of the cavity closure time have found various prefactors to
the scaling

√
R0/g. Duclaux et al. (2007) found this prefactor to be 2.06 for the impact

of a hydrophobic sphere. For spinning spheres, Truscott & Techet (2009a,b) found
the cavity pinch-off time scale τ ≈ 1.76

√
R0/g, while for disc impacts, prefactors of

2.29 and 2.2 were determined by Glasheen & McMahon (1996) and Bergmann et al.

(2009), respectively.
Since the two prefactor values, 2.06 from Duclaux’s experiment and 2.09 from our

data, are within experimental error, it appears that our Leidenfrost experiment mimics
the effects of hydrophobicity with respect to the cavity closure. The main qualitative
difference between the Leidenfrost and hydrophobic spheres is that, once Ts ≫ TL, we
approach the complete non-wetting case whereby the contact line is absent, whereas
in the case of a cold, hydrophobic sphere, the contact line emanates approximately
from the sphere’s equator. This leads to a slightly different physical appearance of the
cavities (see figure 9a), whereby the cavity in the Leidenfrost impact emanates from
the bottom tip of the sphere rather than the equator, thus yielding a larger effective
sphere radius.

Surface seal, i.e. the closure of the splash curtain, can also be seen above the
surface during the entry of both cold and Leidenfrost spheres. The closure is generally
driven by the dynamic air pressure, ∼ 1

2
ρairV

2
0 , and surface tension, whereby air is

pulled into the cavity, creating a suction pressure that pulls the thin ejecta towards
the centreline. Similar dynamics are observed for laser-induced surface cavities
(Thoroddsen et al. 2009). Previously, the time associated with the surface seal has
been scaled with the impact time scale and, in particular, the quantity ρairV0tseal/R0

is found to be approximately constant (Lee, Longoria & Wilson 1997). In figure 8,
we show that there is significant spread in the data, but no discernible difference in
the non-dimensional time of surface seal between cold and Leidenfrost impacts with
tsealV0/R0 ≈ 11.5 for both with Fr & 200. However, we do note that the cavities that
are only formed at lower impact speeds for the Leidenfrost spheres (Fr 6 150) appear
to seal at slightly earlier times with 8 < tsealV0/R0 < 11.5. We also do not observe any
quantifiable trend in terms of the density ratio, ̺.

From Aristoff & Bush (2009), the time of surface seal can be expressed as a
function of the Weber number associated with the splash curtain, Ws = ρlVcδ0/2σ

(which must be greater than unity for surface seal to occur), and the cone angle,
θc, that is to say, tsealV0/R0 = f (Ws, θc). The apparent cone angle is defined as the
angle of the cavity interface with the vertical tangent (i.e. at the sphere’s equator),
which does not differ appreciably between cold and Leidenfrost spheres and takes an
approximately constant value θc ∼ 165◦, as shown in figure 9(a). We also note only a
minor increase in the size of cavity, as shown by figure 9(b), where the effective radius
at the sphere’s equator is Reff ≈ 1.1R0 due to the presence of the vapour layer over the
bottom hemisphere of the Leidenfrost sphere.
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FIGURE 8. Normalized time at surface seal, tsealV0/R0, versus impact Froude number,
Fr = V2

0 /(gR0), for initial sphere temperatures Ts ≈ 200 ◦C (red) and 22 ◦C (blue) and density
ratios ̺ = 1.65 (⋄), 4.59 (©) and 8.24 (�).

As such, it is unclear how (or if) the dynamics of the splash curtain, in particular
the initial thickness δ0 and speed Vc, are influenced by the sphere temperature in
the limit of high Froude numbers. These quantities are typically difficult to measure
experimentally, but may be addressed in future work.

5. Cavity instabilities at higher impact speed

5.1. Cold spheres

At higher impact speeds or, equivalently, higher Froude numbers, we see that both
the room-temperature and the Leidenfrost spheres form a cavity, as shown by the
sequences in figure 10. This observation is consistent with Duclaux et al. (2007),
who showed that both the regular and hydrophobic spheres form a cavity once above
a critical impact speed. However, we do note some subtle discrepancies between
the surface textures of the cold and Leidenfrost cavities in this regime (Fr & 200),
which are due to the presence or absence of a contact line. Figure 9(a) highlights
this important distinction with a contact line observed for the cold sphere and no
contact line observed for the Leidenfrost sphere. In figure 11(a), we present close-up
images of the contact line formed during the impact of a cold sphere, showing vertical
striations along the cavity. These vertical striations along the cavity interface are seen
at early times after impact with tV0/R0 > 1, i.e. just after the contact line becomes
clearly visible, as shown in figure 11(a) for t = 2.5 ms. In both the snapshots shown
in figure 11(a), at t = 2.5 and 4.2 ms, we can see that the contact line forms a
‘sawtooth’ pattern, with sharp tips and troughs, which is a common observation during
air entrainment for solids plunging into liquid pools (e.g. Burley & Kennedy 1976;
Blake & Ruschak 1979; Benkreira & Khan 2008) and observed previously in smooth
sphere entry (e.g. figure 6.12.7 in Batchelor 1967). Physically, this pattern arises
from the maximum speed at which a contact line can advance normal to itself; once
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FIGURE 9. (a) Measurement of the apparent cone angle of the cavity interface for both
cold (Ts = 22 ◦C) and Leidenfrost (Ts = 240 ◦C) spheres, for R0 = 5 mm, V0 = 6.45 m s−1,
Fr = 850 and ̺ = 1.65. Both frames were taken 6.5 ms after impact. (b) Comparison of the
cavity interfaces for the images in (a) with sphere position superimposed.

this speed is exceeded, the contact line breaks into angled segments such that this

maximum speed is not exceeded. The striations observed herein emanate from the
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(a) (b)

FIGURE 10. Chronophotography for the impact of (a) a room-temperature steel sphere
(Ts = 22 ◦C) and (b) a Leidenfrost steel sphere (Ts = 240 ◦C) onto PP1 at times t = 4, 10
and 20 ms from impact. In both cases R0 = 7.5 mm and V0 = 4.2 m s−1 (Re = 4.85 × 104,
Bo = 79, Fr = 240, ̺ = 4.59).

troughs between the ‘teeth’ and appear to be spaced periodically, with spacings of
approximately 3 mm.

Once the sphere has penetrated further into the liquid, the sawtooth appearance of
the contact line becomes less pronounced and we observe a more linear appearance,
pinned about the equator of the sphere, where the vertical striations have vanished,
giving way to another type of instability in the form of ripples just above the
contact line, shown in figure 11(b). We estimate the length scale of these ripples
to be approximately λ ∼ 500 µm. All the cold spheres tested herein (agate, steel and
tungsten) result in qualitatively similar cavity interfaces with contact line pinning,
located roughly at the equator, and fine ripples deeper inside the pool. The ripples
are distinctly similar in appearance to the wave patterns observed by Brennen (1970)
for ventilated cavities past spherical caps in water with speeds of the same order of
magnitude – see figure 12 for a reproduction of one of Brennen’s photographs of such
a cavity. In this image, the flow velocity over a hemisphere with D0 = 28.5 mm is
Ut = 4.57 m s−1 and the wavelength of the crests on the upper surface is λ ≈ 2 mm.
For D0 = 28.5 mm and Reynolds numbers Re = ρlD0Ut/µ ranging from approximately
8 × 104 to 3 × 105, Brennen observed a roughly linear increase in the ratio D0/λ

from approximately 12 to 50. In our figure 11(b), D0/λ ≈ 40 for Re = 8.7 × 104. The
influence of surface tension is expected to be relatively small, and Brennen notes that
the difference between measured wave velocities and the potential free surface velocity
is within experimental error (5 %), so that we may approximate the relative wave
velocity with the potential free surface velocity as

Vw ≈ V∞ = Ut (1 + Cn)
1/2, (5.1)

where Ut is the flow velocity and Cn = (P − Pv)/(
1

2
ρlU

2
t ) is the corresponding

cavitation number. Under this approximation, substituting Vs, the sphere velocity, for
Ut, we calculate relative wave velocities Vw ≈ 2Vs for our experiment in figure 11(b)
and Vw ≈ 3Ut for Brennen’s experiment in figure 12.

These ripples have a much smaller wavelength than the cavity ripples observed and
measured by Grumstrup et al. (2007), who found λ ∼ 0.9D0 for steel spheres and
λ ∼ 0.3D0 for teflon spheres, and hence are due to different physical mechanisms. In
Grumstrup et al.’s experiments, the ripples only appear after deep seal of the cavity,
and the authors proposed that their origin was a standing wave reflected off the solid.
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t = 2.5 ms

t = 4.2 ms

(a)
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FIGURE 11. Close-ups of the cavity during the entry of a cold sphere (Ts = 22 ◦C) into
PP1. (a) ‘Sawtooth’ formation of the contact line taken at t = 2.5 and 4.2 ms after first
contact. The white arrows mark the tips of the ‘teeth’. The vertical striations emanate from the
troughs between the teeth. (b) Snapshot taken 11.2 ms after first contact showing the ripples
along the cavity interface with wavelength approximately 500 µm. Here R0 = 10 mm and
V0 = 5.18 m s−1 (Re = 8.7 × 104, Bo = 79, Fr = 270, ̺ = 1.65).
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FIGURE 12. Photograph from Brennen (1970) for the appearance of a ventilated cavity in
water behind a 28.5 mm hemisphere with a flow velocity of 4.57 m s−1. Small waves are
observed downstream with a wavelength of approximately 2 mm.

In our case, the ripples appear before the cavity has sealed and thus are due to the
same mechanism as that causing the waves in Brennen’s experiments, namely the
onset of turbulence in the interfacial boundary layer along the cavity. There is also
likely to be some influence of the air flow within the cavity (as noted by Brennen
1970).

5.2. Leidenfrost spheres

In figure 13, we present a new form of cavity pinch-off that is a sensitive function of
sphere temperature and impact speed. The instability seen in this time series is caused
by physical contact of the liquid onto the solid surface about the equator of the sphere
(indicated by the arrows in the second panel), which initiates boiling (nucleation)
and leads to a dual cavity structure. In this realization, the initial temperature of
Ts = 160 ◦C is only slightly above the Leidenfrost temperature TL ≈ 120 ◦C. This
type of instability is also seen for higher sphere temperatures (Ts = 240 ◦C) at higher
impact speeds. In figure 14, we show close-ups of this instability using front lighting.
In the first image, the contact occurs roughly at the equator but is shed away as the
vapour layer becomes fully established and encapsulates the sphere as shown by the
arrows in the second and third panels in the sequence. The fourth panel shows the
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FIGURE 13. Chronophotography of the Leidenfrost cavity instability observed for the impact
of an R0 = 10 mm sphere with initial temperature Ts = 160 ◦C. The arrows in the second
frame point to the location of the suspected contact/nucleation boiling sites responsible for
the subsequent instability. Here V0 = 1.3 m s−1, Fr = 17 and ̺ = 4.59. The scale bar is 2 cm
long.

FIGURE 14. Close-ups of the instability during the entry of a Leidenfrost sphere, seen in
figure 13, taken at t = 5, 10, 15 and 20 ms from impact. The white arrows point the location
of possible contact. Here R0 = 10 mm, V0 = 2.5 m s−1, ̺ = 4.59 and Ts = 160 ◦C. The top of
each image corresponds to the initial free surface.

formation of the dual cavity structure where the contact has been completely removed
from the surface of the sphere.

In terms of the origin of this instability and dual-cavity structure, it appears to
be a balance between sphere temperature and impact speed, whereby, at moderate
impact speeds (2 6 V0 6 5) and sphere temperature (TL 6 Ts . 160 ◦C), the vapour
layer cannot fully form during the time scale of one radius penetration, i.e. tV0/R0 = 1.
Similarly, even for high sphere temperatures (Ts & 200 ◦C) at high impact speeds
(V0 & 5 m s−1), the vapour layer cannot form within this time scale. However, from the
images, it appears that the bottom hemisphere is covered by a vapour layer. As such,
we do not yet fully understand the origins of this particular observation.

5.3. Asymmetric cavity collapse

In figure 15 we present snapshots of the opening cavity taken from above the liquid
surface for high-speed impacts (V0 = 6.25 m s−1, Fr = 400), where the cold sphere
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(a) (b)

(c)

FIGURE 15. Top views of the opening cavity for (a) cold and (b,c) hot (200 ◦C) spheres.
Here R0 = 10 mm and V0 = 6.25 m s−1. Snapshots taken 3 ms after impact. The scale bar
is 1 cm long. The Leidenfrost spheres can exhibit (b) three and (c) four converging liquid
columns.

shows a symmetric cavity, with the vertical striations emanating from the contact line
(as also shown in figure 11a). In contrast, the contact of the cavity wall with the hot
sphere impacting at high speed often leads to asymmetric collapse, with three or four
columns of liquid converging to the centre of the cavity. These asymmetric cavities are
qualitatively similar in appearance to those observed by Enriquez et al. (2010, 2011),
who used different regular n-sided shapes pulled through a liquid free surface. The
cavities formed during the entry of spinning spheres also exhibit a single column of
liquid in the cavity, as shown by Truscott & Techet (2009a,b). At present, we do not
fully understand the origins of this instability in the Leidenfrost cavities.

6. Details of pinch-off and cavity shedding

The finer details of cavity pinch-off and subsequent events can be seen in figures 16
and 17, respectively. The pinching produces a cylinder of air, shown in figure 16(a),
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(a)

(b)

FIGURE 16. (a) Image sequence taken after the impact of a Leidenfrost sphere showing the
pinch-off of the cavity with dt = 160 µs, and (b) close-ups with dt = 80 µs. In (a) the arrows
in the third and fourth panels indicate fine rings on the upper interface occurring just after
pinch-off, while the arrow in the fifth panel indicates the tip of the upper jet. The arrow in the
third panel of (b) also indicates these fine rings.

that later ruptures into a trail of fine bubbles between the two separated conical
cavities. One interesting observation here, indicated by the arrows in the third and
fourth panels of figure 16(a), is the two fine rings near the tip of the upper cavity,
which actually appear to initiate just before pinch-off. This phenomena is shown in
detail in the close-ups in figure 16(b). The origins of this disturbance are unclear,
but may be related to the rapidly increasing air flow through the neck approaching
pinch-off, as reported by Gekle et al. (2010).

After pinch-off of the Leidenfrost cavity, two vertical jets can be seen – one above
the pinch-off point and one below. Both of these jets have been previously reported
and studied for various continuum configurations (Thoroddsen & Shen 2001; Royer
et al. 2005; Gekle et al. 2009; Gekle & Gordillo 2010; Gordillo & Gekle 2010).
Figure 17(a) shows images from a video sequence of the liquid jet travelling down
after pinch-off. Here, the sphere is still above the Leidenfrost temperature, so that,
when the jet hits it, atomization occurs, spraying drops in all directions that impact
the interface of the cavity, creating a rapid instability. We can also observe (in the
third panel of this sequence) that another instability occurs simultaneously, which is
apparent from the ‘kink’ just below the equator of the sphere, marked by the white
arrows in figure 17(a). This propagates up the cavity, as seen in the fourth and fifth
panels. Thus the appearance of the wrinkled cavity in the final image is a confluence
of two effects, i.e. the ‘kink’ and the jet. The fact that the kink coincides with the jet
means that it may arise from the change in internal pressure when the cavity pinches
off.

The instability in figure 17(a) ultimately leads to shedding of the entrained cavity,
which is shown in figure 17(b) as the sphere approaches its final state, whereby the
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(a)

(b)

FIGURE 17. Image sequences of the instability of the lower cavity after pinch-off showing
(a) bottom jet hitting the sphere (t = 1, 2, 4, 6, 8, 16 ms after pinch-off) and (b) shedding of
the entrained cavity (dt = 8 ms). In (b) the white arrows in the final two panels indicate the
extent of the vapour layer. Here R0 = 7.5 mm, V0 = 1.27 m s−1, Ts = 240 ◦C and ̺ = 4.59.
The scale bar in (a) is 1 cm long.

sphere is partially covered by the vapour layer (the extent of which is marked by the
white arrows). The extent of the vapour layer can be more precisely quantified with
a separation angle, measured from the nose of the sphere, which was observed by
Vakarelski et al. (2011) to decrease with increasing Reynolds number. The velocity
of the sphere over the final panels of figure 17(b) is Vs = 1.39 m s−1, which shows
that the velocity has increased from V0 = 1.27 m s−1, but is still far from its terminal
velocity, which we expect to reach Vt & 3.5 m s−1, as shown by Vakarelski et al.

(2011).

7. Conclusions

Using heated spheres and fluorinated liquid, we have created an ‘inverted’
Leidenfrost effect and invoked this effect during impact experiments. At low impact
speeds and sphere temperatures above the Leidenfrost point, we observe a smooth
cavity that pinches off below the surface before the surface seal occurs whereas cold
spheres do not form a cavity. The motion of both cold and Leidenfrost spheres during
penetration do not exhibit any discernible differences in the amount of deceleration,
so that we may discount this influence on cavity formation. Rather, it appears that
the formation of these extremely smooth cavities is dependent on the absence of
the contact line for Leidenfrost spheres, as the sphere becomes encapsulated in a
vapour layer, preventing physical contact with the liquid. However, for moderate
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sphere temperatures, or high enough impact speeds, we found that the vapour layer

is initially disturbed at tV0/R0 = 1, leading to physical contact at the equator of the

sphere, which destabilizes the cavity wall and leads to the formation of a dual cavity.

The time at pinch-off of the Leidenfrost cavity was found to be in agreement with

previously reported scalings, with tpinch = 2.09
√

R0/g, and the time at surface seal

was found to be approximately constant, with tsealV0/R0 ≈ 11.5 for both cold and

Leidenfrost spheres.

During the entry of cold spheres, we have presented details of the contact line

pinning during entry, showing that initially the contact line adopts a sawtooth pattern

leading to vertical striations on the cavity wall. Once the cold sphere has penetrated a

few diameters into the liquid, the contact line becomes straight, pinned at the equator,

and we then observe azimuthal ripples or surface waves on the cavity interface, similar

to observations made by Brennen (1970).

At higher impact speeds, the cavity formations for both cold and Leidenfrost spheres

become qualitatively similar. As such, we draw analogies between the impact of

our Leidenfrost spheres impacting fluorinated liquid and superhydrophobic spheres

impacting a water surface, and we map the transitions between different features in the

Fr–Ts parameter space. The one significant difference between the Leidenfrost case

and the hydrophobic case is that, in the Leidenfrost impact, the sphere vaporizes the

liquid so that there is no physical contact between the solid and liquid, thus creating

the ultimate non-wetting impact scenario.
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