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ABSTRACT
On the Impact of Spheres onto Liquid Pools and Ultra-viscous
Films
Mohammad Mujtaba Mansoor
The free-surface impact of spheres is important to several applications in the military,
industry and sports such as the water-entry of torpedoes, dip-coating procedures and
slamming of boats. This two-part thesis attempts to explore this field by investigating
cavity formation during the impact of spheres with deep liquid pools and cavitation in
thin ultra-viscous films.
Part I reports results from an experimental study on the formation of stablestreamlined and helical cavity wakes following the free-surface impact of heated
Leidenfrost spheres. The Leidenfrost effect encapsulates the sphere by a vapor layer to
prevent any physical contact with the surrounding liquid. This phenomenon is essential
for the pacification of acoustic rippling along the cavity interface to result in a stablestreamlined cavity wake. Such a streamlined configuration experiences drag coefficients
an order of magnitude lower than those acting on room temperature spheres. A striking
observation is the formation of helical cavities which occur for impact Reynolds numbers
𝑅𝑒0 ≳ 1.4 × 105 and are characterized by multiple interfacial ridges, stemming from
and rotating synchronously about an evident contact line around the sphere equator. This
helical configuration has 40-55% smaller overall force coefficients than those obtained in
the formation of stable cavity wakes.
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Part II of this thesis investigates the inception of cavitation and resulting structures
when a sphere collides with a solid surface covered with a layer of non-Newtonian liquid
having kinematic viscosities of up to 𝑣0 = 20,000,000 cSt. The existence of shear-stressinduced cavitation during sphere approach towards the base wall (i.e. the pressurization
stage) in ultra-viscous films is shown using a synchronized dual-view high-speed
imaging system. In addition, cavitation by depressurization is noted for a new class of
non-contact cases whereby the sphere rebounds without any prior contact with the solid
wall. Horizontal shear rates calculated using particle image velocimtery (PIV)
measurements reveal the apparent fluid viscosity to vary substantially as the sphere
approaches and rebounds away from the base wall. A theoretical model based on the
lubrication assumption is also solved for the squeeze flow in the regime identified for
shear-induced cavity events to investigate the criterion for cavity inception in further
detail.
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Chapter 1
Introduction
The impact of a solid sphere onto a liquid surface resulting in the formation of an air
cavity exemplifies the classical water-entry problem (Truscott et al. 2014) relevant to
several military, industrial, and sports applications including the entry of ballistic missiles
(May 1975), slamming of boats (Zhao & Faltinsen 1993), seaplane landings (Von
Kármán 1929, Wagner 1932), dip coating procedures (Burley 1992), and drag on rowing
oars (Affeld et al. 1993). The first studies on this subject by Worthington & Cole (1897,
1900) and Worthington (1908) produced remarkable images of splashing and the ensuing
cavity formation using single-spark photography. Further descriptions of the observed
cavity shapes were provided by Mallock (1918) and Ramsauer & Dobke (1927). The first
set of results quantifying the evolution of cavity formation came forth with improvements
in high-speed cine-photography. These were presented in the works of Gilbarg &
Anderson (1948), Richardson (1948) and May (1951, 1952) who conducted sphere
impacts onto water to study the effect of atmospheric pressure, sphere density and surface
characteristics on the splash and cavity forms observed.

1.1 Splash sheet and cavity dynamics
Impacts performed by Gilbarg & Anderson (1948) at reduced atmospheric pressures
resulted in a decreased suction effect on the splash crown produced above the surface by
the air flowing into the cavity. This delayed the convergence of the splash sheet along the
axis of symmetry to create a crown closure, also known as the dome over or surface seal.
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A relative over-pressure inside the cavity in turn lead to a delayed closure below the
surface, called the pinch-off or deep seal event. Further investigations by May (1952)
suggested the use of Froude number scaling to provide a good first approximation in
describing such cavity features. Richardson (1948) derived impact forces using force
balance equations and displacement-time curves while Moghisi & Squire (1981) made
direct measurements by mounting a piezo-electric transducer onto hemispheres.
Experiments on the water-entry of ogive and arbitrarily shaped bodies were also
performed by Lee & Low (1990) and Lee, Longoria & Wilson (1997), respectively.
More recent studies have led to a better understanding of water-entry problems in the
context of the initial stages of sphere entry, and the associated splash and cavity formed.
Thoroddsen et al. (2004) showed the emission of a horizontal jet traveling more than 30
times faster than the impacting velocity of the sphere during initial contact with water for
Re = 6 × 105 . This equated to a significant portion of the kinetic energy imparted to the
liquid being channeled to the jet in the earliest stages which implied a considerable effect
on the initial impact force experienced by the sphere. Aristoff & Bush (2009) presented a
preliminary model for the splash curtain evolution and formation describing it as taking
the form of a closed bell shape (Clanet 2007) dictated by a balance of surface tension,
inertia and aerodynamic pressure. The splash crown dynamics were studied further by
Marston et al. (2015, 2016) to show the formation of a buckling instability just prior to
sealing which manifests itself in form of thick filament-like structures or ribs with thin
films in between. The instability occurred regardless of the presence of a contact line
around the sphere equator and was found to become prominent for 𝑅𝑐 ⁄𝑅0 ≈ 2, where 𝑅𝑐
and 𝑅0 are the radius of crown's necking region and sphere, respectively.
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Duez et al. (2007) demonstrated that the sphere wettability and liquid properties play a
key factor in determining the critical impact velocity (𝑈 ∗ ) for cavity entrainment. For
hydrophilic impactors(𝜃0 < 90∘ ), 𝑈 ∗ showed no dependence on the static contact angle
(𝜃0 ) and scaled linearly with the capillary velocity, defined as 𝜎𝐿𝑉 ⁄𝜇𝐿 (where 𝜎𝐿𝑉 is the
liquid-vapour surface tension and 𝜇𝐿 is the liquid viscosity). In the case of hydrophobic
𝜎

impacts(𝜃0 ≥ 90∘ )), 𝑈 ∗ was described as being proportional to 9𝜇𝐿𝑉 (𝜋 − 𝜃0 )3. Duclaux et
𝐿

al. (2007) focused on the dynamics of the transient cavities formed for impact velocities
above 𝑈 ∗ . In accordance with the theoretical model presented in their study, experiments
performed with spheres showed the scaled pinch-off location ( 𝐻𝑝 ⁄𝐻 , i.e deep seal
location), scaled depth location (𝐻 ⁄𝑅0 ) and pinch-off time (𝜏) to follow 𝐻𝑝 ⁄𝐻 = 1⁄2,
1

𝐻 ⁄𝑅0 ~𝐹𝑟 2 (where 𝐹𝑟 = 𝑈0 2 ⁄𝑔𝑅0 is the Froude number, 𝑈0 is the sphere impact
velocity) and 𝜏 ≈ 2.06√𝑅0 ⁄𝑔 , respectively. Mansoor et al. (2014) used a simple
technique employing hollow conical-shaped splash-guards to prohibit the surface seal
phenomenon at standard laboratory conditions in order to study the ensuing undisturbed
cavity dynamics in the early surface seal regime (𝐹𝑟 > 100). This allowed for precise
measurements of the pinch-off location and time for an extended regime of Froude
numbers which were found to be in reasonable agreement with the predictions and results
of Duclaux et al. (2007). Wall effects created using geometrical constraints lead to the
formation of surface undulations (with wavelengths 𝜆 = 𝑂(cm)). The crests of these
waves provided favorable points for cavity closure to result in multiple pinch-off points.
Pressure perturbations caused by these pinch-offs were found to simultaneously generate
distinct waves at the sphere surface. This phenomenon was investigated by Grumstrup et
al. (2007) who observed cavity ripples of wavelength 𝜆𝑎 = 𝑂(𝐷0 = 2𝑅0 ) only after the
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primary cavity pinch-off occurred. The surface waves (or ripples) were described as
being acoustic in origin, following 𝜆𝑎 𝑓𝑎 = 𝑈0 (where 𝑓𝑎 is the acoustic frequency
measured using a hydrophone) and noted to have a fixed nature with respect to the lab
frame. Contrary to this, Gekle et al. (2008) observed capillary waves (𝜆 = 𝑂(mm)) as
soon as the top of a cylinder, being dragged at constant speed (0.4 − 2.5 m/s), penetrated
the water surface. These waves traveling downwards on the cavity's free surface
significantly altered the closure depth to result in two distinct regimes separated by
discrete jumps in the 𝐻𝑝 − 𝐹𝑟 parameter space. Gekle et al. (2009) investigated the
mechanism for the formation of Worthington jets described as two very thin and fast
liquid streams ejected upwards and downwards from the pinch-off point. These jets were
shown to be driven primarily by the kinetic energy contained in the colliding cavity
walls.
Truscott & Techet (2009) investigated the water-entry of spinning spheres which
caused the splash crown and ensuing cavity to form and collapse asymmetrically. The
spine induced a curved sphere trajectory and the fluid drawn along the sphere's surface in
the process formed an evident wedge across the cavity center. The deep seal location and
time however were minimally influenced by spin at comparable Froude numbers. Aristoff
et al. (2010) conducted impacts for low-density spheres onto water and developed a
theoretical model predicting the volume of air entertainment and the pinch-off depth and
time which were noted to decrease for lower sphere densities. Truscott et al. (2012)
investigated forces experienced during water entry by cavity-forming and non-cavityforming spheres whereby force coefficients in the latter case were found to be much
larger. Particle image velocimetry (PIV) measurements revealed cavity formation to
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suppress the formation of vortices observed in non-cavity-forming cases which increased
drag due to vortex shedding. Bodily et al. (2014) studied the impact of slender
axisymmetric projectiles having different nose shapes and surface conditions entering
water at normal and oblique angles. Impact forces calculated using embedded inertial
measurement sensors were found to be largest for flat nose shapes which reduced for
oblique impacts but were not significantly affected by the wetting angle. More
importantly, significant changes in trajectory were noted even for small impact angles,
which were greater than those observed for half-hydrophobic and half-hydrophilic coated
cases. Enríquez et al. (2012) studied the impact of round discs with an azimuthal
disturbance which triggered oscillations on the cavity wall to form pineapple-shaped
cavities in the case of high mode numbers. Finally, Tan et al. (2016) performed sphere
impacts onto a stratified two-layer system of immiscible (oil-water) liquids. A ripple-like
pattern was shown to form along the cavity wall at a shallow depth beneath the
immiscible liquid interface, which originated from shear forces between the oil film
coating the sphere and the surrounding water.

1.2 Leidenfrost dynamics
When a sphere is heated to a temperature significantly higher than the boiling point of
the target liquid medium, it becomes encapsulated by a lubricating vapor layer which can
reduce the hydrodynamic drag during the free-fall by as much as 85% (Vakarelki et al.
2011). This phenomenon which is essentially an `inverted' Leidenfrost effect (Hall et al.
1969, Quéré 2013) was studied by Leidenfrost (1756) who showed that a drop of liquid
would levitate and be thermally isolated by a layer of its own vapor on a very hot surface.
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The critical temperature of the surface above which the vapor layer remains stable is
called the Leidenfrost temperature which has been shown to have a strong dependence on
the surface wettability (Takata et al. 2005, Vakarelsi et al. 2012), surface roughness
(Kruse et al. 2013) and thermo-physical properties (Baumeister & Simon 1973).
Only a few studies have investigated cavity formation and drag characteristics of an
impacting body under the influence of the Leidenfrost effect. Li et al. (2008) conducted
molten metal droplet impacts onto water to show that the falling velocity increases with
the droplet's initial temperature and the coolant temperature. Since the high vaporization
heat capacity of water makes it challenging to achieve the Leidenfrost state, Vakarelsi et
al. (2011) investigated drag coefficients for heated spheres falling freely in perfluoro-2methylpentane ( 𝐶6 𝐹14 ) which has a boiling point of 57° 𝐶 and a vaporization heat
capacity 30 times lower than that of water. Above the Leidenfrost temperature of 130° 𝐶,
the vapor layer effect was shown to decrease the drag coefficient to a minimum of 𝐶𝑑 ≈
0.07 (being six times lower than that for a room temperature sphere, 𝐶𝑑 ≈ 0.44) for the
highest Reynolds number (𝑅 ≈ 3.5 × 106 ) investigated. Further experiments conducted
with water heated to 95° 𝐶 additionally showed the Leidenfrost vapor layer to stabilize
the trajectory of the falling spheres (Vakarelski et al. 2014). Besides these drag
characteristics, only Marston et al. (2012) have presented a detailed study on cavity
formation in the context of Leidenfrost sphere impacts. Since the vapor layer prevents
any physical contact with the sphere surface, the cavities formed were noted to be
extremely smooth. The pinch-off characteristics were found to be in close agreement with
scalings of Duclaux et al. (2007) following a roughly constant reduced depth between
0.34 ≤ 𝐻𝑝 ⁄𝐻 ≤ 0.47 and times of 𝜏 ≈ 2.06√𝑅0 ⁄𝑔 . Interestingly, compared to cold
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spheres at 22° 𝐶, the Leidenfrost effect was shown to have almost no influence on sphere
motion during the impact and cavity formation stages. The downward Worthington jet
emitted immediately after pinch-off was shown to hit the sphere apex within the cavity
and atomize, causing a spray of droplets to impact the cavity walls. This phenomenon in
addition to acoustic waves resulting from the pressure perturbation of the pinch-off event
promoted cavity destabilization which manifested itself in the form a wrinkled cavity
interface. The entrained cavity could not sustain itself in this state and hence shed-off
quickly from the sphere until a complete detachment was observed (e.g Figure 1a).

1.3 Overview
The present study essentially extends the work of Marston et al. (2012) and Mansoor
et al. (2014) by utilizing both the inverted Leidenfrost effect and wall effects imposed by
geometrical constraints to show the formation of stable and streamlined cavity wakes (see
Figure 1b). The absence of a contact line (creating an ultimate non-wetting scenario),
entrainment of an elongated cavity and suppression of the downward jet formation at the
cavity apex are found to be essential requirements in the development of a stable cavity
wake. This stable configuration is shown to experience drag coefficients an order of a
magnitude lower than those acting on cold spheres without any cavity attachments. Also
shown is the formation of a helical cavity wake for impact Reynolds numbers 𝑅𝑒0 ≥
1.4 × 105 , which comprises of multiple interfacial ridges stemming from and rotating
synchronously about an evident contact line around the sphere equator. The first part of
the thesis (under review for publication in the J. Fluid Mechanics) is organized as
follows: the next section §2 gives details about the experimental setup and protocols
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Figure 1. Sequence of images at time t (ms) following the impact of a 230° C, 𝐷0 = 20 mm
tungsten carbide sphere onto a PP1 (perfluoro-2-methylpentane) filled (20 × 20) cm2 crosssectional area tank from (a) ℎ𝑟 = 45 cm (𝑈0 = 2.97 m/s) and (b) ℎ𝑟 = 90 cm (𝑈0 = 4.20 m/
s). The entrained cavity in (a) sheds-off rapidly in the sphere wake until a complete detachment
occurs at 540 ms while in (b) a stable-streamlined configuration is obtained.
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employed. Qualitative results showing the various stages in the formation of stable and
helical cavity wakes are presented in §3. In §4 we present sphere trajectory measurements
which are used to obtain velocity, acceleration, force coefficient and drag coefficient data
for the different cavity wake configurations. Finally, conclusions are drawn in §5 and an
overall summary is presented in §13.
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Chapter 2
Experimental setup and parameter space
A schematic of the experimental setup used is shown in Figure 2. The spheres used
were made of steel and tungsten carbide (Fritsch GmbH, Germany) having diameters
𝐷0 = 10, 15, 20, 25, 30 and 40 mm, surface roughness 𝑅𝑎 = 0.06 μm , and respective
densities 𝜌𝑠 = 7800 kg/m3 and 14950 kg/m3 . Similar to Vakarelski et al. (2011) and
Marston et al. (2012), the liquid used was perfluoro-2-methylpentane, 𝐶6 𝐹14 (Flutec
PP1TM , F2 Chemicals Ltd, UK) having a density, surface tension and dynamic viscosity
of 𝜌 = 1718 kg/m3 , 𝜎 = 11.9 mN/m, 𝜇 = 1.1 mPa s, respectively. More importantly
and as mentioned earlier, due to a lower boiling point ( 57° 𝐶 ) and latent heat of
vaporization (90 kJ/kg) in comparison to water, the Leidenfrost temperature of this liquid
(mentioned hereafter as PP1) is 𝑇𝐿 ≈ 130° 𝐶, which allows the inverted Leidenfrost effect
at moderate sphere temperatures of 𝑇𝑠 ≈ 200° 𝐶.
Since the Leidenfrost temperature can be affected by sphere wettability, all spheres
were cleaned thoroughly with ethanol and water and handled with gloves to avoid any
surface contamination. The spheres were furnace heated for 45 minutes to 𝑇 = 235° 𝐶
and then attached to an electromagnet using forceps. A drop in sphere temperature of
(3 − 5)° 𝐶 occurred during the time consumed in taking the sphere out of the oven,
attaching it to the electromagnet and allowing it to fall onto the liquid pool. This
effectively resulted in a minimum sphere temperature of 𝑇𝑠 = 230° 𝐶. The 2° 𝐶 variation
does not influence the experimental results as the final sphere temperatures were much
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Figure 2. Schematic of the experimental setup used. The front and back side of the 2m tall steel
tank is inserted with double-glazed fortified glass windows for viewing purposes. The spheres
were retrieved after impact runs using a fishing line attached to a collection tray resting at the
tank base.
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higher than the minimum range required for the Leidenfrost effect to take place. The
electromagnet could be varied in height using adjustable slide clamps and was positioned
directly above the center of a 2m tall, 20 cm × 20 cm cross-sectional area tank. The tank
was however filled to a depth of 1.55m to eliminate splashing outside the tank and to
maintain a constant liquid height.
When the electromagnet was switched off, the hot sphere fell freely to impact the
liquid pool with a velocity 𝑈0 = √2𝑔ℎ𝑟 (where ℎ𝑟 is the release height) and entrain a
cavity as it descended towards the tank base. The drop in sphere temperature over the
duration of its descent is estimated not to be more than 7° 𝐶 (Vakarelski et al. 2011)
which ensures that the inverted Leidenfrost effect remains intact throughout the fall. The
events were recorded by a Photron SA-5 high-speed camera at 1000 fps with diffused
back-lighting provided by multiple halogen flood lamps. The recorded videos were saved
to a computer for subsequent analysis. The temperature of the liquid pool was measured
to be equal to the room temperature of 22° 𝐶 and every consecutive run was conducted
with a gap of atleast 10 minutes to ensure a quiescent free surface for each impact.
Table 1. Summary of dimensional and non-dimensional parameters relevant to this study (see
chapter 3.2.1 for description of 𝑓𝑟 and 𝑈𝑖 ).

Parameter
Sphere Diameter
Release height
Impact velocity
Froude number
Impact Reynolds number
Strouhal number
Weber number
Bond number
Density ratio

Symbol
𝐷0
ℎ𝑟
𝑈0
𝐹𝑟
𝑅𝑒0
𝑆𝑡
𝑊𝑒
𝐵𝑜
𝜚

Definition
√2𝑔ℎ𝑟
𝑈0 2 ⁄𝑔𝑅0
(𝜌 𝑈0 𝐷0 )⁄𝜇
(𝑓𝑟 𝐷0 )⁄𝑈𝑖
(𝜌𝑔𝑅0 2 )⁄𝜎
(𝜌𝑈0 2 𝑅0 )⁄𝜎
𝜌𝑠 ⁄𝜌

Range/values
10,15,20,25,30,40
15-100
1.72-4.43
33-400
2.7 × 104 − 2.6 × 105
0.22-0.30
2.1 × 103 − 5.1 × 104
35-566
4.54, 8.70

Units
mm
cm
m/s
-
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The spheres were released from heights ranging between 15 ≤ ℎ𝑟 ≤ 100 cm
corresponding to impact velocities of 1.72 ≤ 𝑈0 ≤ 4.43 m/s. The non-dimensional
numbers relevant to this study include the Froude number, impact Reynolds number,
𝑅𝑒 = (𝜌 𝑈0 𝐷0 )⁄𝜇 , Strouhal number, 𝑓𝑟 𝐷0 ⁄𝑈𝑖 (see §3.2.1 for description of 𝑓𝑟 and 𝑈𝑖 ),
Bond number 𝐵𝑜 = (𝜌𝑔𝑅0 2 )⁄𝜎, Weber number 𝑊𝑒 = (𝜌𝑈0 2 𝑅0 )⁄𝜎 and the solid-liquid
density ratio 𝜚 = 𝜌𝑠 ⁄𝜌 which along with the other main dimensional parameters and their
corresponding ranges or values have been summarized in Table 1. Some variants of the
Richardson number have also been used in this work and are discussed later in §3.2.3.

27

Chapter 3
Qualitative results

3.1 Stable-streamlined cavity wake formation
A more detailed account of the stable-streamlined cavity formation is shown in Figure
3 where a heated 𝐷0 = 10 mm steel sphere impacts the PP1 pool at 𝑈0 = 3.7m/s. For the
impact parameters employed the surface seal phenomenon occurs before the cavity
pinches off to induce a fine spray of droplets into the cavity, which is quickly engulfed
beneath the free-surface (𝑡 = 33 ms). The droplets collide with the cavity interface
distorting the cavity walls, and hence also the pinch-off point (𝑡 = 44 ms) in the process.
The formation of a subtle surface undulation ( 𝜆 = 𝑂(cm) ) is also noted along the
elongated cavity interface (see solid arrow), which has previously been shown by
Mansoor et al. (2014) to occur in the presence of wall effects. In further agreement with
their work, the necking crest of this undulation not only provides a favorable point for
cavity closure (𝑡 = 67 ms) but also suppresses the formation of the downward-facing jet
at the primary (or first) pinch-off location, following the air flow mechanism proposed by
Gekle et al. (2010).
Similar to Grumstrup et al. (2007), distinct waves having wavelengths 𝜆 = 𝑂(𝐷0 ))
emanate from the sphere surface as soon as the first cavity pinch-off occurs. These waves
(or ripples) have been reported as being an acoustic phenomenon initiated by the pressure
perturbation of the deep seal event. The crest of these waves can also act as favorable
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Figure 3. Impact and descent of a 𝐷0 = 10 mm, 𝑇𝑠 = 230° C steel sphere released from ℎ𝑟 =70
cm shown at various depth ranges z(cm) = 0 - a - 37, 44 - b - 78, 78 - c - 102 and 100 - d - 124
inside the 2m tank used. Notice the formation of a series of distinct acoustic pinch-offs
(labeled1𝑠𝑡 , 2𝑛𝑑 , 3𝑟𝑑 ), each one occurring at the depth of the sphere when the preceding pinch-off
takes place (see dashed arrows). A stable-streamlined cavity is observed for 𝑡 = 383 - 592 ms
after impact. 𝑈0 = 3.7 m/s, 𝐹𝑟 = 280.
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Figure 4.(a) Series of close-up images showing the formation of the 3𝑟𝑑 distinct acoustic pinchoff in Figure 3 at 𝑡 = 165 ms. A downward jet (indicated by white arrows) is emitted only from
the preceding pinch-off at 𝑡 = 140 ms. (b) Images at 4 ms intervals showing the pacification of
acoustic ripples. The tail of the cavity becomes drawn along with the cavity wake when rippling
has subdued (see last panel). (c) Comparison of cavities obtained using a Leidenfrost steel sphere
(from Figure 3) and a room temperature steel sphere (𝐷0 = 10mm, 𝑈0 = 3.7 m/s, 𝑇𝑠 = 22° C) at
𝑧 = 61cm. The acoustic ripples do not subdue in the latter case where a physical contact line is
present around the sphere equator.
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points for cavity closure, whereby the location of the first closure point always coincides
with the depth of the sphere (𝐻) when the first cavity pinch-off occurs (Mansoor et al.
2014). This event, known as the first acoustic pinch-off can be observed here at 𝑡 = 83 ms
(see 1𝑠𝑡 dashed arrow), which also marks the onset of the cavity shedding regime. Both
Grumstrup et al. (2007) and Mansoor et al. (2014) have shown the cavity to break
systemically in the shedding regime but not necessarily at every acoustic wave crest in
the presence of wall effects (by the latter study), due to the elongated nature of the cavity
formed.
A more comprehensive examination of the cavity shedding regime presented here
shows the cavity to break-up in a distinct sequence until a stable-streamlined state is
achieved. After a series of break-ups at adjacent acoustic wave crests, resulting in a
continuous string of small detached bubbles (𝑡 = 104 ms), a relatively bigger bubble is
shed off (𝑡 = 124 ms) at a depth equal to the depth of the sphere when the first acoustic
pinch-off occurs (see 2𝑛𝑑 dashed arrow). Hence, similar in nature to the formation of the
first acoustic pinch-off itself, another distinct pinch-off occurs at the crest of an acoustic
wave generated by the pressure perturbation of the first acoustic pinch-off event. This
sequence of events occurs repeatedly (e.g at 𝑡 = 165 ms, see 3𝑟𝑑 dashed arrow) and since
the pinch-off pressure perturbations are expected to subdue in succession with time, the
wavelength of the acoustic waves and hence the size of the bubbles pinched-off in turn is
observed to decrease accordingly. This phenomenon, which can be referred to as an
acoustic pinch-off cascade, reaches a stage whereby the cavity volume has shrunk
considerably and the acoustic ripples induced are no longer large enough to promote any
further large-scale cavity shedding (𝑡 ≥ 293 ms).
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It is noteworthy to mention that with the exception of the penultimate pinch-off
occurring in each acoustic pinch-off cascade shown (at 𝑡 = 104 ms, 140 ms, 187 ms), the
formation of the downward facing jet following all other pinch-offs is found to be
suppressed entirely. This again can be attributed to the upward air flow through the
topmost shrinking neck region (Gekle et al. 2010), which is possibly strengthened by the
presence of multiple, simultaneously necking regions underneath on the elongated cavity
interface (Mansoor et al. 2014). These regions occur at acoustic wave crests in this study
and a series of close-up images from 𝑡 = 124 - 165 ms show this phenomenon in more
detail in Figure 4a). It can be noted since the necking region, leading to a distinct acoustic
pinch-off at 𝑡 = 165 ms (see dashed arrow), has developed only marginally when the
preceding (penultimate) pinch-off occurs (𝑡 = 140 ms), the upward air flow through the
neck is initially insufficient in preventing the cavity walls from colliding at the tail of the
entrained cavity. A downward facing jet is hence formed at this stage (see white arrows).
This jet formation, in agreement with our reasoning, is progressively suppressed with
every successive acoustic pinch-off cascade as the last necking region in each cycle takes
increasingly shorter time periods for development from the occurrence of the preceding
(penultimate) cavity pinch-off above. Distortion of the cavity interface caused by droplets
from these jets impacting the cavity walls can aggravate cavity shedding, as noted behind
the cavity at 𝑡 = 383 ms in figure 3. The disturbance from droplet impacts creates an
added resistance to the motion of the cavity wake which causes it to extend for further
break-ups.
A crucial phenomenon in the formation of a stable-streamlined cavity once the
acoustic ripples have subdued (𝑡 = 293 ms) is the continued suppression of the downward
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facing jet arising from the local flow conditions around the colliding cavity wall junction.
Given hydrostatic pressure increases with depth, the cavity walls become increasingly
prone to collapse as the sphere descends towards the bottom of the tank. This in turn can
drive the formation of a downward facing jet (Gekle et al. 2009) from the colliding
junction at the tail of the entrained cavity. However, since the tail, breaking up at acoustic
wave crests, becomes drawn along with the cavity wake as soon as the acoustic ripples
subdue (see example in figure 4b), the radial focusing effect from hydrostatic pressure
can be overcome by a more dominant skin-friction drag effect induced by shear stresses
at the interface of this trailing cavity junction. In essence, we propose the cavity walls as
being prevented from colliding radially inwards by the upward pull of skin-friction at
their junction about the axis. This inhibits the fluid around from acquiring a downward
acceleration which otherwise feeds jet formation (Gekle et al. 2009).
The cavity finally assumes a completely stable-streamlined state (𝑡 = 383 - 592 ms)
when the acoustic rippling along its interface and the downward jet formation within
(including any interfacial distortion created in turn) have subdued to a negligible extent.
The vapor layer, which encapsulates the sphere to prevent any physical contact with the
liquid and hence create an ultimate non-wetting scenario (Marston et al. 2012), results in
the formation of extremely smooth cavities essential in achieving such stability. This can
be confirmed by repeating the same experiment with a room-temperature sphere (see
Figure 4c), in which case the acoustic ripples are much more pronounced and do not
subdue in the presence of a physical contact line around the sphere equator. In addition,
since the Leidenfrost sphere continuously vaporizes the surrounding liquid to maintain a
vapor jacket, the steadiness of cavity volume noted in the stable-streamlined state (see
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§4.3.1) can imply a slight increase in the internal cavity pressure. This can not only help
in mitigating the resonant volume oscillations of the cavity, instigated by the pressure
perturbations of the pinch-off events but also aid in preventing collapse at the trailing
cavity-wall junction.
With increasing hydrostatic pressures as the sphere descends further, the (steady-state)
skin-friction drag effect (see § 4.3) at the liquid-vapor interface can no longer prevent the
cavity walls from colliding beyond a certain threshold depth (z = 89 cm in the present
case). This revives the formation of the downward jet (𝑡 = 622 ms, Figure 3d) which
impacts the cavity interface to cause destabilization. The cavity then starts to shed-off in
a haphazard manner leaving scattered clouds of small bubbles in the cavity's trail (𝑡= 908
ms).

Figure 5. Stable-streamlined cavities obtained using 𝐷0 = 10 mm (a) steel (𝜚 = 4.54, 𝑈𝑡 =1
m/s) and (b) tungsten carbide spheres (𝜚 =8.70, 𝑈𝑡 = 1.6 m/s) for increasing impact velocities of
𝑈0 = 3.43, 3.70, 3.96, 4.20 and 4.43 m/s (corresponding to release heights of ℎ𝑟 = 60, 70, 80, 90
and 100 cm, respectively). The depth 𝑧𝑠 (cm) here indicates the distance from the free surface
where the stable cavity state is first achieved in each case. 𝐷𝑐 and 𝐿𝑐 are the cavity diameter and
length measurements, respectively. 𝐹𝑟 = 240 - 400.
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A comparison of stable-streamlined cavities obtained using 𝐷0 =10 mm (a) steel and
(b) tungsten carbide spheres for increasing impact velocities ranging 𝑈0 = 3.43 −
4.43 m/s is presented in Figure 5. As observed the stable cavity assumes an
approximately constant diameter-to-length ratio of 𝐷𝑐 ⁄𝐿𝑐 ≈ 0.30 and 0.21 in (a) and (b),
which results from a steady descent velocity of 𝑈𝑡 ≈ 1 and 1.6 m/s for 𝜌𝑠 ⁄𝜌 = 4.54 and
8.70 (from sphere trajectory measurements, see §4 for details), respectively, when the
stable configuration is achieved. The increase in impact velocities hence does not affect
the dimensions of the stable cavity for a given sphere size and density but is generally
noted to result in increasing depths 𝑧𝑠 at which the stable cavity configuration is first
achieved, due to a correspondingly larger initial cavity volume entrained (Aristoff et al.
2011).
Figure 6 explores the effect of sphere size in addition to density on the state and
dimensions of the cavity obtained for a fixed impact velocity of 𝑈0 = 3.96 m/s. Stable
state cavities are obtainable for increasing sphere sizes up till 𝐷0 = 25 mm with selfsimilar cavity diameter-to-length ratios of 𝐷𝑐 ⁄𝐿𝑐 ≈ 0.30, 0.21 and cavity-to-sphere
diameter ratios of 𝐷𝑐 ⁄𝐷0 ≈ 1.12, 1.25 for (a) steel and (b) tungsten carbide spheres,
respectively. The skin-friction drag effect becomes increasingly insufficient in
suppressing the downward jet formation for cavities entrained by larger spheres (𝐷0 = 30
and 40 mm). This results in highly unstable and wrinkled cavities which are shed-off at a
rapid rate.
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Figure 6. Stable and unstable cavities created by the impact of (a) steel and (b) tungsten carbide
spheres at 𝑈0 = 3.96 m/s (ℎ𝑟 =80 mm) for increasing sizes in the range of 𝐷0 = 10 − 40 mm.
𝐹𝑟 = 40 − 320. The cavities become increasingly unstable as sphere size increases.

3.2 Helical cavity wake formation
In addition to the formation of unstable and stable-streamlined cavities, we also note
the formation of a third and new form of cavity characterized by a helical nature, which
finds its roots in the dual-cavity structure reported previously by Marston et al. (2012).
This structure, which is shown forming in Figure 7(a) with close-up views in (c), results
in a distinct cavity pinch-off of its own (𝑡 = 30 ms) and is described as having sensitive
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dependence on the sphere temperature and impact speed. Marston et al. (2012) ascribed
the origin of the dual-cavity structure to the vapor layer not being able to fully form
within the time scale of one radius penetration, i.e 𝑡𝑈0 ⁄𝑅0 = 1. The presence of a
physical contact line observed around the sphere equator initiated nucleate boiling and
was shed backwards by the advancing vapor layer until the sphere was encapsulated
entirely. However, since the presence of a vapor layer around the entire bottom
hemisphere was indicated with marked uncertainty in the images recorded, the origin of
the dual-cavity structure could not be fully understood in their study. For hot spheres
impacting the liquid medium at comparatively higher velocities (𝑈0 =6.25 m/s), the
formation of asymmetric cavities comprising of three or four columns of liquid
converging towards the cavity center was also shown using top-down views. The liquid
columns were attributed to the contact of the cavity wall with the hot sphere but the
origin of the instability resulting in their formation could not be explained.
In the parameter space of experiments conducted at constant 𝑇𝑠 in this study, the series
of events occurring before a dual-structure cavity forms (i.e 𝑡 ≤ 10 ms in Figure 7a) are
observed to occur indefinitely (as shown in Figure 7b) above a threshold impact Reynolds
number (see figure 12). The cavity is noted to develop evident ridges or streaks (see
close-ups in Figure 7d) which stem from the sphere's surface and follow random
trajectories about its equator as it descends into the tank. Columns of liquid very similar
to those observed by Marston et al. 2012 are noted to originate from each of these ridges
which break-up while moving radially inwards to induce a fine and continuous spray of
droplets within the cavity. The cavity collapses asymmetrically at a sizable section at
once midway along its length (𝑡 ≈ 60 ms), following which the ridges become arranged
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Figure 7.(a) Dual-cavity structure and (b) helical cavity wake formation by the impact of a 𝐷0 =
20 mm and 30 mm steel sphere released from ℎ𝑟 =90 and 100 cm, respectively. Close-up views
at 𝑡 = 15, 20 and 30 ms from impact are shown in (c) and (d) in the same order. (a,c) 𝑈0 = 4.20
m/s, 𝐹𝑟 = 180. (b,d) 𝑈0 = 4.43 m/s, 𝐹𝑟 = 133.
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at equidistant circumferential locations about the sphere's equator and begin rotating
synchronously (in an anti-clockwise direction in this case) to form a helical cavity wake.
The final direction of the helical cavity rotation stems from the superposition of the
interfacial ridge movements at the time of cavity collapse. Hence, no two impacts
conducted for similar conditions necessarily result in the same direction of cavity
rotation.
Figure 8(a) shows a series of close-up images as an example of a helical cavity wake
in clockwise rotation formed for the same impact conditions employed in Figure 7(b).
The magnified views show the rotating ridges to outline and form three distinct
interfacial sections which are superimposed with red, blue and green color maps in (b) for
better viewing. Each section has a slanted and twisted shape which becomes narrow
towards its apex and the cavity sheds off rapidly from these apexes in a periodic manner
to form a spiraling trail of small bubbles. A columnar spray of droplets is again noted
from each of the three ridges, however, due to the helical symmetry of the cavity here,
the drops mostly collide with each other along the vertical axis rather than the cavity
walls. We find the helical cavity wake to rotate continuously in this manner until the
entire cavity is eventually shed off.
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Figure 8.(a) Images at 5 ms intervals of a helical cavity wake created by the impact of 𝐷0 = 30
mm steel sphere from ℎ𝑟 = 100 cm. The first image is taken 138 ms after impact at a depth 𝑧 =
57 cm. The ridges noted on the cavity's surface outline and form three distinct interfacial regions
which rotate synchronously in a clockwise direction. The yellow stars at 𝑧 = 59 cm mark the
location of one specific ridge as it advects downstream in the sphere wake. (b) Red, blue and
green color maps superimposed individually on each of the three rotating interfacial sections.
𝑈0 = 4.43 m/s, 𝐹𝑟 = 133, 𝑆𝑡 = 0.27.

3.2.1 Studies on flow past spheres
The helical nature of the cavity wake observed in our experiments can be explained by
understanding the flow structures produced around and in the wake of a fully submerged
sphere in a homogeneous fluid stream. While many studies have investigated the flow
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past a sphere in this regard, there still exists some disagreement on the existence of
different instability modes with respect to increasing Reynolds number regimes. For 𝑅𝑒 <
24 (Taneda 1956), a laminar flow is observed with no separation from the sphere's
surface while for 𝑅𝑒 = 24 − 200 (Nakamura 1976), the flow recirculates in a toroidal
vortex behind the sphere in an axi-symmetric and steady manner. When 𝑅𝑒 = 211 − 270
(Johnson & Patel 2007), the flow remains steady but loses it's axial symmetry as the
toroidal vortex gets tilted, shifting the recirculating region to one side. The flow however
does preserve a planar-symmetry and a pair of streamwise vortices are noted to extend
downstream without shedding. For a higher regime of 𝑅𝑒 = 280 − 375 , the flow
assumes an unsteady planar-symmetric nature whereby the vortical structure is composed
of hairpin vortices being shed in a periodic manner with a constant orientation.
For 𝑅𝑒 = 400 − 800 a distinct spiral instability mode associated with large-scale
vortex shedding is observed (Chomaz et al. 1992) which is related to the azimuthal
rotation of the recirculation zone and hence of the separation line. The spiral mode is
reported as being locked with the Kelvin-Helmholtz instability in this regime since the
Strouhal number (a dimensionless frequency measure) of each instability, varies
identically with the Reynolds number. The wake structure corresponding to this
phenomenon has been described as a spiral of vortex loops emitted regularly behind the
sphere whereby the vortex shedding occurs sinuously, resulting in a progressive wavelike motion of wavelength 𝜆. For 𝑅𝑒 > 800, the two instabilities become unlocked while
coexisting simultaneously (Möller 1938, Cometta 1957, Kim & Durbin 1988, Sakamoto
& Haniu 1990) up till the maximum investigated value of 𝑅𝑒 = 6 × 104 . This is
represented by a bifurcation of their frequencies (see Figure 9) following 𝑆𝑡 =
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𝑓𝐷0 ⁄𝑈∞ ~𝑅𝑒 1/2for the small-scale Kelvin-Helmholtz instability (high-frequency mode,
where 𝑓 is the instability frequency and 𝑈∞ is the undisturbed flow velocity), and 𝑆𝑡 =
𝐷0 ⁄𝜆 ~ 0.2 for the large-scale spiral instability (low-frequency mode).

Figure 9. Strouhal number versus Reynolds number for the shear-layer (high frequency) and
spiral (low frequency) instabilities from past studies in comparison to present results.

The spiral instability mode was first speculated by Achenbach (1974) who recorded
simultaneous signals from four hot-wire probes attached to the sphere's surface. For 𝑅𝑒 =
6 × 103 − 3 × 105 , the signals showed a phase shift which suggested the vortex
separation occurred at a point that rotates around the sphere periodically with the vortex
shedding frequency ( 𝑆𝑡 = 0.125 − 0.2 ), to possibly produce a helical wake
configuration. This phenomenon was not found to occur beyond the upper critical
Reynolds number 𝑅𝑒 > 3.7 × 105 (Achenbach 1972) i.e. in the supercritical regime
whereby the boundary layer transitions from laminar to turbulent flow, shifting
downstream in the process to result in a sharp decrease in the drag coefficient. Also, no
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signal was recorded below 𝑅𝑒 = 6 × 103 which is much higher than the spiral-instability
onset of 𝑅𝑒 = 400 noted by Chomaz et al. (1992). In contrast, Sakamoto & Haniu (1990)
who conducted further experiments utilizing hot-wire measurements and flow
visualization, showed that the shedding point of large-scale vortices begins to rotate
slowly and irregularly about the sphere's streamwise axis starting at 𝑅𝑒 = 480. A similar
observation was also reported in the work of Taneda (1978) for 𝑅𝑒 = 104 − 3.8 × 105
with 𝑆𝑡 = 0.2 in an investigation regime of 𝑅𝑒 = 104 − 106 . In comparison to these
experimental studies where the spheres were kept fixed with respect to the moving fluid
stream, Magarvey & Bishop (1961) investigated wake structures behind falling spheres as
also used in this study. Their results for Strouhal numbers calculated from the vortex
shedding frequencies in the range 𝑅𝑒 = 350 − 500 (see Figure 9) are not found to be in
good agreement with fixed sphere studies. This has been reasoned to the ability of the
falling spheres in reacting to the changing flow forces by displacement which can result
in different hydrodynamic forces and wake formation in comparison to fixed sphere
cases.
A number of numerical studies have also investigated flow over spheres to further
understand the vortex shedding mechanisms observed in experiments. Tomboulides
(1993) performed direct numerical simulations (DNS) and large eddy simulations (LES)
to show that two distinct instability frequencies are indeed present at 𝑅𝑒 = 1000 and 2 ×
104 . More recently, Constantinescu & Squires (2004) investigated flows in both
subcritical and supercritical regimes spanning 𝑅𝑒 = 104 − 106 , using detached-eddy
simulations (DES). For subcritical flows the wake was shown to develop a helical-like
vortical structure as the azimuthal angles at which the vortices were formed and shed
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varied strongly with time. In supercritical cases the vortices were shed periodically with a
single dominant frequency of 𝑆𝑡 = 1.3 while appearing to be locked at certain azimuthal
locations for long intervals of time. This contrasted the experimental results of Taneda
(1978) and Achenbach (1974) who did not notice any periodic vortex shedding beyond
the critical Reynolds number. A helical-like wake configuration was also obtained by
Rodriguez et al. (2011, 2013) in the subcritical regime (𝑅𝑒 = 3700, 104 ) using Direct
Numerical Simulations (DNS) , which was shown to result from the shedding of largescale vortices (𝑆𝑡 = 0.215) at random azimuthal locations in the shear layer. The vortices
however moved downstream without any azimuthal circulation indicating that the helical
pattern formed primarily from the way the vortices were shed in time. The Large Eddy
Simulation (LES) results of Yun et al. (2006) also showed the vortical structures to
follow nearly straight paths downstream. They suggested the observed helical structure to
be closely related to changes in the azimuthal wall-pressure distribution of the sphere
with time. The wall pressure was shown to convect azimuthally at an almost constant
velocity to produce a tilted vortical structure in time, and consequently, a helical wake
configuration.
Similar to these studies, the azimuthal locations of ridges in the helical cavity wakes
formed in our study are noted as being fixed with respect to the lab frame as they advect
downstream (e.g. see yellow marker in Figure 8a). This indicates the helical cavity
structure to arise essentially from the rotation of ridges about the sphere surface. Using
visual measurements to obtain the ridge rotation frequencies 𝑓𝑟 , the corresponding
Strouhal numbers 𝑆𝑡 = 𝑓𝑟 𝐷0 ⁄𝑈𝑖 (where 𝑈𝑖 is the instantaneous sphere velocity) are found
to range between 𝑆𝑡 = 0.22 − 0.30 for 𝑅𝑒 ≡ 𝑅𝑒𝑖 = (𝜌𝑈𝑖 𝐷0 )⁄𝜇 = 1.4 × 105 − 2.4 ×
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105 (see Figure 9). Even though the spheres in this study are trailed by a gaseous cavity,
where a recirculation zone is present otherwise for spheres in a homogeneous fluid, these
Strouhal numbers are still close to 𝑆𝑡 ≈ 0.2 reported for the spiral instability mode in
homogeneous flow cases (Achenbach 1974, Taneda 1978). Since the flow past spheres
for the range of Reynolds numbers employed here has been shown by these studies to be
comprised of a spiral instability mode, it is possible for the corresponding large-scale
flow structures produced around the sphere to affect the shape of the cavity wake and
hence its shedding characteristics accordingly. In addition, since the spheres in this work
fall freely, the flow forces resulting from the spiral instability may bring about rotation in
the sphere itself. This can explain the relatively higher Strouhal values obtained here in
comparison to results for fixed spheres by Achenbach (1974) and Taneda (1978).

3.2.2 Analysis of initial sphere penetration
In order to further understand the origin and formation of the helical cavity wake,
Figure 10 presents a series of close-up images with front lighting showing the early
stages of penetration of a 𝐷0 =30 mm steel sphere impacting at 4.2 m/s. The images in
Figure 10(a) show the presence of contact line around the sphere equator which results in
nucleate boiling, similar to the observations of Marston et al. (2012). However, instead of
shedding the entire contact line backwards, the region of contact enlarges longitudinally
at distinct circumferential locations along the sphere enlarges longitudinally. One such
location appears as an increasingly elongating grey area (𝑡 ≥ 9 ms) above the bright spot
on the sphere's surface created by the reflection of lighting. The elongated contact area
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draws a stream of liquid into the cavity along the sphere's upper hemisphere surface,
which forms a column of liquid in it's wake, and at the same time, pulls the cavity wall
inwards to form a ridge. This pulling effect also becomes apparent on the contact line
itself as it assumes an inverted V-shape from localized backward movement, where the
ridge originates. The formation of the liquid column, the ridge and the inverted V-shaped
contact line feature hence stems essentially from the elongated contact area formed at the
primary contact line, which is noted to begin a clockwise rotation shortly afterwards at
𝑡 = 15ms.
The question then arises as to how these rotating elongated contact areas develop and
also, why a contact line is observed in the first place even though the sphere is
encapsulated by a vapor layer. From the close-up images shown in Figure 10(b), a shearlayer Kelvin-Helmholtz (K-H) instability is readily observed at the liquid-vapor interface
formed around the bottom hemisphere of the Leidenfrost sphere. The presence of a
boundary beside the shear-layer, as in this study, has been shown in theory (Hazel 1972,
Lindzen & Rosenthal 1976) to enhance the destabilization of stratified shear flows,
depending markedly on the proximity of the boundary to the shear-layer. Lindzen &
Rosenthal (1976) attributed this phenomenon to the over-reflection of internal gravity
waves at the shear-layer which is fed in turn by total reflection from the nearby solid
boundary. The fact that this boundary effect is largely dependent on the distance between
the boundary and the shear-layer suggests the thickness of the vapor layer 𝛿𝑙 , in addition
to velocity shear, to play a crucial role in the formation of the Kelvin-Helmholtz
instability observed in the helical cavity cases. The instability manifests itself by
overturning the interface to form several billows (Corcos & Sherman 1976) along the

46

Figure 10. (a) Images with front lighting showing the early stages of penetration of a 𝐷0 = 30
mm steel sphere in the formation of a helical cavity wake. (b) Close-up images of the right
hemisphere for 𝑡 = 4 − 7 ms from impact revealing Kelvin-Helmholtz instabilities along the
vapor-liquid interface. The K-H billows are further magnified in the insets and marked with black
arrows in the image at 𝑡 = 4 ms. The contact line is indicated by grey arrows. 𝑈0 = 4.2 m/s,
𝐹𝑟 =120.
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boundary of the sphere (see black arrows in the magnified inset at 𝑡 = 4 ms). These
degenerate into turbulence further downstream at the sphere's equator, mixing liquid into
the vapour layer and hence enabling the formation of a contact line (see grey arrows).
Since the large-scale vortex shedding associated with the spiral instability appears to
occur at a point that rotates around the sphere periodically (Achenbach 1974, 𝑆𝑡 ≈ 0.2 at
𝑅𝑒 ≈ 2 × 105 ) it is most likely that its presence aggravates this mixing at distinct
azimuthal locations in a rotating manner. This can explain the formation of the elongated
contact areas, and hence the ridges, which furthermore are noted to rotate at similar nondimensional frequencies ( 𝑆𝑡 = 0.22 − 0.30 , 𝑅𝑒 ≡ 𝑅𝑒𝑖 = 1.4 × 105 − 2.4 × 105 , see
Figure 9).
Similar to Figure 10, close-up images with front lighting showing the formation of a
dual-cavity structure are presented in figure 11. Images in (a) have been magnified
further near the contact region in (b) and additionally, enhanced using an edge-detection
MatLab routine in (c). The contact line noted around the equator at 𝑡 = 5 ms in this case
(see black arrow in c) is shed backwards as the sphere descends further down with time,
discontinuing the local nucleate boiling. Since the elongated contact areas associated with
the primary contact line are also shed in the process, the formation of liquid columns also
stops, which later appear as falling streams inside the cavity (see (a), 𝑡 = 14 ms). The
images in (b) and (c) reveal the Kelvin-Helmholtz billows forming at the vapor layer
interface to pacify with time until a smooth vapor-liquid interface is observed at 𝑡 = 26
ms. Since the contact line is shed much earlier at 𝑡 = 6 ms, when the billows are still
very obvious, it appears that this phenomenon results owing to the contact line shedding
event, rather than vice versa.

48

Figure 11. (a) Images with front lighting showing the formation of a dual cavity structure when a
𝐷0 = 25 mm tungsten carbide sphere impacts at 𝑈0 = 4.2 m/s. 𝐹𝑟 = 144. (b) Closeup images of
the contact region for 𝑡 = 5 − 14 ms from impact showing the contact line shedding event and
the pacification of the K-H billows thereafter. (c) Edge enhancement of the cavity interface for
𝑡 = 5 − 26 ms. The contact line is indicated by the black arrow. The dashed curve represents the
sphere's surface.
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3.2.3 Instability in stratified shear flows
Studies on the instability of stratified shear layers can be traced back to the works of
Taylor (1931) and Goldstein (1931) who analytically investigated unbounded parallel
inviscid shear flows. Taylor (1931) conjectured that a stable flow in such circumstances
requires the gradient Richardson number 𝑅𝑖𝑔 = 𝑁𝐿 2 ⁄(𝜕𝑢⁄𝜕𝑧)2 (where 𝑁𝐿 is the BruntVäisälä frequency and 𝜕𝑢⁄𝜕𝑧 is the local shear) to exceed a value of 0.25 everywhere.
This was proved in a theorem by Miles (1961) whereby velocity and density were
assumed to follow monotonic profiles. Howard (1961) simplified Miles's theorem such
that it did not require such hypotheses, which has come to be known as the classical
Miles-Howard theorem. Shear flows in reality, however, are not only bounded but can
also be influenced by viscous stresses, such that the minimum critical 𝑅𝑖𝑔 required for
instability can vary significantly. A plethora of studies have investigated stratified shear
flow in this regard which can be found in the extensive reviews of Fernando (1991) and
Peltier & Caufield (2003).
A notable work among these studies by Strang & Fernando (2001) investigated the
entrainment and mixing in a stratified shear layer, separating an upper lighter layer (of
thickness 𝐷) from a deep lower layer of homogeneous nature (two-layer case). For large
Reynolds numbers (𝑅𝑒~104 ), the flow was shown to be governed primarily by the bulk
Richardson number 𝑅𝑖𝐵 = ∆𝑏𝐷⁄∆𝑈 2 (a parameter related to the average gradient
̅̅̅̅̅
Richardson number 𝑅𝑖
𝑔 where ∆𝑈 is the velocity difference and ∆𝑏 = 𝑔∆𝜌⁄𝜌0 , with 𝜌0
as the density of the upper layer, is the buoyancy jump across the shearing interface).
̅̅̅̅̅
Kelvin-Helmholtz instabilities were noted to occur predominantly for 𝑅𝑖𝐵 < 3.2 (𝑅𝑖
𝑔 <
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̅̅̅̅̅
̅̅̅̅̅
0.39) and subsided completely for 𝑅𝑖𝐵 ≳ 5 (𝑅𝑖
𝑔 ≳ 1). For 𝑅𝑖𝐵 < 1.5 (𝑅𝑖𝑔 < 0.09), the
̅̅̅̅̅
entrainment rate was found to be independent of 𝑅𝑖𝐵 (or 𝑅𝑖
𝑔 ), indicating entrainment to
occur as if stratification did not exist. Turbulent eddies in the shear layer were strong
enough in these cases to scour the denser liquid against buoyancy forces. Furthermore,
the turbulence properties in the mixed-layer, such as the integral length scales and rootmean-square (r.m.s.) of velocity fluctuations were found to be dependent on ∆𝑈 and 𝐷
whereby the upper part of the layer was maintained in a turbulent state by wall-induced
turbulence.
The stratified turbulent shear flow problem in this study is analogous to the two-layer
case investigated by Strang & Fernando (2001) in the sense that the vapor layer (of
thickness 𝛿𝑙 ) and the PP1 fluid form the upper and lower part of the mixed-layer,
respectively, in a rotated view frame about the sphere equator. Since the bulk Richardson
number at the vapor-liquid interface in the initial stages of sphere descent (𝑡 = 5 − 6 ms
in Figure 11, 𝑅𝑒𝑖 ~8 × 104 ) follows 𝑅𝑖𝐵 = ∆𝑏𝛿𝑙 ⁄∆𝑈 2 ~𝑂(0.01) (where 𝛿𝑙 ≈ 100 −
200 μmat the sphere equator from Vakarelski et al. 2011), inadequate entrainment in the
vapor layer itself is not expected to cause the contact line to shed backwards. It therefore
appears that the thickness of the vapor layer 𝛿𝑙 formed after a time-scale of one diameter
penetration in the present case, i.e. 𝑡𝑈0 ⁄𝐷0 = 1, becomes sufficiently large to prevent the
entrained liquid in the mixed layer from maintaining contact with the sphere's surface. In
other words, 𝛿𝑙 < 𝛿𝑚 at the equator for 𝑡 ≥ 5ms, where 𝛿𝑚 corresponds to the mixedlayer thickness at the vapor-liquid interface. As 𝛿𝑙 is primarily dependent on the sphere
temperature, velocity and inertial flow forces, it is understandable why the dual-cavity
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observations made by Marston et al. (2012) were reported to be a sensitive function of 𝑇𝑠
and 𝑈0 for a given sphere size.
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Chapter 4
Quantitative results
Figure 12 summarizes the observation of stable, unstable and helical cavity wakes in
the 𝐹𝑟 − 𝑅𝑒0 parameter space for (a) steel and (b) tungsten carbide spheres. The plots
reveal stable-streamlined cavities to generally occur for 𝐹𝑟 ≳ 120 when 𝑅𝑒0 ≲ 1.4 ×
105 while helical cavity wakes are noted to form at higher impact Reynolds numbers,
irrespective of the Froude values. The fact that these helical cavities share a noticeable
𝐹𝑟 − 𝑅𝑒0 parameter space with both unstable and stable cavities for a steady Leidenfrost
sphere temperature indicates the vapor layer thickness 𝛿𝑙 to be a sensitive feature of not
only the sphere velocity and inertial flow forces (characterized by the impact Reynolds
number) but also the sphere's surface condition upon impact. Even though all spheres
employed in this study were cleaned and handled carefully, the slightest of impurity
contracted from the liquid's free surface upon initial entry and oxidation of the sphere
surface from heating can disrupt the heat transfer mechanism required to form an
adequately thick vapor layer in the higher 𝑅𝑒0 ≥ 1.4 × 105 regime. This most likely
explains the coexistence of disparate cavity wake states in the presence of
indistinguishable flow conditions.

4.1 Sphere trajectory, velocity, acceleration
Figure 13 and Figure 14 plot data for the vertical descent trajectory 𝑧, velocity 𝑑𝑧⁄𝑑𝑡
and acceleration 𝑑 2 𝑧⁄𝑑𝑡 2 versus the time from impact for 𝐷0 =15mm steel and 𝐷0 =25mm
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Figure 12. Unstable, stable and helical cavity wake regimes in the 𝐹𝑟 − 𝑅𝑒0 parameter space for
(a) steel and (b) tungsten carbide spheres. 𝐷0 = 10 − 40 mm, 𝑅𝑒0 = 2.7 × 104 − 2.6 × 105 ,
𝐹𝑟 = 33.3 − 400.
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tungsten carbide spheres, respectively, in the case of unstable, stable and helical cavity
wakes (see legend). The trajectory of the spheres is obtained using the DLTdv5
application (Hedrick 2008) in MatLab to perform a two-dimensional cross-correlation
tracking on subsections of the sequential video frames comprising the sphere's lower
hemisphere. Using the lower 1/2 of the sphere as the tracking template ensures that the
cavity is not accounted and hence does not affect the accuracy of the cross-correlation
routine. Determining the vertical position of the spheres from the full-view images in this
manner is found to result in a sub-pixel position accuracy of ±0.1 pixels, corresponding
to a maximum error of ±0.14 mm. Plots for the vertical velocity and acceleration are
obtained by fitting the 𝑧(𝑡) position data with a quintic smoothing spline (de Boor 1978,
Epps et al. 2010) and computing its first and second derivatives, respectively. Utilization
of the spline method in this regard is important as taking multiple derivatives of the
measured data by means of finite differences (i.e 𝑈(𝑡) = ∆𝑧⁄∆𝑡 ) amplifies the
measurement error considerably. The smoothing parameter for each spline fit is chosen
based on the method developed by Epps, Truscott & Techet (2010), which is also
described comprehensively in the work of Truscott el al. (2012). The approach
systematically determines an error tolerance of the fit (to the position data) that
minimizes the roughness (data passing through all experimental points) of the fit. The
advantage is that the function it produces is differentiable but also the best fit which
conserves many of the subtle yet important dynamics often removed by more common
polynomial approaches.

55

Figure 13. (a,b) Vertical distance 𝑧 from the free surface, (c,d) descent velocity 𝑑𝑧⁄𝑑𝑡and (e,f)
acceleration 𝑑2 𝑧⁄𝑑𝑡 2 versus time 𝑡 from impact of 𝐷0 = 15 mm steel spheres in unstable and
stable cavity wake cases, respectively. (a,c,e) 𝑈0 = 2.21 − 2.80 m/s, 𝐹𝑟 = 67 − 107 . (b,d,f)
𝑈0 = 2.97 − 4.43 m/s, 𝐹𝑟 = 120 − 267 . The vertical dashed lines here and in all figures
presented hereafter indicate time points when the cavity detaches from the sphere. The inset in (b)
provides a magnified view of the area inside the rectangle.
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Figure 14.(a,b,c) Vertical distance 𝑧 from the free surface, (d,e,f) descent velocity 𝑑𝑧⁄𝑑𝑡 and
(g,h,i) acceleration 𝑑 2 𝑧⁄𝑑𝑡 2 versus time 𝑡 from impact of 𝐷0 = 25 mm tungsten carbide spheres
in unstable, stable and helical cavity wake cases, respectively. (a,d,g) 𝑈0 = 3.43 − 3.70 m/s,
𝐹𝑟 = 96 − 112. (b,e,h) 𝑈0 = 3.96 − 4.43 m/s, 𝐹𝑟 = 128 − 160. (c,f,i) 𝑈0 = 3.96 − 4.43 m/s,
𝐹𝑟 = 128 − 160.
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Examining the plots for the 𝐷0 = 15 mm steel sphere in Figure 13 reveals all stable
cavity wake configurations to eventually reach a terminal descent velocity (𝑈𝑡 = 1.23
m/s, see d). As expected, the corresponding 𝑑 2 𝑧⁄𝑑𝑡 2 data in (f) shows the deceleration of
the spheres to decease with time, until becoming 0 𝑚⁄𝑠 2 when terminal velocity is
reached. For unstable cavity wake cases, the declining descent velocities reach a
minimum and begin increasing as soon as the cavity shedding process completes (see
dashed lines with markers in c), resulting in cavity detachment and the spheres to fall by
themselves. These accordingly correspond to time points in (e) whereby the spheres start
accelerating during their descent. If a long enough column tank was to be used, these
spheres would also eventually reach a terminal velocity, as shown by Vakarelski et al.
(2011). The increase in sphere velocity noted here upon cavity detachment is attributed to
the reduction in buoyancy forces and also, to the delayed flow separation at the sphere's
surface (signified by an increase in separation angle 𝜃), resulting in a lower pressureinduced form drag (Vakarelski et al. 2011). Furthermore, the cavity detachment event
itself in these single trials occurs at an earlier time from impact as the sphere's impact
velocity is increased.
Unstable cavities produced using the larger and denser 𝐷0 = 25 mm tungsten carbide
spheres in Figure 14 show a contrasting trend whereby cavity detachments take place
earlier for reducing 𝑈0 values. Ideally, an increase in sphere momentum, resulting in the
entrainment of a larger cavity volume (Aristoff et al. 2010), accordingly requires a longer
time for the shedding process to complete. However, since the unstable cavities here and
in Figure 13 originate from dual-cavity structures, whereby the pinch-off location
determining the cavity volume entrained in turn varies unsystematically, the trends in
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cavity detachment times with respect to increasing Froude numbers are merely a
coincidental occurrence. This was further confirmed by results from repeated trials which
indicated no particular order in detachment times for cavities initiating from dual-cavity
structures.
Similar to the stable cavity cases in Figure 13, plots for 𝑑𝑧⁄𝑑𝑡 and 𝑑 2 𝑧⁄𝑑𝑡 2 in Figure
14 (e) and (h), respectively, show the denser tungsten carbide spheres in the limited fluid
column length available to also be approaching a terminal velocity, with the associated
deceleration values nearing 0 𝑚⁄𝑠 2 . Strikingly different trends are noted in the results
obtained for helical in comparison to stable cavity wakes formed in an identical 𝐹𝑟 − 𝑅𝑒0
parameter space. The descent velocities in these cases (f) give the impression of
following an inverted profile in relation to those observed for stable wakes in (e).
Contrary to the trend in (h), these correspond to gradually increasing sphere decelerations
which plateau to steady values with time (i). Decelerations during the initial stages of
descent (𝑡 ≤ 65 ms), more importantly, are noted to be smaller by up to an order of
magnitude in comparison to those for stable cases, indicating significantly lower
hydrodynamic forces to be present in the case of helical cavity wakes.

4.2 Force coefficients
The total hydrodynamic force 𝐹 acting on the sphere during its descent can be
computed from the 𝑑2 𝑧⁄𝑑𝑡 2 acceleration data obtained in the preceding section. This
force, conventionally modelled as the sum of buoyancy 𝐹𝑏 , added mass 𝐹𝑎 and drag 𝐹𝑑
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forces, counteracts the weight and inertia of the sphere following impact to result in a net
upward force and, accordingly, a downward deceleration. Performing a vertical force
balance on the sphere we obtain:
𝑚𝑠 𝑧̈ (𝑡) = 𝑚𝑠 𝑔 − 𝐹(𝑡)

(4.1)

4

where𝑚𝑠 = 𝑉𝜌𝑠 = 3 𝜋𝑅0 3 𝜌𝑠 is the sphere mass. Using the 𝑑𝑧⁄𝑑𝑡 velocity data, the total
hydrodynamic force coefficient can then be calculated using:

𝐶𝐹 (𝑡) = 1
2

𝐹(𝑡)
𝜌[𝑧̇ (𝑡)2 ]𝜋𝑅0

=
2

𝑚𝑠 [𝑔 − 𝑧̈ (𝑡)]
1
𝜌[𝑧̇ (𝑡)2 ]𝜋𝑅0 2
2

(4.2)

Figure 15 plots the hydrodynamic force coefficients for stable, unstable and helical
cavity wake cases produced using steel and tungsten carbide sphere impacts in Figure 13
and Figure 14, respectively. Plots for the unstable (a, c) relative to stable (b, d) wake
cases reveal the force coefficients to increase more steeply with time and reach higher
maxima, which then begin incurring sharp declines moments before (≈ 40 ms) the cavity
shedding process is observed to be completed (see dashed lines). These declines are noted
to be even more precipitous for the denser tungsten carbide sphere in (c). Force
coefficients for the stable wake cases in contrast approach a steady value with time (e.g.
𝐶𝐹 ≈ 0.6 in b), which is expected by definition of 𝐶𝐹 (4.2) as the sphere reaches a
terminal descent velocity. 𝐶𝐹 values increasing steadily with time for helical cavity
wakes, are noted to be significantly smaller (by 40 − 55%) than those obtained for their
stable wake counterparts at the same impact parameters.
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Figure 15. Force coefficients for (a,b) 𝐷0 = 15 mm steel and (c,d,e) 𝐷0 = 25 mm tungsten
carbide spheres from trajectory measurements in Figure 13 and Figure 14, respectively. (a,c)
Unstable wake cases. (b,d) Stable wake cases. (e) Helical wake cases. 𝑈0 = 2.21 − 4.43 m/s,
𝐹𝑟 = 67 − 160.

The dramatic reduction in force coefficients observed for helical wake cases can be
reasoned to the combined effect of an increase in cone angle 𝜃𝑐 , defined as the angle of
the cavity interface with respect to the vertical tangent at the sphere equator (Aristoff &
Bush 2009), and the nature of flow structures produced around the descending sphere.
While cone angles for stable streamlined cavity wakes follow constant values ranging
between 𝜃𝑐 = 165° − 168° , which are in close agreement with 𝜃𝑐 ~ 165° reported by
Marston et al. (2012) for Leidenfrost sphere cavities formed immediately after impact
(𝑡 = 6.5 ms), angles for the asymmetric helical cavity wakes take higher and unsteady
circumferential values in the range of 𝜃𝑐 = 172° − 179° . As larger cone angles imply a
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decrease in the amount of fluid forced radially outwards and accordingly, the momentum
imparted to the liquid by the descending sphere, a reduction in 𝐶𝐹 values is
understandable in the helical wake cases. Additionally, since the formation and rotation
of ridges at the contact line in these helical wakes is suspected to be a by-product of
large-scale vortex shedding occurring at distinct points rotating around the sphere
periodically (Achenbach 1974), the fluid in the vicinity of the contact line can also be
expected to experience an azimuthal rotation. This phenomenon whereby the sphere
descends with a corkscrew or spiraling effect on the flow can play a major role in
reducing the opposing hydrodynamic forces, and hence, the 𝐶𝐹 values obtained. Further
experiments utilizing particle image velocimetry (PIV) techniques are recommended in
the future to study and confirm the presence of such flow structures.

4.3 Drag Coefficients
4.3.1 Spline interpolation method
From the total hydrodynamic force data obtained in section (4.2 Force coefficients), the
drag force 𝐹𝑑 resisting the motion of the sphere and the attached cavity wake can be
obtained using:
𝐹𝑑 (𝑡) = 𝐹(𝑡) − 𝐹𝑎 (𝑡) − 𝐹𝑏 (𝑡)

(4.3)

The effect (force) of added mass 𝑚𝑎 from accelerating the surrounding fluid can be
expressed as 𝐹𝑎 (𝑡) = 𝑚𝑎 𝑧̈ (𝑡) = 𝐶𝑚 𝑉𝑐 𝜌𝑧̈ (𝑡), where 𝐶𝑚 is the added mass coefficient and
𝑉𝑐 is the combined volume of the sphere and cavity wake. Though the magnitude of 𝑉𝑐
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varies with time due to cavity shedding, and 𝐶𝑚 in turn depends on the flow pattern
around the sphere and trailing cavity (Berklite 1972, Sarpkaya 1976), a constant mean
1

value for the added mass obtained from 𝑚𝑎 = 0.672𝜌 [6 𝜋𝐿𝑐 𝐷𝑐 2 ] for streamlined bodies
(Dong 1978) is assumed over the entire descent. The added mass for spheres falling
without cavity attachments is simply given by 𝑚𝑎 = 𝐶𝑚 𝑉𝜌, where 𝐶𝑚 takes a constant
value of 0.5.
Since the cavity adjoins the sphere at or close to its equator, the total buoyancy force
𝐹𝑏 due to hydrostatic pressure before cavity pinch-off (i.e. for an open sphere-cavity
2

system exposed to the atmosphere) is given by 𝐹𝑏 = 𝜌 3 𝜋𝑅0 3 𝑔 + 𝜌𝑔[𝑧(𝑡) − 𝑅0 ]𝜋𝑅0 2 .
Following the pinch-off event, a closed sphere-cavity system completely surrounded by
the fluid is formed whereby 𝐹𝑏 = 𝜌𝑉𝑐 𝑔. The combined volume of the sphere and the
attached cavity wake 𝑉𝑐 is obtained by tracing their boundary around the vertical 𝑍-axis
using spline interpolation (see Figure 16 a,b,c), approximating it using a piecewise-linear
curve to form a closed polygonal chain, and finally, revolving the polygonal chain about
the 𝑍-axis of symmetry to give the volume of revolution. In mathematical terminology, if
the sphere-cavity boundary curve closed around the 𝑍 -axis is parameterized as
〈𝑅(𝑠), 𝑍(𝑠)〉 for 0 ≤ 𝑠 ≤ 1 , then the volume of revolution about the 𝑍 -axis can be
expressed as (Wilson, Turcotte & Halpern 2003):
2𝜋 1
𝑉𝑐 =
∫ 𝑅(𝑠)[𝑅(𝑠)𝑍 ′ (𝑠) − 𝑍(𝑠)𝑅 ′ (𝑠)]𝑑𝑠
3 0

(4.4)

The 𝑉𝑐 values corresponding to unstable, stable and helical cavity wake cases
produced by the impact of 𝐷0 = 15 mm steel and 𝐷0 = 25 mm tungsten carbide spheres
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Figure 16. Cavity interfaces traced around the vertical 𝑍 -axis (purple line) using spline
interpolation (in red) between manually drawn boundary points (in yellow) for (a) an unstable
wake case 𝐷0 = 15 mm, 𝜚 = 4.54, 𝑈0 = 2.21 m/s, 𝐹𝑟 = 67 (b) stable wake case 𝐷0 = 15 mm,
𝜚 = 4.54, 𝑈0 = 2.97 m/s, 𝐹𝑟 = 120 and (c) helical wake case 𝐷0 = 25 mm, 𝜚 = 8.70, 𝑈0 =
4.20 m/s, 𝐹𝑟 = 144 . (d) The total volume of the sphere and cavity 𝑉𝑐 versus time for the
realizations in (a,b). (e) 𝑉𝑐 versus 𝑡 for unstable and stable cavity wakes produced by the impact
of 𝐷0 = 25 mm tungsten carbide spheres for 𝑈0 = 3.57 m/s, 𝐹𝑟 = 104 and 𝑈0 = 4.20 m/s, 𝐹𝑟 =
144, respectively, and for the helical wake case in (c). The horizontal dashed lines correspond to
4
times whereby the cavity has been completely shed-off, i.e. 𝑉𝑐 = 3 𝜋𝑅0 3 .
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are computed using (4.4) at 20 ms time steps and plotted in Figure 16 (d,e, see caption for
details). Since the splines (in red) are interpolated between manually drawn boundary
points (in yellow), the volume 𝑉𝑐 is subjective to how the cavity shape is perceived at
each time step. For example, 𝑉𝑐 values obtained over repeated measurements for the
stable-streamlined cavity of an apparently constant volume in Figure 16 (d, see bracket),
are found to have a mean and mean absolute deviation (MAD) of 7.29 cm3 and 0.12 cm3 ,
respectively. These results are found to be in close agreement with the true volume 𝑉𝑐 =
7.31cm3 (see methodology of computation in §4.3.2) and have a mean absolute
percentage error (MAPE) of 1.7%. The total error in volume measurement for unstable
and helical wake cases however is higher due to cavity asymmetry and more difficult to
pin down.
From the plots shown in Figure 16 (d) and (e), the volume of air entrained by the
helical wake upon pinch-off is computed to be significantly smaller (by ≈ 60%) than that
by the stable wake counterpart for the same impact parameters. 𝑉𝑐 values for unstable
wake cases generally decline at the steepest rate in a stepwise manner, until the sphere
volume 𝑉 (see dashed line) is reached upon completion of the shedding process. The
4

buoyancy then becomes constant and can be obtained directly from 𝐹𝑏 = 3 𝜋𝑅0 3 𝜌𝑔.
Using equations (4.1) and (4.3) together with the relevant expressions for 𝐹𝑎 and 𝐹𝑏
applicable before pinch-off, after pinch-off and after cavity detachment discussed above,
the general equation for the drag coefficient given by:

𝐶𝐷 (𝑡) =

[𝐹(𝑡) − 𝐹𝑎 (𝑡) − 𝐹𝑏 (𝑡)]
1
2
( 2
2 𝜌[𝑧̇ 𝑡) ]𝜋𝑅0

(4.5)
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can be expressed for each respective phase as:
𝐶𝐷 (𝑡)

𝐵𝑒𝑓𝑜𝑟𝑒
𝑝𝑖𝑛𝑐ℎ−𝑜𝑓𝑓

𝑚𝑠 [𝑔 − 𝑧̈ (𝑡)] − [0.672𝜌(16𝜋𝐿𝑐𝐷𝑐2 )]𝑧̈ (𝑡) − [𝜌23𝜋𝑅0 3 𝑔 + 𝜌𝑔[𝑧(𝑡) − 𝑅0 ]𝜋𝑅0 2 ]
=
1
2
( 2
2 𝜌[𝑧̇ 𝑡) ]𝜋𝑅0

𝐶𝐷 (𝑡)

𝐴𝑓𝑡𝑒𝑟
𝑝𝑖𝑛𝑐ℎ−𝑜𝑓𝑓

𝑚𝑠 [𝑔 − 𝑧̈ (𝑡)] − [0.672𝜌(16𝜋𝐿𝑐𝐷𝑐2 )]𝑧̈ (𝑡) − 𝜌𝑉𝑐 𝑔
=
1
2
( 2
2 𝜌[𝑧̇ 𝑡) ]𝜋𝑅0

𝐶𝐷 (𝑡)𝐴𝑓𝑡𝑒𝑟 𝑐𝑎𝑣𝑖𝑡𝑦
𝑑𝑒𝑡𝑎𝑐ℎ𝑚𝑒𝑛𝑡

𝑚𝑠 [𝑔 − 𝑧̈ (𝑡)] − 43𝜋𝑅0 3 𝜌[12𝑧̈ (𝑡) + 𝑔]
=
1
2
( 2
2 𝜌[𝑧̇ 𝑡) ]𝜋𝑅0

(4.6)

(4.7)

(4.8)

Drag coefficients corresponding to the unstable, stable and helical wake cases in
Figure 16 are computed using (4.6 − 4.8) for any such given phase observed (see caption
for details) and plotted versus time in Figure 17. The plots reveal 𝐶𝐷 values to follow a
declining trend after cavity pinch-off in the former two cases. While drag coefficients for
stable wakes appear to approach a steady value with time (e.g. mean ̅𝐶̅̅𝐷̅ = 0.051 in (a)
corresponding to the bracket in Figure 16 d), coefficients for unstable wakes begin
increasing rapidly at 𝑡 ≈ 125 ms until reaching a maximum. This dramatic increase
stems from obtaining comparatively higher 𝐶𝐹 values (see Figure 15) and primarily from
significantly lower buoyancy force coefficients 𝐶𝐵 = 𝐹𝑏 ⁄12𝜌[𝑧̇ (𝑡)2 ]𝜋𝑅0 2 computed for
unstable wakes due to incessant cavity shedding. The effect of sharply declining 𝐶𝐹
values shortly before ( ≈ 40 ms) the shedding process completes then becomes the
dominating factor and accordingly causes the 𝐶𝐷 curves to undergo steep declines.
Though drag coefficients for the helical wake sphere increase steadily with time, the
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values obtained in the initial stages of descent (e.g. at 𝑡 = 25 ms, i.e before pinch-off) are
noted to be significantly smaller (by ≈ 75%) in comparison to those obtained for its
stable wake counterpart. Given non-cavity-forming cases tend to have even higher force
coefficients than cavity-forming cases during free-surface entry (Truscott et al. 2012),
these results indicate helical cavity wake cases to produce an ideal configuration for the
free-surface entry of spheres.

Figure 17. Drag coefficients for unstable, stable and helical cavity wake cases produced by (a)
𝐷0 = 15 mm steel and (b) 𝐷0 = 25 mm tungsten carbide spheres in Figure 16 (d,e). The black
filled, color filled and unfilled symbols represent 𝐶𝐷 values before pinch-off, after pinch-off and
after cavity detachment, respectively.

4.3.2 Algebraic curve fitting method
Since the stable-streamlined cavity wakes formed in this study have well-defined
shapes which remain consistent during sphere descent, more accurate drag coefficients
for these cases can be obtained by utilizing high magnification imaging and computing
the corresponding 𝑉𝑐 volumes by characterizing their profiles using algebraic curves (to
eliminate the element of manual input in boundary tracing). The sphere-cavity
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configuration in this regard can be modeled as a streamlined body of revolution
consisting of an eclipse forebody and a parabola afterbody (Chen et al. 2010). The eclipse
inflow section is expressed as:

𝑅=±

𝐷𝑐
√𝐿𝑒 2 − 𝑍 2
2𝐿𝑒

(4.9)

and the parabola outflow section is given by:
𝐷𝑐
𝑍2
𝑅 = ± (1 − 2 )
2
𝐿𝑟

(4.10)

where 𝐿𝑒 is the inflow section length, 𝐿𝑟 is the outflow section length (see Figure 18) and
𝐿𝑐 = 𝐿𝑒 + 𝐿𝑟 is the total cavity length. Performing disk integration on each section over
their respective lengths, the total volume of the stable-streamlined configuration can be
given as:

𝑉𝑐 = 𝜋𝐷𝑐 2 (

𝐿𝑒 2𝐿𝑟
+
)
6
15

(4.11)

Given the spheres approach a terminal velocity 𝑈𝑡 in stable cavity wake cases, the steadystate drag coefficients can finally be obtained using:

𝐶𝐷 =

𝑔(𝑚𝑠 − 𝜌𝑉𝑐 )
1
𝜌𝑈𝑡 2 𝜋𝑅𝑐 2
2

(4.12)

which are presented along with the corresponding Reynolds numbers 𝑅𝑒 = (𝜌𝑈𝑡 𝐷𝑐 )/𝜇 in
table 2 for different sizes of steel and tungsten carbide spheres.
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Figure 18. Magnified image of a stable-streamlined cavity produced by the impact of a 𝐷0 = 10
mm steel sphere at 𝑈0 = 4.2 m/s. 𝐹𝑟 = 360. The inflow section is described by an eclipse and
the outflow section by a parabola which are superimposed on the image over lengths 𝐿𝑒 and 𝐿𝑟 ,
respectively.

Table 2. Steady-state drag coefficients for stable-streamlined cavity wakes obtained using high
magnification imaging and algebraic curve fitting.

Material
Tungsten carbide
Tungsten carbide
Tungsten carbide
Steel
Steel
Steel
Steel

𝐷0 (mm)
10
15
20
10
15
20
25

𝐷𝑐 (mm)
12.8
18.7
25.1
11.2
17.1
22.2
27.8

𝐷𝑐 ⁄𝐿𝑐
0.22
0.21
0.21
0.30
0.31
0.29
0.28

𝐿𝑒 ⁄𝐿𝑐
0.23
0.25
0.23
0.23
0.25
0.22
0.23

𝑅𝑒 × 104
3.1
5.5
8.3
1.9
3.3
5.0
7.1

𝐶𝐷
0.022
0.024
0.021
0.040
0.038
0.043
0.041

The results obtained for stable cavity wake cases produced by steel spheres range
between 𝐶𝐷 = 0.038 − 0.043 for 𝑅𝑒 = 1.9 × 104 − 7.1 × 104 and those produced by
tungsten carbide spheres range between 𝐶𝐷 = 0.021 − 0.024 for 𝑅𝑒 = 3.1 × 104 −
8.3 × 104 . If the sphere cross-sectional area is used to non-dimensionalize the drag
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coefficient for comparison purposes with results in section (4.3.1 Spline interpolation
method), a 𝐶𝐷 value of 0.049 is obtained for the 𝐷0 = 15 = 15 mm steel sphere's stable
cavity configuration. This is in agreement with the range of values and mean computed in
Figure 17 (a) in the corresponding steady-state regime ( 𝐶𝐷 = 0.037 − 0.065 , ̅𝐶̅̅𝐷̅ =
0.051), which shows the 𝑉𝑐 calculation procedure used therein to provide a good estimate
for 𝐶𝐷 values.
Comparing results with past studies, the drag coefficients obtained for the streamlined
cavity configuration are an order of magnitude smaller than those reported for a solid
room temperature sphere 0.43 < 𝐶𝐷 < 0.5 (Achenbach 1972) and up to ≈ 80% smaller
than the low limiting value for a simple Leidenfrost vapor layer sphere 𝐶𝐷 = 0.1
(Vakarelski et al. 2011), for the same range of pre-crises Reynolds numbers investigated
in this study. This diminution in 𝐶𝐷 is attributed to the combined effect of a reduced form
drag (or pressure drag), resulting from the streamlined shape of the sphere-cavity
configuration, and a lowered skin friction drag (or viscous drag) due to the presence of a
partial-slip boundary condition at the vapor-liquid interface. While form drag is the
dominant source of drag for spheres, or more generally bluff bodies at high Reynolds
numbers 𝑅𝑒 = 104 − 106 , both form and skin friction drag are expected to have a
notable contribution towards the total drag experienced by streamlined bodies.
Determining the precise contribution of the streamlined sphere-cavity shape and the
partial-slip boundary condition in this regard towards lowering the effective dragcoefficient, however, is beyond the scope of this work and will require further
investigative studies in the future.
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Chapter 5
Part I Conclusions
An experimental investigation on the formation of stable-streamlined and helical
cavity wakes using Leidenfrost sphere impacts onto free-surfaces is presented in this part
of the thesis. Similar to the observations of Mansoor et al. (2014), acoustic ripples form
along the interface of elongated cavities entrained in the presence of wall effects as soon
as the primary cavity pinch-off takes place. The crests of these ripples can act as
favorable points for closure, producing multiple acoustic pinch-offs, which are found to
occur in an acoustic pinch-off cascade. These ripples pacify with time in the absence of
physical contact between the sphere and the liquid, leading to extremely smooth cavity
wake profiles. More importantly, the downward facing jet at the apex of the cavity is
continually suppressed due to a skin-friction drag effect at the colliding cavity wall
junction, which ultimately produces a stable-streamlined cavity wake. This stablestreamlined configuration has significantly smaller drag coefficients (by an order of
magnitude) in comparison to those reported previously for room temperature spheres,
which is reasoned to the combined effect of a reduced form and skin-friction drag arising
from the streamlined sphere-cavity configuration shape and the presence of a partial slip
boundary condition at the liquid-vapor interface, respectively.
The helical cavity wakes occur in the event of forming a sufficiently thin vapor jacket
whereby internal waves, radiating energy away from the liquid-vapor interface, are
totally reflected at the nearby sphere boundary and returned back to the shear-layer for
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over-reflection. This destabilizes the liquid-vapor interface to result in the formation of
Kelvin-Helmholtz instabilities around the sphere’s lower hemisphere. The K-H billows
degenerate into turbulence downstream at the sphere equator, mixing liquid into the
vapor layer to result in the formation of a contact line. Since the large-scale vortex
shedding (associated with the spiral instability) appears to occur at a point rotating
around the sphere periodically, it is suspected to aggravate this mixing at distinct
azimuthal locations in a rotating manner. This causes the contact region to enlarge
longitudinally at the corresponding circumferential locations along the contact line. Each
elongated contact area draws a stream of liquid into the cavity along the sphere’s upper
hemisphere to form a column of liquid that breaks-up into droplets while moving radially
inwards. These liquid columns pull the cavity walls radially inwards to form multiple
interfacial ridges, which rotate synchronously (𝑆𝑡 = 0.22 − 0.30, 𝑅𝑒 = 1.4 × 105 −
2.4 × 105 ) about the evident contact line around the sphere equator. The pulling effect is
also noted on the contact line itself as it assumes an inverted V-shape from localized
backward movement where each ridge originates.
The stable-streamlined cavity wakes occur for 𝐹𝑟 ≳ 120 when 𝑅𝑒0 ≲ 1.4 × 105
while the helical cavities are noted to form at higher impact Reynolds numbers
irrespective of the Froude values. The helical wake configuration experiences
considerably smaller overall force coefficients (by 40 − 55%) in comparison to those
obtained for stable cavity wakes. This dramatic reduction is reasoned to the combined
effect of an increase in cone angle and the azimuthal rotation of the fluid resulting from
large-scale vortex shedding at distinct points rotating around the sphere periodically,
which promotes a corkscrew penetrative effect in the sphere descent. Given non-cavity
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forming cases have even higher force coefficients than cavity forming cases during freesurface entry (Truscott et al. 2012), these results indicate the helical cavity wakes to
produce an ideal configuration for the free-surface entry phenomenon of spheres. The
formation of a spiraling flow structure speculated to arise from the rotation of vortex
separation points in the helical cavity wake cases in this work can be a potential research
topic for future studies which can be confirmed by using advanced particle image
velocimetry (PIV) techniques and numerical simulations.
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Part II

Cavitation during the collision of a sphere with an ultraviscous wetted surface

Published in the Journal of Fluid Mechanics (Mansoor et al. 2016, see references)
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Chapter 6
Introduction
The interaction of an immersed particle with a solid surface has been extensively
researched due to its practical relevance in many industrial and natural processes
including filtration, agglomeration, adhesion, wet granular flow, spray coating, drying,
polishing, pollen capture on wet leaves, erosion and sedimentation. The first studies in
this rich topic investigated the interaction of dry objects resulting in the classical Hertz
contact theory (Love 1927, Landau & Lifshitz 1959), which assumed the collisions to be
perfectly elastic with no energy losses. Thus, the particles were predicted to rebound with
no change in their kinetic energy. In reality however, energy loses are inevitable owing to
inter-particle adhesive forces (Dahneke 1972 and Löffler 1980), plastic deformation in
the solids (Johnson 1985) and energy radiated away by vibrations (Zener 1941).
In the case of a spherical particle colliding with a wetted surface, energy losses by
viscous dissipation within the liquid also have to be taken into account. The liquid in the
diminishing gap between the sphere and wall squeezes to create a lubrication force
(Brenner 1961), expressed as 𝐹𝑙 = 6𝜋𝜇𝑅0 2 ℎ̇/ℎ, where 𝑅0 $ is the radius of the sphere, 𝜇
is the liquid's dynamic viscosity, ℎ is the separation distance and ℎ̇ = 𝑑ℎ⁄𝑑𝑡 is the speed
of the approaching sphere. When the impact velocity of the sphere is above a critical
value, this force can be large enough to deform the sphere around the axis of symmetry
and store a portion of its kinetic energy as elastic strain energy. The conversion of this
stored energy back to kinetic energy allows the sphere to rebound, even without wall
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contact, if a sufficiently high hydrodynamic pressure is built up during sphere approach.
This is called the elastohydrodynamic model (Davis, Serayssol & Hinch 1986) which
integrates both Hertz theory and lubrication theory. It reveals that the tendency of an
impacting particle to bounce back from a wetted surface is largely dependent on two
parameters, namely the Stokes number, 𝑆𝑡, and the elasticity parameter, 𝜖 given as:

𝑆𝑡 =

𝜖=

2𝜌𝑠 𝑅0 𝑉0
𝜇

(6.1)

4𝜃𝜇𝑉0 𝑅0 3/2
𝑥0 5/2

(6.2)

where 𝜌𝑠 is the sphere density, 𝑉0 is the impact velocity specified at an initial separation
of 𝑥0 , 𝜃 = (1 − 𝜈1 2 )/𝜋𝐸1 += (1 − 𝜈2 2 )/𝜋𝐸2 where 𝐸1 and 𝐸2 are the Young's moduli of
the sphere and the plane and 𝜈1 and 𝜈2 are Poison's ratios of the sphere and the plane.
The elastohydrodynamic theory has since been put to use in several other studies;
Serayssol and Davis (1986) incorporated interparticle force potentials, Davis (1987)
included the effects of surface roughness, Barnocky & Davis (1989) accounted for the
changes in fluid density and viscosity with pressure, and Barnocky & Davis (1988a)
replaced no-slip boundary conditions at the surfaces by Maxwell slip boundary
conditions when the separation gap reduces to a few nanometers for high inertial impacts.
Experimental verification of the elastohydrodynamic model was provided by Barnocky &
Davis (1988b), Lundberg & Shen (1992) and Gondret et al. (1999). Davis, Rager & Good
(2002) performed experiments to investigate the non-zero rebound velocity cases, which
were shown to occur only above a critical Stokes number value, 𝑆𝑡𝑐 . The separation
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distance ℎ at which the lubrication force becomes large enough to deform the sphere was
3

approximated as being comparable to an elasticity length scale, 𝑥𝑟 = (3𝜋𝜃𝜇𝑅0 2 𝑉0 /
√2)2/5 . This was recently verified in a time-resolved experimental investigation by
Marston et al. (2010). As most of the collisions in real situations are not normal but
oblique, Kantak & Davis (2004) conducted experiments for oblique impacts to find that
the previous results for head-on collisions can be applied, considering only the normal
component in the oblique impact cases. A comprehensive model for oblique impacts was
presented in further work by Kantak & Davis (2006). Donahue et al. (2010) investigated
three-particle collisions using a Stokes' cradle, comparing their results to the theory of a
series of two-particle collisions. Their proposed theory incorporated the effect of glass
transition whereby the silicone oils behave like a solid at a high enough pressure called
the glass-transition pressure.
Some studies have also investigated particle-wall collisions in non-Newtonian fluids
having both elastic and shear thinning properties. The relevant parameters here are the
Stokes and Deborah numbers, the latter being defined by 𝐷𝑒 = 𝜆𝑉0 /𝑅0, which is the ratio
of the characteristic relaxation time of the fluid 𝜆 to the characteristic time scale of the
experiment 𝑅0 ⁄𝑉0 . The Stokes number has either been based on the apparent viscosity
𝜇𝑎𝑝𝑝 of the liquid, obtained from an estimation of the shear rate 𝛾̇ , or its low-shear
viscosity 𝜇0 for simplicity purposes.
One of the first studies in this area was performed by Stocchino & Guala (2005), who
investigated particle-wall collisions in a shear-thinning fluid (aqueous carboxymethyl
cellulose, CMC). For a fixed Stokes number, the coefficient of restitution, 𝑒 = 𝑣𝑟 /𝑣𝑖
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(ratio of the rebound to the impact velocity), was found to be higher than that obtained
for Newtonian fluids, which was reasoned to the viscoelastic nature of the CMC solution.
Ardekani, Rangel & Joseph (2007) examined the forces and normal stresses on a
spherical particle moving towards a wall in a second-order fluid. It was found that the
fluid contributed with an attractive force towards the wall, irrespective of the direction of
motion of the particle. Ardekani et al. (2009) conducted impacts in viscoelastic liquids to
study the effect of the Stokes and Deborah numbers on the coefficient of restitution. The
rate at which the value of e increased with the Stokes number was found to become
smaller for higher Deborah numbers, corresponding to liquids with higher viscoelastic
and shear-thinning properties. For a given Stokes number, higher rebounds were noted
for larger 𝐷𝑒 values.
While many studies have investigated the motion and deformation of spheres for
wetted impacts, only a few have focused on the resulting behavior and dynamics of the
fluid during this process. The sudden deceleration of the sphere upon impact, followed by
expansion of the gap between the solid surfaces during rebound, causes depressurization
around the axis of symmetry of the sphere, inducing cavitation (Brennen 1995). A series
of images portraying this event is shown in Figure 19. Chen & Israelachvili (1991) and
Kuhl et al. (1994) conducted experimental studies to show that cavitation can only occur
when a fluid is subjected to a threshold value of tensile stress.
An extensive review of the criterion for cavitation was presented by Joseph (1998),
who predicted that for a liquid at atmospheric pressure which cannot tolerate tension,
cavitation will occur once tensile stresses in the liquid exceeds one atmosphere. A model
for shear-stress-induced cavitation was also proposed. This predicted that the liquid
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squeezing in the diminishing gap between the approaching sphere and the wall could be
ripped open in tension in the direction of the principal stresses. The first experimental
evidence for shear-induced cavitation was provided earlier by Blair & Winer (1992), who
utilized a custom-built rotary viscometer (Blair & Winer 1987) to investigate the yielding
shear stresses of high molecular weight polymers at variable absolute pressures. The
polymers tested were noted to yield at shear stresses slightly higher than the absolute
pressure for the lowest pressures investigated, which suggested the maximum principal
stress criterion to be applicable at low pressures.
Experimental visualization of shear-induced cavitation was claimed to made more
recently by Seddon et al. (2012), who performed particle-wall collisions in Newtonian
fluids (𝜇 = 1 − 1200 mPa.s) for spheres dropped from heights ranging 1 − 200 mm.
However, since the qualitative results provided therein suffered from a relatively low
spatial and temporal resolution, further investigation was conducted by Mansoor et al.
(2014) using a synchronized dual-view(side and bottom) high-speed imaging system for
similar experimental parameters. The results clarified that the annular bubble structure
misinterpreted by Seddon et al. (2012) as cavitation was in reality created by the
entrapment of bubbles (Marston et al. 2011a) on the sphere surface as it entered into the
viscous film, which subsequently squeezed radially outwards from the sphere center as it
approached the wall. Cavitation was only observed once the sphere made wall-contact
and started to rebound (e.g. Figure 19), agreeing with the conventional theory which
predicts cavitation during depressurization. Hence, although the occurrence of shearstress-induced cavitation was thereby confirmed to be highly unrealistic in the parameter
space of these collisions employing Newtonian fluids, no further studies have been
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conducted so far to investigate this phenomenon in highly viscous and non-Newtonian
liquids with high visco-elastic properties.

Figure 19. Sequence of images showing cavity formation during the impact of a tungsten carbide
sphere onto a glass plate covered with a 37 mm deep layer of water. The sphere was released with
its bottom just touching the surface of the water (ℎ𝑟 = 37 mm). 𝑅0 = 10 mm, 𝜇0 = 9.1 × 10−4
Pa.s. h represents the distance between the bottom tip of the sphere and the glass plate. The frame
at which the sphere makes first contact with the glass base is taken as a reference point (𝑡0 = 0 μs
and ℎ0 = 0 μm, marked with the asterisk * symbol) and can be seen to coincide with the onset of
cavitation. The arrows pointing downwards and upwards indicate the sphere's approach towards
and rebound away from the wall, respectively.

More relevant to the work presented in this paper, Guala & Stocchino (2007) used
particle image velocimetry to investigate large-scale flow structures formed during fully
immersed particle-wall collisions in Newtonian (water, aqueous glycerol) and in nonNewtonian (1 % aqueous CMC, shear thinning, weakly viscoelastic, 𝐷𝑒 ≪ 1) liquids. A
similar velocity field and vortical structure evolution was obtained in both the glycerol
and CMC solutions, which showed that the shear-thinning effect of the non-Newtonian
CMC fluid was dominant over its viscoelastic nature for low Deborah numbers. Dabiri,
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Sirignano & Joseph (2010) performed numerical simulations to study the deformation of
a cavitation bubble in simple shear and extensional flows. The deformation of the bubble
during growth was shown to result in high pressure regions at its sides upon collapse.
This produced re-entrant jets that impinged the bubble internally to cause bubble breakup in some instances. Uddin, Marston & Thoroddsen (2012) investigated the squeeze
flow during the impact of a sphere onto a thin film of viscous non-Newtonian (Carreau)
fluid. High-speed imaging and particle tracking were used to visualize the flow in the
film and provide measurements for the corresponding velocity fields. Marston et al.
(2011b) presented a detailed analysis of the complex cavitation structures formed during
the rebound stages of impacts onto a thin (1.5 mm deep) film of Newtonian (glycerol,
syrup) and non-Newtonian (silicone oil, low-shear 𝛾̇ < 100 s−1 kinematic viscosity of
𝜈0 = 12 500 − 1 000 000 cSt) liquid. The cavitation bubbles in both kinds of fluids
were observed to form in discrete rings, growing radially outwards from the center of
impact. However, the bubbles were more discrete and increased in size in Newtonian
liquids, while those in the shear-thinning non-Newtonian fluids, appeared to be connected
in a foam-like structure and decrease in size with increasing distance from the center.
Cavitation structures in non-Newtonian liquids with high visco-elastic properties were
not investigated.

6.1 Overview
This work (published in the Journal of Fluid Mechanics, Mansoor et al. 2016) extends
the analysis of aforementioned studies by investigating cavitation structures formed
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during wetted particle-wall collisions in extremely high viscosity (𝜈0 ≤ 20 million cSt)
non-Newtonian liquids. These liquids are highly shear-thinning and also possess viscoelastic properties. The latter promotes sphere rebound without prior contact with the solid
wall, which leads to significantly different cavitation structures compared to those
observed in contact cases by Marston et al. (2011b). These structures are found to
originate specifically from bubbles entrapped on the sphere surface during its entry into
the thin films (Marston et al. 2011a, Mansoor et al. 2014). In addition, given the lack of
any conclusive experimental evidence supporting or disproving the possibility of shearstress-induced cavitation in such liquids, a syncronized dual-view (side and bottom) highspeed imaging system is used to determine the first point of cavity inception in time, as
the sphere approaches and rebounds from a solid wall during a collision.
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Chapter 7
Experimental setup
Figure 20(a) shows a schematic of the experimental setup used in this study. A
tungsten carbide sphere (Fritsch GmbH, Germany, 𝑅0 = 10 mm, 𝜌𝑠 = 14890 kg/m3 , E =
550 GPa) was attached to an electromagnet, which was placed directly above the center
of a thick-bottomed glass container having inner measurements of 100 × 100 × 20 mm.
The matte finishing of Tungsten carbide helped to eliminate any reflections from the
sphere surface during experiments. To avoid impact-induced oscillations in the glass
container, it was firmly fixed to a 10 kg U-shaped solid stainless steel frame, which was
in turn screwed to a 1000 kg optical table. A 45° angled mirror was placed below the
glass container at the base of the U-shaped frame to make observations from underneath
the sphere. Two high-speed cameras, a Phantom v1610 and a Photron SA-5, were each
equipped with a long working distance microscope and synchronized to record images at
33018 fps from the side and bottom with effective pixel resolutions of 7µm/pixel and
5µm/pixel, respectively. Gap distances could hence be measured with an accuracy of up
to 7 microns and time to ±1 frame, translating to a maximum velocity error of ±0.2 m/s.
Lighting was provided by two 350 W Sumita metal halide lights, which were equipped
with fiber optic light guides. Regular temperature measurements showed these to induce
minimal heating in the liquid films. All ultra-viscous non-Newtonian films were prepared
at least one week (left covered) before the experiments were performed to ensure that a
uniform thickness 𝛿 was achieved. The temperature was maintained at 22° C.
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Figure 20. (a) Schematic of the experimental setup used. (b) Close-up view of the impact region
showing the gap distance at the sphere tip, h, the sphere radius, 𝑅0 , the radial distance from the
axis of symmetry, 𝑟 , the oil film thickness, 𝛿, the gap height across the sphere curvature, 𝐻(𝑟) =
ℎ + 𝑅0 − √𝑅02 − 𝑟 2 , and the wetted radius of the sphere,𝐵 = √(𝛿 − ℎ)(2𝑅0 − (𝛿 − ℎ)).
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When the electromagnet was switched off, the sphere fell freely to impact the liquid
surface with a velocity of 𝑉0 ≈ √2𝑔(ℎ𝑟 − 𝛿), where ℎ𝑟 is the release height (measured
from the bottom tip of the sphere to the base of the glass-wall). A close-up view of the
impact region is shown in Figure 20(b). Upon detecting motion in the side view, the
Phantom v1610 employed the IBAT (Image based auto-trigger) function to trigger the
recording automatically on both cameras. The resulting set of video clips was saved on a
PC for post-processing. After each trial the glass container was replaced with a new one
containing a fresh, uniform and level film of the same thickness.

7.2 Liquid rheology
The liquids used in this study were (dimethylpolysiloxane) Silicone oils (Clearco
Products

Co.

Inc,

USA)

with

low-shear

kinematic

viscosities

of

𝜈0 =

100, 1000, 10 000, 100 000, 1000 000, 20 000 000 cSt (at 25° C). The shear-thinning
nature of these liquids for 𝜈0 ≥ 1000 cSt can be seen in Figure 21 from the apparent
viscosity 𝜇𝑎𝑝𝑝 versus shear rate 𝛾̇ data, obtained from tests conducted on a research
rheometer (ARES-G2, TA Instruments). Fits to the rheological properties of these fluids
have been formed using the Carreau model:
(𝜇𝑎𝑝𝑝 − 𝜇∞ )
(𝑛−1)
= [1 + (𝜆𝛾̇ )2 ] 2
(𝜇0 − 𝜇∞ )

(7.1)

where 𝜇∞ = 0 and values for the relaxation time 𝜆 and power index 𝑛 are given in Table
3. Liquids with 𝜈0 ≥ 1000 000 cSt are found to be associated with relatively large
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relaxation times and 𝐺 ′′ /𝐺 ′ ratios approaching closer to unity, which indicates their high
visco-elastic nature.

Figure 21. Rheological properties of the silicone oils used having low-shear kinematic viscosities
of 𝜈0 = 1000 cSt, 10 000 cSt, 100 000 cSt, 1000 000 cSt and 20 000 000 cSt measured from
tests performed on a research rheometer (ARES-G2, TA Instruments). Fits to the data (dashed
lines) are formed using the Carreau model with parameters listed in Table 3.

Table 3. Physical properties of the silicone oils (dimethylpolysiloxane, Clearco Products Co. Inc,
USA) used in the experiments. The parameters 𝜆 and 𝑛 are obtained by fitting the Carreau model
to the apparent viscosity versus shear data shown in Figure 21. 𝐺 ′ and 𝐺 ′′ correspond to the
storage (elastic) and loss (viscous) moduli, respectively, obtained from the linear visco-elastic
region in oscillation strain sweeps.

Kinematic
viscosity
𝜈0 (cSt)
100
1000
10 000
100 000
1 000 000
20 000 000

Density Dynamic
Surface
viscosity
tension
𝜌𝑙
3
(kg/m ) 𝜇0 (Pas.s) 𝜎 (mN/ m)
965
9.65×10-2
20.9
970
0.97
21.2
975
9.75
21.5
977
97.7
21.5
978
978
21.6
979
19580
21.6

𝜆 (s)

𝑛

𝐺 ′ (Pa)

𝐺 ′′ (P
a)

1.01×10-4
7.96×10-4
5.71×10-3
7.85×10-2
6.95×10-1

0.68
0.48
0.39
0.35
0.28

5.14×10-3
1.48×10-2
1.70
183
6430

1.32
10.7
114
1341
11235
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7.3 Parameter space
In accordance with previous studies (Ardekani et al. 2009, Marston et al. 2011a,
Uddin et al. 2012), the main dimensionless numbers used in this work are the impact
Stokes number, 𝑆𝑡0 = 2𝜌𝑠 𝑅0 𝑉0⁄9𝜇 , Deborah number, 𝐷𝑒 = 𝜆𝑉0⁄𝑅0 and the Capillary
number, 𝐶𝑎 = 𝜇0 𝑉0 ⁄𝜎. Since a single-valued viscosity 𝜇0 is assumed, the impact Stokes
number and Capillary number do not account for non-Newtonian effects. The film
thickness was kept in the range of 𝛿 = 4 − 6 mm. Experiments for the relatively low
viscosity liquids (100 cSt and 1000 cSt silicone oils), however, were conducted for 𝛿 =
37 mm to result in fully immersed impacts. The release height was varied between ℎ𝑟 =
4.2 − 170 cm, giving impact velocities of 0.31 ≤ 𝑉0 ≤ 5.77 m/s based on the film
thicknesses used. These correspond to Stokes numbers ranging 8.18 × 10−3 ≤ 𝑆𝑡0 ≤
305.3, Deborah numbers ranging 0 ≤ 𝐷𝑒 ≤ 401 and Capillary numbers of 1.44 ≤ 𝐶𝑎 ≤
5.23 × 106 depending on 𝜇0 and 𝜆, respectively.
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Chapter 8
Qualitative results
Figure 22 shows the impact of a sphere onto a glass wall covered with a 37 mm deep
pool of 𝜈0 = 100 cSt silicone oil (see caption for details). Since the sphere is released
from above the surface of the liquid (ℎ𝑟 = 67 mm), we observe a main or "primary"
bubble entrapped on the sphere surface due to the lubrication pressure of the air (Marston
et al. 2011a). This is clearly seen at the bottom tip of the sphere in the first image (see
black arrow). Other smaller(secondary) bubbles are also observed (see grey arrows),
caused by the dynamic wetting of the sphere with the viscous liquid, as the main (outer)
contact line moves up around the sphere.
As the sphere approaches the wall, these bubbles squeeze radially outwards and act as
flow tracers. However, as soon as the sphere makes contact with the wall (taken as the
reference point, 𝑡0 = 0 μs and ℎ0 = 0 μm) and undergoes rapid deceleration, the liquid
near the sphere surface depressurizes, causing the entrapped bubbles to expand and form
more small bubbles around the region of contact. This region was shown by Marston et
al. (2011b) to be approximately equal to the Hertzian contact area, being the area on the
tip of the sphere that flattens elastically during the collision period (𝑡 = 0 − 31 μs). As
the bubbles expand rapidly, the radial expanse of the cavitation increases reaching a
maximum 𝑟𝑚𝑎𝑥 ≈ 6.6 mm at 𝑡 = 63μs. By this time the sphere has reversed its direction
of motion and the cavitation structure then starts to contract radially inwards. While
bubbles on the outer edge collapse, those closer to the center expand to form a distinct
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inner ring. Bubbles different from the rest of the structure having elongated interfaces are
also observed immediately around the region of contact. At 𝑡 = 219 μs , bubbles
collapsing at the outer extent reach the inner bubble ring, preventing it from further
expansion. The inner ring then shrinks as the sphere moves further away and the entire
structure disappears at 𝑡 = 594 μs. These observations are in agreement with those of
Mansoor et al. (2014) and show cavitation to occur by depressurization in the liquid
when the sphere makes contact and rebounds away from the wall, as predicted by the
conventional theory. Though the primary bubble entrapped by the lubrication pressure of
the air can be observed as a large expanded bubble during the collision, bubbles
expanding from the air entrainment by the dynamic wetting of the sphere (secondary
bubbles) are difficult to distinguish from cavitation bubbles surrounding the region of
contact.
This is not true for collisions occurring in more viscous liquids, whereby bubbles
expanding from secondary bubbles and those opening from within the liquid to form
cavitation bubbles can be observed to form in distinct regions at the sphere's surface.
Figure 23 shows the impact of a sphere onto a glass wall covered with 37 mm deep pool
of 𝜈0 = 1000 cSt silicone oil, for three different release heights ℎ𝑟 = 47, 77 and 147
mm. It can be observed that the air bubbles entrained by the dynamic wetting of the
sphere become smaller in size and larger in number as the speed of impact onto the liquid
surface increases (see insets). This phenomenon can be explained by the mechanism with
which air entrainment occurs in liquid coating procedures (e.g. slot die coating), where a
thin liquid film is applied onto a moving substrate. Air entrainment results from a series
of processes which initiate when the dynamic contact line is unable to move quicker than

89

Figure 22. Series of Images (top to bottom and left to right) showing cavitation during the impact
from ℎ𝑟 = 67 mm onto a glass plate covered with a 37 mm deep pool of 𝜈0 = 100 cSt silicone
oil. 𝑅0 = 10 mm, 𝑉0 = 0.77 m/s, 𝑆𝑡0 = 264, 𝐶𝑎 = 3.54. The insets present an enlarged image of
the primary bubble entrapment (indicated by black arrows). The secondary bubbles are denoted
with grey arrows in the first side-view image. A closeup of the bottom-view at 𝑡 = 125 μs
labeled with various cavitation structure features has also been provided. (See caption of Figure
19 for description of 𝑡0 , ℎ0 *, ↑, ↓ and ℎ for this and all figures presented hereafter).
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Figure 23. Bottom-view images of impacts onto a 37 mm deep pool of 𝜈0 = 1000 cSt silicone oil
from release heights of ℎ𝑟 = 47, 77 and 147 mm. 𝑅0 = 10 mm, 𝑉0 = 0.44 m/s, 0.89 m/s, 1.47
m/s corresponding to 𝑆𝑡0 = 15.0, 30.4, 50.1, 𝐷𝑒 = 4.44 × 10−3 , 8.99 × 10−3 , 1.50 × 10−2
and 𝐶𝑎 = 20.1, 40.7, 67.3, respectively. Notice the decrease is size but increase in number of the
secondary bubbles as the release height is increased (see insets for magnified views). The bubble
entrapped by the lubrication pressure of air in each case has been marked by a white arrow.
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Figure 24. Images of an impact from ℎ𝑟 = 25 cm onto a glass wall covered with a 5 mm thick
layer of 𝜈0 = 10 000 cSt silicone oil. 𝑅0 = 10 mm, 𝑉0 = 2.19 m/s, 𝑆𝑡0 = 7.43, 𝐷𝑒 = 0.17,
𝐶𝑎 = 993. The primary bubble entrapped on the sphere's surface deforms by viscous shear flow
as the sphere approaches the base wall (see insets for magnified views). The cavity is noted to
peel off from the sphere's surface while extending vertically to assume an hour-glass shape.
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a threshold speed perpendicular to itself (i.e. when the dynamic contact angle between the
film and the substrate approaches 180° C), producing sawtooth structures or air pockets
(Blake & Rushchak 1979). At this point, viscous forces pulling the liquid in the direction
of substrate motion become dominant over surface tension forces acting in the opposite
direction (Bhamidipati et al. 2012), which results in an interfacial instability, causing the
film liquid to entrain the air pocket from all sides (Severtson & Aidun 1996). When the
substrate velocity (scaling with 𝑉0 in our case) is increased, the viscous stresses also
increase, enabling them to propagate upstream more quickly and causing the sawteeth to
extend over a smaller area before pinch-off occurs (Bhamidipati et al. 2012). This
mechanism, which is dictated by the Capillary number, results in the entrainment of
smaller air bubbles as also noted in Figure 23 (see figure caption).
For all three release heights, the primary (white arrows) and secondary bubbles
squeeze radially outwards as the sphere approaches towards the glass wall to create an
annular bubble structure, which has previously been misinterpreted as shear-induced
cavitation by Seddon et al. (2012). While the deceleration of the sphere upon contact for
ℎ𝑟 = 47 mm is not enough for the liquid to open from these bubbles, an annular pattern
of small bubbles connected in a foam-like structure is clearly seen for ℎ𝑟 = 147 mm. In
contrast, a distinct pattern of elongated cavity bubbles (Marston et al. 2011b) is observed
immediately around the Hertzian contact area for all three release heights. While bubbles
expanding from pressure reduction in the annular structure comprise of a mixture of air
and vapour, those surrounding the contact region are mainly vapour-filled. Also, since the
liquid films are exposed to the atmosphere, the possibility of dissolved air cannot be
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neglected, which can result in optically similar cavity bubbles near the contact region and
in the annular structure during the decompression stage.
Figure 24 shows the sphere impact from ℎ𝑟 = 25 cm onto a glass plate covered with a
5 mm thick layer of 𝜈0 = 10 000 cSt silicone oil. The primary bubble, which initially
spreads into an air sheet following the entry of the sphere into the liquid, is observed to
deform into a ring of several smaller bubbles as the sphere approaches closer towards the
wall (ℎ = 809 μm). These bubbles squeeze radially outwards in the final moments before
contact, which is followed a series of cavity formation events similar in nature to those
observed from underneath the sphere in the 1000 cSt silicone oil film (Figure 23). Since
the secondary bubbles entrained are even smaller in size and larger in number, due to
further increase in viscous forces experienced by the liquid, the annular cavitation
structure formed is much more densely packed and noted to occur for a brief time period
(𝑡 = 0 − 30 μs). Meanwhile, the cavity pattern formed immediately around the contact
area is composed of a distinct ring of fine bubbles (see inset for magnified view). The
cavitation bubbles and the film liquid peel off from the sphere's surface as it rebounds
away from the wall to form a single larger cavity, which extends into a noticeably large
hour-glass shape (𝑡 = 30 μs − 1.79 ms). Such an occurrence is not noted for impacts in
lower viscosity liquids discussed in the preceding figures.
Impacts from (a) ℎ𝑟 = 40 cm and (b) ℎ𝑟 = 60 cm onto a glass plate covered with a 5
mm thick layer 𝜈0 = 100 000 cSt silicone oil are shown in Figure 25. In both cases the
primary bubble entrapped on the sphere's surface is squeezed radially outwards until it
escapes into the atmosphere. The process however is so intense and instant that the
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bubble fragments at the sphere-bubble interface, leaving behind a cluster of much smaller
bubbles in a circular patch at the point of close approach. We call these "remnant
bubbles" and indicate them by black arrows.

Figure 25. Images of impacts from (a) ℎ𝑟 = 40 cm and (b) ℎ𝑟 = 60 cm onto a 5 mm thick layer
of 𝜈0 = 100 000 cSt silicone oil. 𝑅0 = 10 mm, 𝑉0 =(a) 2.78 m/s, (b) 3.42 m/s corresponding to
𝑆𝑡0 = 0.94, 1.16, 𝐷𝑒 = 1.59, 1.95 and 𝐶𝑎 = 12.6 × 103 , 15.5 × 103 , respectively. The black
arrows indicate remnant bubbles composed in a circular patch at the point of close approach. The
sphere rebounds without making contact for ℎ𝑟 = 40 cm where the onset of cavitation is observed
121 μs after time 𝑡𝑚 (reference point at which the sphere reaches its minimum gap distance ℎ𝑚 ,
marked with the square symbol ∎ for this and all other figures presented hereafter).
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The inertia of the sphere is insufficient to fully penetrate the film and contact the base
for ℎ𝑟 = 40 cm (i.e. 𝑆𝑡0 < 𝑆𝑡0𝑐 in §9), as a significant portion of the kinetic energy is lost
due to viscous dissipation, while the remaining is stored as elastic energy in the liquid
film. The sphere is not expected to deform elastically in this manner since the
deformation length scale, identified by Davis et al. (1986) as 𝑥𝑙 = (4𝜃𝜇𝑉0 𝑅0 3/2 )2/5, is
calculated as being small (𝑥𝑙 ≈ 10 μm) relative to the minimum separation distance ℎ𝑚
reached, even when the shear-thinning effects are neglected for ℎ ≤ 𝑥0 . As the sphere
reaches ℎ𝑚 at time 𝑡𝑚 (taken as the reference point for non-contact cases), the remnant
bubbles compress from the pressure in the squeeze flow, making them nearly invisible in
the process. After this point the elastic energy stored in the film starts converting back to
the kinetic energy of the sphere, enabling it to rebound. The liquid however does not
cavitate immediately during the depressurization stage but at 𝑡 = 121 μs seconds after
reaching ℎ𝑚 . To our knowledge, this is the first experimental evidence of cavitation by
depressurization for a new class of non-contact cases during the impact of a sphere onto a
wall covered with a film of visco-elastic liquid. Cavitation is first observed to originate
from the same patch of remnant bubbles to form a dense foam-like circular structure,
which then extends to a pattern composed of discrete bubbles. These bubbles generally
increase in size as we move radially outwards from the point of closest approach. The
circular foam-like structure is formed in the same region as the position of remnant
bubbles observed when the sphere enters and descends (at 𝑡 = −909 μs) into the film,
which confirms them to exist in a compressed form and not to squeeze radially outwards
at ℎ𝑚 . The cavity reaches its maximum radial extent at 𝑡 = 1.67 ms. As the sphere
rebounds away from the wall, its motion is slowed down by gravity and viscous
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lubrication forces until it comes to a halt at 𝑡 = 3.15 ms. By this time the liquid has
started to flow back into the cavitated region, which causes the cavity to shrink, and with
further passage of time (𝑡 = 10.75 ms) the sphere gradually moves back towards the
wall.
For ℎ𝑟 = 60 cm, the sphere has enough kinetic energy to impact the glass wall after
penetrating into the liquid film. The remnant bubbles in a circular patch (observed e.g. at
𝑡 = −394 μs) are again difficult to perceive in their compressed state (𝑡 = −91 μs), but
then get squeezed out from the diminishing gap to create a dark circular area as physical
contact is made (𝑡0 = 0 μs, see image 3 in the final column). The dark spot, which
corresponds to the Hertzian contact area, contrasts with the reflection of light from
secondary bubbles in the surrounding region formed by air entrainment. These secondary
bubbles are also present in the case of ℎ𝑟 = 40 cm but are not as easily noticeable.
Similar to contact cases in less viscous liquid films shown in the preceding figures,
cavitation for ℎ𝑟 = 60 cm is observed as soon as the sphere impacts and starts to rebound
away from the wall. In comparison to Figure 24 however, the cavitation bubbles coalesce
to form a single cavity structure, which extends into an hour-glass shape (𝑡 = 3.03 ms).
The bubbles expand radially in the process to form elongated interfaces (see bottomviews), which are more prominently observed at the periphery of the structure. The
annular cavitation structure, which is known to originate from the secondary bubbles, is
not observed upon impact.
To understand the change in cavitation structures as the wetted collision changes from
a non-contact to a contact case, we show a series of images in Figure 26 taken from
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underneath the sphere for release heights ranging 36 - 70 cm (𝑉0 = 2.64 - 3.69 m/s). The
images are taken when the cavitation structure reaches its maximum radial extent, from
the moment the sphere either reaches its minimum gap distance (𝑡𝑚 ) or makes contact
with the wall (𝑡0 ). This time interval 𝑡 is generally noted to decrease as ℎ𝑟 is increased
(see figure for details). As seen from the images, the fine foam-like structure in a circular
region, which originates from the remnant bubbles at the point of closest approach, is
consistent among all three non-contact cases (ℎ𝑟 = 36, 38 and 40 cm). The differences
develop in the surrounding bubbles which enlarge in size and become increasingly
discrete entities (ℎ𝑟 =40 cm) from being connected by small bubbles in a foam-like
network ℎ𝑟 = 36 cm). The discrete bubbles begin experiencing radial expansion and
coalescence to form a single cavity bubble for contact cases starting with ℎ𝑟 = 50 cm.
More energetic impacts occurring for ℎ𝑟 ≥ 60 cm intensify this phenomenon to result in
the formation of elongated interfaces in the bottom-views. These are generally prominent
at the periphery of the structure, which decrease in number, and also found immediately
around the Hertz contact area for ℎ𝑟 = 70 cm. This area corresponds to the white region
at the point of closest approach, which can be noticed to increase with the impact
velocity. It is noteworthy to mention that while impacts here are categorized into noncontact and contact cases based on the visual appearance of a separation gap between the
sphere and base wall before rebound, the impacting surfaces in the latter case can still be
separated by an extremely thin liquid layer, as dictated by the elastohydrodynamic theory.
A true contact in such cases may occur if the sphere has sufficient initial inertia to reduce
the separation gap to a few nanometers (Serayssol & Davis 1986), where additional
effects such as surface roughness and inter-particle surface forces become important.
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Figure 26. Comparison of cavitation structures observed underneath impacts from various release
heights onto a 5 mm thick layer of 𝜈0 = 100,000 cSt silicone oil. 𝑅0 = 10 mm, 𝑉0 = 2.64 m/s,
2.71 m/s, 2.78 m/s, 3.12 m/s, 3.42 m/s, 3.69 m/s corresponding to 𝑆𝑡0 = 0.89, 0.92, 0.94, 1.06,
1.16, 1.25 and 𝐷𝑒 = 1.51, 1.55, 1.59, 1.78, 1.95, 2.11, respectively. The images are taken when
the cavity reaches its maximum radial distance during the rebound stage of the sphere. The
Hertzian contact area can be observed as a white circular region at the center of the structure for
ℎ𝑟 = 50, 60 and 70 cm.

Investigating cavitation structures in the ultra-viscous liquid regime, Figure 27 shows
the impact of a sphere onto a 5.5 mm thick layer of 𝜈0 = 1000 000 cSt silicone oil for (a)
ℎ𝑟 = 90 cm (non-contact case) and (b) 120 cm (contact case). A circular patch of
remnant bubbles at the point of closest approach is again observed in the bottom-view
(𝑡 = −545 μs) for the non-contact case (Figure 27a), which fades as the sphere reaches
its minimum separation gap distance ℎ𝑚 . Cavitation is noticed to initiate at 𝑡 = 273 μs in
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the form of small bubbles, which originate from the region of remnant bubbles observed
earlier. The bubbles expand and coalesce as the sphere rebounds further away from the
wall to form a single cavity bubble. Similar to the contact case shown in Figure 25, a
single cavity bubble having an hour-glass shape is also formed upon contact for ℎ𝑟 =
120 cm in Figure 27(b). The cavity surface, however, has a much smoother texture,
which comprises of a few streak lines extending along the length of the cavity bubble, but
many at the interface where the cavity attaches to the sphere (from above) and the wall
(from below). The cavity reaches its maximum radial extent at 𝑡 = 1.51 ms and then
starts shrinking as the sphere is brought to a halt by viscous forces and gravity, at a
maximum rebound height of ℎ = 3.45 mm at 𝑡 = 4.30 ms. A portion of the rebound
kinetic energy is again stored as elastic energy in the film, which pulls the sphere back
towards the wall ( 𝑡 = 8.96 ms). The process repeats resulting in a series of sphere
oscillations which come to a complete halt at 𝑡 = 45.97 ms.The cavity bubble shrinks to
a structure composed of thin filaments, which break up one by one till the sphere is
completely detached from the wall at 𝑡 = 148.94 ms.
Figure 28 shows a series of cavities at their maximum radial extent as the release
height onto the liquid film is systematically increased. As also noticed in Figure 26, the
time interval 𝑡 between reaching 𝑡𝑚 (for non-contact cases) or 𝑡0 (for contact cases) and
this state is found to decrease as ℎ𝑟 is increased (see figure for details). Cavitation in the
non-contact cases is observed to originate from remnant bubbles, which expand and
coalesce during the rebound stage to form a single cavity bubble. Since the minimum gap
distance decreases with increase in release height, the remnant bubbles at the point of
close approach have an increasingly lesser room to expand longitudinally. This forms a
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Figure 27. Images of impacts onto a 5.5 mm thick layer of 𝜈0 = 1,000,000 cSt silicone oil from
(a) ℎ𝑟 = 90 cm and (b) ℎ𝑟 = 120 cm. 𝑅0 = 10 mm, 𝑉0 = (a) 4.19 m/s, (b) 4.84 m/s giving 𝑆𝑡0 =
0.14, 0.16 and 𝐷𝑒 = 32.9, 38.0, respectively. The remnant bubbles are observed to expand,
coalesce and form a single large cavity bubble in the rebound stage of the non-contact case.
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Figure 28. Bottom-view images of impacts from various drop heights onto a 5.5 mm thick layer
of 𝜈0 =1,000,000 cSt silicone oil. 𝑅0 =10 mm, 𝑉0 = 4.07 m/s, 4.30 m/s, 4.53 m/s, 4.63 m/s, 4.84
m/s, corresponding to 𝑆𝑡0 = 0.138, 0.145, 0.153, 0.157, 0.164 and 𝐷𝑒 = 31.9, 33.7, 35.5, 36.3,
38.0, respectively. For each release height the pictures show the maximum radial distance reached
by the cavity during sphere rebound. Notice the reduction in the maximum radial cavity distance
in the contact case of ℎ𝑟 =120 cm.

region appearing grainy at the center of the cavity structure, which increases in size till
ℎ𝑟 = 105 cm. For ℎ𝑟 = 110 cm, the ℎ𝑚 reached is small enough to squeeze the remnant
bubbles radially outwards from the point of closest approach. Qualitatively, the
maximum radial cavity extent is observed to decrease as the collision changes from a
non-contact to a contact case at ℎ𝑟 =120 cm. This is simply because the cavity attaches
to the glass wall in the latter, which resists its radial expansion as the sphere rebounds
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away. This trend is not observed for contact cases shown in Figure 26 as the cavities
formed therein are only attached around the hertzian contact area (see Figure 25b).

Figure 29. Images of an impact from ℎ𝑟 =150 cm onto a 5 mm thick layer of 𝜈0 =20,000,000 cSt
silicone oil. 𝑅0 = 10 mm, 𝑉0 = 5.42 m/s, 𝑆𝑡0 = 9.16 × 10−3 , 𝐷𝑒 = 376 . The grey arrow
indicates the escape direction of the primary bubble entrapment into the atmosphere for reference
purposes. Notice that the deposition of remnant bubbles on the sphere's surface is not uniform.

Investigating cavitation structures in the most viscous liquid used in this study, Figure
29 shows the impact onto a glass wall covered with a 5 mm thick layer of 𝜈0 =
20,000,000 cSt silicone oil. The release height is ℎ𝑟 = 150 cm for which the sphere
rebounds without making contact with the base wall. Though the close approach region is
again observed to contain remnant bubbles (𝑡 = −424μs), their deposition is not uniform
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Figure 30. Side-view images of impacts onto a 5 mm thick layer of 𝜈0 = 20,000,000 cSt silicone
oil from ℎ𝑟 = 155, 160 and 170 cm. 𝑅0 = 10 mm, 𝑉0 = 5.51 m/s, 5.59 m/s, 5.77 m/s
corresponding to 𝑆𝑡0 = 9.31 × 10−3 , 9.45 × 10−3 , 9.75 × 10−3 and 𝐷𝑒 = 383, 388, 401,
respectively. The onset of shear-induced cavitation and cavitation by depressurization is marked
by symbols “S” and “D”, respectively.
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Figure 31. Closeup views from the side and bottom of selected cavitation events shown in Figure
30 for ℎ𝑟 = 155 cm and 160 cm. The remnant bubbles that squeeze radially out during the
sphere's close approach towards the base wall and get caught up in the cavity walls can be seen as
small pecks.
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(as compared to those shown in Figure 25 and Figure 27) but rather concentrated in the
direction of the primary bubble's escape into the atmosphere (see grey arrow). A fact
proved later in the rebound stage when the bubbles start to expand (𝑡 = 242 μs) and
coalesce in the process to form a single cavity bubble, which is noticed to grow faster
(𝑡 = 363 μs) in the region where the majority of the remnant bubbles are situated. With
the passage of more time (𝑡 = 666 μs) the cavity enlarges further to develop an inverted
conical structure.
Cavitation structures formed for increased release heights of ℎ𝑟 = 155, 160 and 170
cm are shown in Figure 30 (see caption for details). In contrast to all the preceding
figures where cavitation is only observed upon contact or during the rebound stage for
non-contact cases, here we observe the liquid to cavitate when the sphere has reached a
sufficiently small separation distance while approaching towards the glass wall i.e. during
pressurization (marked with symbol “S”). This phenomenon known as shear-stressinduced cavitation was first predicted on theoretical grounds by Joseph (1998). The
model presented was considered by Seddon et al. (2012) in proposing a new formal
requirement for the onset of cavitation (see §11, Eq. 11.1). This stated that a liquid
squeezing radially outwards in the diminishing gap between the sphere and the wall could
rip open in tension if the applied shear stress overcomes the pressure in the film, reducing
it below the liquid vapor pressure.
We find shear-induced cavities formed in Figure 30 not to be characterized by welldefined edges but rather a hazy interface, which makes observing them in the bottomviews (not shown) difficult. The cavities grow while the sphere continues its approach
towards the wall to either reach a minimum gap distance (for ℎ𝑟 = 155 cm) or make wall

106

contact (for ℎ𝑟 =160 and 170 cm). Before shear-induced cavitation initiates however,
remnant bubbles deposited on the sphere's surface begin squeezing radially outwards
from the point of closest approach. These are subsequently caught up and get trapped at
the expanding interface of the cavity bubble formed by depressurization (marked with
symbol “D”), when the sphere rebounds away from the wall.
In contrast to perfect hour-glass shaped cavity bubbles observed for impacts in less
viscous liquids, Figure 30 and close-ups in Figure 31 collectively show strikingly
different cavitation structures. The radial expansion and longitudinal extension of
structures along their length occurs in a disproportionate manner. Considering the case of
ℎ𝑟 = 155 cm for example (Figure 30), the cavity bubble elongates more extensively in
the central region during its early stages of formation by depressurization (151 - 666μs)
to experience necking. As the cavity stretches further with time (666 - 909 μs), it starts to
peel off from the sphere's surface creating a grainy texture at the top of the cavity wall
(see Figure 31). The neck shrinks further meanwhile and the cavity region underneath
also experiences a strong resistance to radial expansion due to the ongoing longitudinal
extension. As soon as the depressurization in the cavity bubble overcomes the effect of
radial shrinkage resulting from its longitudinal elongation, the structure starts expanding
radially outwards, reaching its maximum radial extent at 𝑡 =1.97 ms. Close-up images of
this process are shown in Figure 31. Remnant bubbles that are squeezed radially outwards
from the point of closest approach but subsequently caught and carried up along the
cavity wall, can also be observed as spots or shorts streaks due to elongation. Because the
cavity-sphere interface peels off steadily, the longitudinal extension is noted to localize
beneath the necking region. The concentration of remnant bubbles in this cavity wall
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region therefore reduces, which becomes apparent with the increasingly reflective area
formed. Interestingly, even though the sphere makes no contact with the wall for ℎ𝑟 =
155 cm, the cavity formed is still observed to be attached to it by means of small bubbles,
which rip open from the wall under depressurization. These bubbles are also noticed to
form around the base of the cavity bubble for contact cases as shown for ℎ𝑟 = 160 cm.
After reaching its maximum radial extent (𝑡 = 1.97 ms), the cavity starts to shrink
radially inwards again due to the ongoing elongation as the sphere rebounds further away.
The rebound kinetic energy is enough to overcome viscous forces, allowing the sphere to
escape the fluid film. When the peeling cavity-sphere interface rises to the height at
which it is about to break open into the atmosphere (𝑡 = 2.63 ms) in the process, the
cavity reaches its maximum elongation (marked by symbol “1”). As soon as the seal
breaks (𝑡 = 2.82 ms) allowing air to enter inside, the partially detached cavity shrinks
further radially inwards and starts to contract back towards the wall (marked by symbol
“2”). After the sphere has detached completely and escaped the liquid film, the
longitudinal contraction of the cavity becomes rapid (𝑡 = 3.03 ms). Since the process of
peeling does not occur proportionately along the cavity-sphere interface, the grainy
textured cavity wall formed is asymmetric, which detaches and retracts earlier from one
side to give the structure a noticeable tilt (marked by symbol “3”). The cavity contracts to
a minimum length (marked by symbol “4”) at 𝑡 =3.21 ms where a portion of its kinetic
energy is stored as elastic energy in the film. The release of this energy enables the cavity
to elongate again (𝑡 =3.48 ms, marked by symbol “5”), hence completing a cycle of
vertical oscillation, which repeats with decreasing amplitudes until all the energy is
dissipated internally by viscous forces. The ultra-viscous liquid flows back slowly into
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the cavitated space amidst these on-goings and shrinks it gradually. This becomes evident
with the passage of further time, for example, at 𝑡 =59.63 ms (marked by symbol “6”).
For the higher release height of ℎ𝑟 =170 cm, in which case the sphere impacts the
wall, the radial extent of the cavity formed in the initial stages of depressurization (𝑡 =
30 − 91 μs ) is comparatively much larger (see Figure 30). However, the effect of
elongation during (𝑡 = 91 − 515 μs) is so dominant that the cavity not only develops a
smaller neck but also shrinks noticeably radially inwards. This causes the contact angle of
the cavity-wall interface to increase significantly, which promotes the formation of an
additional necking region near the wall as the cavity extends further ((𝑡 = 848 μs). The
cavity then expands as the effect of depressurization becomes prominent, reaching its
maximum radial extent at 𝑡 = 1.70 ms, which is succeeded by the sequence of
development stages marked “1- 6” explained in the preceding passage.
Investigating shear-induced cavitation structures in further detail, Figure 32 shows
close-up images taken from the side and bottom for the impact of a sphere from ℎ𝑟 = 165
cm onto a 5 mm thick layer of 𝜈0 = 20 000 000 cSt silicone oil film. From the images
shown shear-induced cavitation is observed to originate from the sphere's bottom tip (𝑡 =
−91 μs) upon reaching ℎ = 102 μm, while advancing towards the wall. As mentioned
earlier, the cavity is observed to have a hazy interface from the side-views, which makes
it difficult to be seen in the images taken from underneath. Therefore, an additional closeup view taken from the bottom, outlining the region of impact, shear-induced cavitation
and cavitation by depressurization (see caption for details), has also been provided. The
bottom-views reveal the cavity to have an irregular shape, which grows radially until the
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sphere makes contact with the wall (𝑡0 = 0 μs ). Cavitation by depressurization initiates
as soon as the sphere reverses its direction of motion (𝑡 = 30μs) to form a circular
structure, which overlaps a large portion of the volume cavitated earlier by shear stress.
The rebound also implies an absence of positive shear stress in the film, causing the
shear-induced cavitation structure to shrink radially inwards. This resists the expansion of
the cavity structure forming by depressurization to create an evident lag (𝑡 = 30 − 61 μs)
at the interface where the two cavities meet. No further resistance upon the complete
collapse of the shear-induced cavity at 𝑡 = 91 μs allows the lag to be overcome and the
structure to become perfectly circular. We also note the cavity walls in the corresponding
side-views to become relatively well-defined at this point. As the sphere rebounds further
away, the effect of elongation becomes prominent (𝑡 = 151 μs), causing the cavity to
shrink radially inwards and onset the formation of a necking region.
We summarize our qualitative results in Figure 33 by producing a three-dimensional
space (𝑆𝑡0 , 𝐶𝑎, 𝐷𝑒) plot and categorizing the principal observations into 𝑆𝑡0 − 𝐶𝑎 and
𝑆𝑡0 − 𝐷𝑒 phase diagrams on the horizontal and vertical planes, respectively. Phases in
the 𝑆𝑡0 − 𝐶𝑎 plane are marked (i - iii) and distinct features in the 𝑆𝑡0 − 𝐷𝑒 plane are
lettered a - e, (see caption for details).
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Figure 32.Closeup images from the side and bottom of shear-induced cavitation and cavitation by
depressurization (onsets marked by “S” and “D”, respectively) for an impact onto a 𝜈0 =
20,000,000 cSt silicone oil film from ℎ𝑟 =165 cm. 𝑅0 = 10 mm, 𝛿 =5 mm, 𝑉0 = 5.68 m/s, 𝑆𝑡0 =
9.6 × 10−3, 𝐷𝑒 = 395. Areas indicated by white and grey dashed lines are further magnified. An
additional bottom-view sketches the areas of shear-induced cavitation (solid white line) and
cavitation by depressurization (dashed black line) and the site of impact (black region).
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Figure 33.Summary of qualitative results in a three-dimensional (𝑆𝑡0 , 𝐶𝑎, 𝐷𝑒) plot, showing phase
diagrams in the 𝑆𝑡0 − 𝐶𝑎 and 𝑆𝑡0 − 𝐷𝑒 planes. Phases in the horizontal 𝑆𝑡0 − 𝐶𝑎 plane are
identified as: (i) annular cavitation structure with a distinct pattern of elongated bubbles around
hertzian contact area, (ii) dense annular cavitation structure with a ring of fine bubbles around
contact region and (iii) formation of remnant bubbles from primary bubble fragmentation at filmentry. The dashed line serves as a phase boundary between contact (blue) and non-contact cases
(yellow) in the 𝑆𝑡0 − 𝐷𝑒 plane. The letters here correspond to cavity features: (a) dense foam-like
circular structure surrounded by a pattern of discrete bubbles; (b) single large cavity bubble,
which assumes an inverted conical structure in (c); (d) hour glass-shaped single large cavity
bubble, characterized by a smooth texture in (e). The region in red indicates shear-induced
cavitation. 𝛿 = 5 mm and 37 mm for 𝜈0 ≥ 10,000 cSt and 𝜈0 ≤ 1000 cSt, respectively.
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Chapter 9
Quantitative results
In Figure 34(a) we plot data for the cavity diameter, 𝐷𝑐𝑎𝑣𝑖𝑡𝑦 as a function of time 𝑡 for
impacts onto different viscosity silicone oil films with increasing impact velocities (see
caption for details). Contrary to contact cases where the cavity is noted to form as soon as
or immediately after the sphere touches the glass wall, a noticeable time period from
when ℎ𝑚 is reached is required in non-contact cases for cavity initiation during rebound.
Plotting the time period taken for cavity initiation 𝑡𝑐 versus the impact speed 𝑉0 for all
trials in Figure 34(a), we produce Figure 34(b). Interestingly, 𝑡𝑐 values are found to
decrease linearly with increase in impact speed for all non-contact cases until reaching
minimum values in the range of 0 − 30 μs, for cases where the sphere impacts the glass
wall. Reasonable linear empirical fits to the data have been found using 𝛼 and 𝛽 as
prefactors (see caption of Figure 34b).
Following cavity initiation, 𝐷𝑐𝑎𝑣𝑖𝑡𝑦 values in Figure 34(a) are generally noted to
increase and reach a maximum value 𝐷𝑚𝑎𝑥 , followed by a gradual reduction with time
due to the incoming fluid. An exception to this trend occurs for 𝑉0 = 5.77 m/s (ℎ𝑟 = 170
cm) in the 20 million cSt silicone oil film, where the cavity formed upon impact shrinks
instantly and expands again (as explained in the preceding section). Figure 34(c) plots
𝐷𝑚𝑎𝑥 versus 𝑉0 values for instances in Figure 34(a) where the cavity diameter reaches a
maximum value in the time frame of the videos recorded. Since 𝐷𝑚𝑎𝑥 values also depend
noticeably on the degree of cavity attachment to the glass wall (e.g. as shown in Figure
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28), we classify each type for both sphere contact and non-contact cases into distinct
categories (see legend). For contact cases the cavity either attaches only around the
hertzian contact area (e.g. Figure 25b) marked as partial cavity attachment or entirely at
its base (e.g. Figure 27b) referring to a complete cavity attachment. The cavity does not
attach to the wall in non-contact sphere cases with the exception of the impact at 𝑉0 =
5.51 m/s in the 20 million cSt film (as shown in Figure 31, ℎ𝑟 = 155 cm).
The increasing viscosity of films up to 20 million cSt adds resistance to cavity
expansion under depressurization in the form of fluid friction, requiring higher impact
velocities to obtain a given 𝐷𝑚𝑎𝑥 value. While 𝐷𝑚𝑎𝑥 increases with 𝑉0 for 𝜈0 = 10,000
cSt, the values become steady as soon as contact cases start occurring for 𝜈0 = 100,000
cSt. When 𝜈0 = 1,000,000 cSt, a decline in 𝐷𝑚𝑎𝑥 is noted for the contact case due to the
added resistance to radial expansion offered by a complete cavity-wall attachment.
Figure 35(a) shows plots of the separation height ℎ between the sphere's bottom tip
and the glass wall versus time 𝑡 (see caption for details) for realizations in Figure 34(a).
The sphere is noted to reach a minimum position (set at 𝑡 = 0 μs) in non-contact cases
before rebounding away from the wall. This refers to the minimum separation height ℎ𝑚 ,
which has been plotted for increasing impact velocities and film viscosities in Figure
35(b). The data shows ℎ𝑚 values to decrease linearly with increase in impact velocity
until becoming zero for contact cases. Larger film viscosities require higher impact
velocities to achieve a given ℎ𝑚 value due to the increase in energy dissipation by
internal fluid friction.
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Figure 34.(a) Cavity diameter 𝐷𝑐𝑎𝑣𝑖𝑡𝑦 versus time 𝑡 from impact onto the glass wall (𝑡0 = 0 μs
for contact cases) or from reaching the minimum separation distance 𝑡𝑚 = 0 μs for non-contact
cases) in different silicone oil oil viscosities and increasing impact velocities 𝑉0 (see legend). (b)
Time to cavity initiation 𝑡𝑐 and (c) maximum cavity diameter 𝐷𝑚𝑎𝑥 versus impact velocity onto
liquid films, corresponding to plots in (a). 𝑅0 = 10 mm, 𝛿 =5 mm, 𝜈0 = 10,000 cSt (𝑆𝑡0 = 4.65 7.43, 𝐷𝑒 = 0.11 - 0.17), 𝜈0 = 100,000 cSt (𝑆𝑡0 = 0.66 - 1.25, 𝐷𝑒 = 1.12 - 2.11), 𝜈0 = 1000,000
cSt (𝑆𝑡0 = 0.10 - 0.16, 𝐷𝑒 =24.5 - 36.3), 𝜈0 = 20,000,000 cSt (𝑆𝑡0 = 8.18 × 10−3 − 9.75 ×
10−3, 𝐷𝑒 = 336 - 401). The fits in (b) plot 𝑉0 = 𝛼𝑡𝑐 + 𝛽 (in SI units for 𝑡𝑐 ≥ 0 μs), where 𝛼 = 5397, -2450, -1559 and 𝛽 = 3.42, 4.54, 5.75 for 𝜈0 = 100,000, 1 million and 20 million cSt,
respectively.
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Figure 35.(a) Separation height ℎ plotted as a function of time 𝑡 for realizations in Figure 34(a).
𝑡 = 0 μs is taken as a reference point corresponding to the moment of impact with the glass wall
(for contact cases) or reaching the minimum separation distance (for non-contact cases). The inset
provides a magnified view in one of the plots. (b) Minimum separation height ℎ𝑚 plotted against
the impact velocity 𝑉0 from results in (a). Notice the linear decay in ℎ𝑚 as 𝑉0 increases for all
non-contact cases. The fits plot 𝑉0 = 𝛼ℎ𝑚 + 𝛽 (in SI units for ℎ𝑚 ≥ 0 m) where 𝛼 = -1027, 1203, -1767 and 𝛽 = 2.83, 4.49, 5.66 for 𝜈0 =100,000, 1 million and 20 million cSt, respectively.
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Non-dimensionalizing the results in Figure 34(b) and Figure 35(b), Figure 36 plots the
(a) normalized minimum separation distance ℎ𝑚 ⁄𝛿 and (b) normalized cavity initiation
time 𝑡𝑐 𝑉0 ⁄𝛿 against the impact Stokes number 𝑆𝑡0 = (2𝜌𝑠 𝑅0 𝑉0 )⁄9𝜇 , respectively. The
results show ℎ𝑚 ⁄𝛿 and 𝑡𝑐 𝑉0 ⁄𝛿 values to decrease as the impact Stokes number is
increased for a given film viscosity. Also, 𝑆𝑡0 values at which the first contact case
occurs decline as the viscosities are increased for a steady film thickness of 𝛿 = 5 mm.
From the empirical fits to the data plotted (see caption for details), the critical impact
Stokes number 𝑆𝑡0𝑐 for contact cases to begin occurring is calculated to be 0.97, 0.15 and
9.5 × 10−3 for 𝜈0 = 100,000, 1 million and 20 million cSt, respectively.

Figure 36. The (a) normalized minimum separation distance ℎ𝑚 ⁄𝛿 and (b) normalized cavity
initiation time 𝑡𝑐 𝑉0 ⁄𝛿 plotted against the impact Stokes number 𝑆𝑡0 = (2𝜌𝑠 𝑅0 𝑉0 )⁄9𝜇
corresponding to results in Figure 34(b) and Figure 35(b), respectively. The fits plot (a) ℎ𝑚 ⁄𝛿 =
𝛼 ln(𝑆𝑡0 ) + 𝛽 where 𝛼 = -0.46, -0.62, -0.58 and 𝛽 = 1.60 × 10−2 , −1.16, −2.70 and (b)
𝑡𝑐 𝑉0⁄𝛿 = 𝜂 ln(𝑆𝑡0 ) + 𝜁 , where 𝜂 = -0.18, -0.91, -3.44 and 𝜁 = 0.04, -1.65, -15.96 for 𝜈0 =
100,000, 1 million and 20 million cSt, respectively.

Performing a regression analysis of the data shown in Figure 35 (a) and differentiating
the ℎ profiles with respect to 𝑡, we calculate the sphere tip velocity 𝑉𝑧 as a function of
time. Using the lubrication length scale in accordance with Ardekani et al. (2009), the
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average radial velocity from the continuity equation can be expressed as 𝑉𝑟 ≈ 𝑉𝑧 √𝑅0 ℎ/ℎ.
We then obtain estimates of the apparent horizontal shear rate 𝛾̇ = 𝛾𝑟𝑧 = 𝑉𝑟 ⁄ℎ ≈
𝑉𝑧 √𝑅0 ℎ/ℎ2 as the sphere approaches towards and rebounds away from the wall with
time. Plots of 𝛾𝑟𝑧 versus ℎ in this manner are presented in Figure 37 (see caption for
details) for all realizations in Figure 35(a).

Figure 37.Shear rate 𝛾𝑟𝑧 versus separation distance ℎ at the line of closest approach (left column)
and rebound (right column) corresponding to plots in Figure 35(a).
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Shear rates during the approach stage (left column) for contact cases are noted to
increase with a decrease in ℎ, reaching maximum values in the range of 6.5 × 105 s −1 ≲
𝛾𝑟𝑧 ≲ 2.7 × 107 s −1 for ℎ ≤ 35 μm. In the event of non-contact cases, 𝛾𝑟𝑧 increases until
suddenly coming to a decline as the sphere comes to a halt upon reaching ℎ𝑚 . Maximum
values here were found to reach as high as 105 s−1 at close approach in some instances.
In the rebound stage (right column), the direction of fluid flow reverses as indicated by
the negative 𝛾𝑟𝑧 values. Shear rates in contact cases decline as the separation distance
increases while in non-contact cases, an immediate increase to reach a maximum is
noticed before the values start to decline as the sphere rebounds further away.
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Chapter 10
PIV analysis
Results for the apparent horizontal shear rate 𝛾𝑟𝑧 in the preceding chapter are based on
average values of the radial velocity 𝑉𝑟 derived from 𝑉𝑧 . In order to obtain more reliable
results directly from the velocity fields, we conducted further experiments employing
particle image velocimetry (PIV) techniques.
For this purpose the ultra-viscous liquids were seeded with 10 μm diameter hollow
glass beads (Potters Industries Inc.) and mixed thoroughly to ensure a uniform
composition was achieved before being left for a week to set into evenly leveled films.
The use of high magnification (4×) ensured a narrow depth-of-field, which coupled with
the high capture rate (33018 fps) rendered a pseudo-high-speed micro-PIV, where the
plane of interest was directly in alignment with the focus of the bottom tip of the sphere.
Consecutive images from the recorded videos were then analyzed using using a
sequential-frame cross-correlation in MATLAB and DaVis 7.2 software (LaVision
GmbH).
Figure 38 shows results for the PIV analysis of a tungsten carbide sphere (𝑅0 = 20
mm) impacting onto a 4 mm thick film of 𝜈0 = 1,000,000 cSt silicone oil when released
from a height ℎ𝑟 = 65 cm. The presence of PIV particles in the film here provides
additional points for the liquid to cavitate from during depressurization in comparison to
films without beads used in Figure 27. These appear as a few number of small bubbles
that originate at the surface of the sphere and the base wall in the vicinity of the significa-
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Figure 38.Particle image velocimetry measurements for a non-contact impact from ℎ𝑟 = 65 cm
onto a 𝛿 = 4 mm thick layer of 𝜈0 = 1,000,000 cSt silicone oil. 𝑅0 = 10 mm, 𝑉0 = 3.56 m/s,
𝑆𝑡0 = 0.12, 𝐷𝑒 = 27.9. The left half of the sphere displays the velocity vectors (see scale bar)
while the right half maps the radial component of velocity 𝑉𝑟 (see color bar). Plots of 𝑉𝑟 versus
height 𝑍 (mm) from the base wall at a radial distance of 𝑟 = 3 mm (vertical dashed line) have
also been shown. The horizontal dashed line corresponds to 𝐻(𝑟, 𝑡) = ℎ(𝑡) + 𝑅0 − √𝑅02 − 𝑟 2 at
𝑟 = 3 mm.
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-ntly larger single cavity bubble, and are noted to have a negligible effect on the
surrounding flow field. The velocity fields where the vectors represent the absolute
velocity, |v| are superimposed on the left half of the raw images in order that the sphere,
cavity and wall edges can be observed. Color maps of the radial velocity component, 𝑉𝑟
are superimposed on the right half where positive values correspond to flow away from
the sphere's center and negative values towards it. Plots of 𝑉𝑟 versus height 𝑍 (mm) above
the wall at 𝑟 = 3 mm (see caption) have also been included to portray the changes
incurred by the radial velocity component at a given a radial distance.
The velocity fields obtained in the squeeze flow regime during the approach stage are
noted to be in agreement with Engmann et al. (2005) and Uddin et al. (2012). At 𝑡 =
−787 μs for example, the radial velocity component is observed to be prominent in a
central band, the vertical position of which increases with radial distance. An
approximately parabolic profile for 𝑉𝑟 at 𝑟 = 3 mm further implies 𝑉𝑟,𝑚𝑎𝑥 to occur at
𝑧~ℎ(𝑟, 𝑡)/2, as also predicted by Uddin et al. (2012). The band is noted to draw towards
the axis of symmetry as the sphere approaches closer to the wall ( 𝑡 = −212 μs ).
Moments before the sphere comes to a halt (𝑡 = −60 μs) and reaches its minimum gap
distance, 𝑉𝑟 diminishes rapidly as noticed by the almost vertical line, indicating a nearly
zero radial flow 𝑉𝑟 ≈ 0 across the gap. This flow direction reverses (𝑡 = 242 μs) once the
sphere starts to rebound, forming a completely inverted parabolic 𝑉𝑟 profile in the
negative half. The expanding cavity bubble (𝑡 = 454 μs), observed briefly after the onset
of cavitation, opposes the radial influx of film liquid into the extending sphere-wall gap,
as indicated by the velocity vectors near the cavity surface. The opposition weakens (see
color maps) as the rate of radial cavity expansion decreases with time (𝑡 = 454 μs −
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1.64 ms) until eventually becoming zero when the cavity starts to shrink radially inwards
(𝑡 = 2.30 ms). Further away from the cavity interface at 𝑟 = 3 mm, the fluid inflow is
noted to decrease incessantly (𝑡 = 454 μs − 2.30 ms) as the sphere moves away from the
wall.

Given the experimental configuration in this study, the horizontal shear is 𝛾𝑟𝑧 ≡

𝜕𝑉𝑟
𝜕𝑧

.

In accordance with Ardekani el at. (2009) and Uddin et al. (2012), this shear rate at a
given radial distance can be calculated as 𝛾𝑟𝑧 ≈

𝑉𝑟,𝑚𝑎𝑥
𝐻(𝑟,𝑡)

where:

𝐻(𝑟, 𝑡) = ℎ(𝑡) + 𝑅0 − √𝑅02 − 𝑟 2

(10.1)

is the separation gap distance across the curvature of the sphere in time.
From the PIV analysis of the realization in Figure 38, Figure 39(a) shows plots of 𝛾𝑟𝑧
at 𝑟 = 2 and 3 mm versus the separation distance ℎ at sphere tip. Results derived from 𝑉𝑧
values where 𝛾𝑟𝑧 ≈ 𝑉𝑧 √𝑅0 ℎ/ℎ2 (Ardekani et al. 2009) are also added for comparison
purposes. While these derived shear rate values are found to be higher by approximately
0.1 − 1 orders of magnitude than those obtained directly from the velocity fields during
both the approach and rebound stages, they capture the trend noted in the PIV results with
reasonable accuracy. The shear profiles produced in a similar manner in Figure 37, based
on the scaling from Ardekani et al. (2009), can hence be deemed in accordance with
actual values only at a qualitative level. Performing fits to the PIV results to form an
empirical scaling, an acceptable agreement can be obtained for 𝛾𝑟𝑧 ≈ 𝑉𝑧 √𝑅0 ℎ/3ℎ2 . From
the PIV measurements of the non-contact case in Figure 38, we note the shear rates in the
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approach stage to rise from 𝛾𝑟𝑧 ~800 s −1 at ℎ~2.6 mm to 𝛾𝑟𝑧 ~3000 s−1 at ℎ~0.60 mm,
before declining steeply as the sphere slows down to reach its minimum gap distance. For
the reversed flow direction in the rebound stage, shear rate values increase rapidly to
reach an average maximum of 𝛾𝑟𝑧 ~ − 2500 s−1 at ℎ~0.40 mm, followed by a
continuous decline to 𝛾𝑟𝑧 ~ − 80 s−1 and −125 s −1 at 𝑟 = 2 and 3 mm respectively,
when the sphere reaches ℎ~2.1 mm.

Figure 39.(a) Shear rate 𝛾𝑟𝑧 versus separation distance ℎ, (b) apparent viscosity 𝜇𝑎𝑝𝑝 vs ℎ and (c)
apparent Stokes number 𝑆𝑡𝑎𝑝𝑝 = (2𝜌𝑠 𝑅0 𝑉0 )⁄9𝜇𝑎𝑝𝑝 versus normalized gap height ℎ/𝛿 profiles
obtained from direct measurements of the velocity fields at 𝑟 = 2 and 3 mm (see legend), by the
PIV analysis of the realization in Figure 38 (𝑉0 = 3.56 m/s, 𝜇0 =978 Pa.s, 𝑆𝑡0 = 0.12, 𝐷𝑒 =
27.9). Estimated shear rate values derived from 𝑉𝑧 using 𝛾𝑟𝑧 ≈ 𝑉𝑧 √𝑅0 ℎ/ℎ2 (Ardekani et al. 2009)
and the empirical scaling 𝛾𝑟𝑧 = 𝑉𝑧 √𝑅0 ℎ/3ℎ2 , have also been inscribed in (a) for comparison
purposes. Plots on the left and right correspond to the approach and rebound stages, respectively.
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Given the shear-thinning nature of the fluid used, these shear rates can correspond to
apparent viscosities that are significantly different from the zero shear viscosity value, 𝜇0 .
This effect is depicted in Figure 39(b) where the Carreau model and parameters from
Table 3 are used to plot the apparent viscosity, 𝜇𝑎𝑝𝑝 (from shear values at a given radial
distance), at 𝑟 = 1 and 2 mm as a function of gap height ℎ. We note the local viscosity in
the approach stage to decline at a similar rate at both radial positions to reach a minimum
of 𝜇𝑎𝑝𝑝 ~28 Pa.s (𝛾𝑟𝑧 ~3000 s−1 at ℎ~0.60 mm, 𝜇𝑎𝑝𝑝 /𝜇0 ~0.03), followed by a steep
increase as the shear rates decrease. A minimum of 𝜇𝑎𝑝𝑝 ~32 Pa.s is noted, corresponding
to the maximum shear rate in the rebound stage at ℎ~0.40 mm. With further increase in
gap height, the local viscosity increases at a distinctly higher rate at 𝑟 = 2 mm than 3
mm, reaching 𝜇𝑎𝑝𝑝 ~ 300 and 220 Pa.s respectively, when ℎ~ 2.1 mm.
Since the apparent viscosity varies substantially, a modified Stokes number, 𝑆𝑡𝑎𝑝𝑝 =
(2𝜌𝑠 𝑅0 𝑉0 )⁄9𝜇𝑎𝑝𝑝 , based on 𝜇𝑎𝑝𝑝 is more pertinent to the flow configuration, as also
suggested by Uddin et al. (2012). From the plots of modified Stokes number versus
normalized gap height produced accordingly in Figure 39(c), we note 𝑆𝑡𝑎𝑝𝑝 (i.e. the
instantaneous ratio of sphere inertia to viscous forces) to increase during approach,
despite the decline in sphere velocity and reach a maximum of 𝑆𝑡𝑎𝑝𝑝 ~2.4. The effect of
decreasing 𝑉𝑧 , however, becomes prominent for ℎ⁄𝛿 ≲ 0.23 and 0.38 at 𝑟 = 2 and 3 mm,
leading to the onset of 𝑆𝑡𝑎𝑝𝑝 decline. A maximum of only 𝑆𝑡𝑎𝑝𝑝 ~ 0.7 is noted in the
rebound stage, which reduces to become almost negligible as the sphere slows down,
while 𝜇𝑎𝑝𝑝 rises with further increase in gap distance.
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Figure 40. PIV measurements for the contact case of a sphere dropped onto a 4 mm thick layer of
𝑣0 = 20,000,000 cSt silicone oil from ℎ𝑟 = 140 cm. 𝑅0 = 10 mm, 𝑉0 =5.23 m/s, 𝑆𝑡0 = 8.84 ×
10−3 , 𝐷𝑒 = 363. Similar to Figure 38, the left and right half of the sphere display the velocity
vectors (see scale bar) and color maps of the radial velocity component 𝑉𝑟 , respectively. Plots on
the right side show the variation in 𝑉𝑟 versus distance 𝑍 (mm) from the base wall at 𝑟 = 2 mm
(see vertical dashed line). The horizontal dashed line marks the distance to the sphere edge from
the base wall at 𝑟 = 2 mm, using Eq. (10.1).
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In addition to the PIV analysis of the non-contact case in Figure 38, Figure 40 shows
velocity vectors, 𝑉𝑟 color maps and plots against length 𝑍 (mm) at 𝑟 =2 mm for the
contact case of a sphere impacting a 𝛿 = 4 mm thick layer of 𝑣0 = 20,000,000 cSt
silicone oil from ℎ𝑟 = 140 cm. The glass beads here do not have any discernible effect
on the inception or structure of the cavity in comparison to observations made in nonseeded films. As expected, the radial velocity profiles are noted to be approximately
parabolic, which invert due to flow reversal in the rebound stages (see arrows). The
cavity bubble formed by depressurization following the onset of cavitation shrinks
radially inwards and experiences necking (𝑡 = 333, 515 and 666 μs, see explanation in
§8), resulting in the influx of nearby fluid. Radial expansion begins to occur when the
effect of depressurization becomes dominant, which is observed from the velocity vectors
and the corresponding 𝑉𝑟 color map (𝑡 = 969 μs) to initiate in the cavity section beneath
the necking region.
Similar in format to Figure 39, Figure 41 plots (a) 𝛾𝑟𝑧 vs ℎ, (b) 𝜇𝑎𝑝𝑝 vs ℎ and (c)
𝑆𝑡𝑎𝑝𝑝 vs ℎ/𝛿 at 𝑟 =1 and 2 mm, from the PIV analysis of the realization in Figure 40.
Shear values derived from 𝑉𝑧 in (a), based on the approximation from Ardekani et al.
(2009), are again only in qualitative agreement with those obtained by particle tracking
measurements while being approximately 𝑂(0.5 − 1) higher in magnitude. Results from
the empirical scaling (obtained in Figure 39a) are however in accordance with the PIV
measurements, indicating 𝑉𝑟 ≈ 𝑉𝑧 √𝑅0 ℎ/3ℎ to be the pertinent scaling for the average
radial velocity in this study. The PIV measurements show shear values to increase
incessantly in the approach stage to reach maximums of 𝛾𝑟𝑧 ~65 000 s−1 and 30 000 s −1
at ℎ~0.05 mm for 𝑟 =1 and 2 mm, corresponding to apparent viscosities of 𝜇𝑎𝑝𝑝 ~8 Pa.s
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and 15 Pa.s, respectively. Declining shear rates are noted throughout the rebound stage
which translate to apparent viscosities increasing at a higher rate for the smaller radial
distance of 𝑟 = 1 mm, as also noticed in Figure 39(b). Maximum values here are found to
be 𝜇𝑎𝑝𝑝 ~ 550 Pa.s and 250 Pa.s at ℎ = 2.16 mm, for 𝑟 = 1 and 2 mm.

Figure 41. (a) Shear rate 𝛾𝑟𝑧 versus the separation distance ℎ, (b) 𝜇𝑎𝑝𝑝 vs ℎ and (c) 𝑆𝑡𝑎𝑝𝑝 vs
normalized gap height ℎ⁄𝛿 obtained from the PIV measurements at 𝑟 = 1 and 2 mm of the
realization in Figure 40 (𝑉0 = 5.23 m/s, 𝜇0 = 19580 Pa.s, 𝑆𝑡0 = 8.84 × 10−3 , 𝐷𝑒 = 363). Shear
rate results derived from 𝑉𝑧 using the empirical scaling 𝛾𝑟𝑧 ≈ 𝑉𝑧 √𝑅0 ℎ/3ℎ2and that provided by
Ardekani et al. (2009) have also been included in (a). The approach and rebound stages have
been assigned the left and right columns, respectively.
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In contrast to Figure 39(c), the modified Stokes number for the contact case in Figure
41(c) increases uninterruptedly during sphere approach at 𝑟 = 1 mm, to reach 𝑆𝑡𝑎𝑝𝑝 ~5.8
at ℎ⁄𝛿 ~0.012. Values at 𝑟 = 2 mm meanwhile plateau at 𝑆𝑡𝑎𝑝𝑝 ~3.3, signifying a higher
dominance of viscous effects further away for ℎ⁄𝛿 ≲ 0.1 . A similar occurrence is
observed in the rebound stage for ℎ⁄𝛿 ≲ 0.05, where maxima of 𝑆𝑡𝑎𝑝𝑝 ~2.5 and 1.7 at
𝑟 = 1 and 2 mm decline with increase in normalized gap height. Lower values of 𝑆𝑡𝑎𝑝𝑝
for the rebound compared to approach stages in this and Figure 39(c) are expected due to
energy losses by viscous dissipation in the fluid film.
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Chapter 11
Theoretical considerations
For small separation gap distances (ℎ ≲ 100 μm), the number of seeding particles
available to the PIV interrogation window for tracking purposes are insufficient to
produce reasonably accurate velocity field measurements. Since these gap heights
correspond to the regime whereby cavitation is noted to occur during sphere approach
(e.g. in Figure 30 and Figure 32 for 𝑣0 = 20 million cSt silicone oil films), it is important
to analyze the squeeze flow for these parameters in further detail.
For this purpose, we solve a theoretical model for the motion of sphere towards a solid
wall covered with a thin layer of Carreau fluid (see Figure 20b), which has been shown
(Uddin et al. 2012) to be in good agreement with results from experiments similar in
nature to those found here. We then examine if the criterion for cavitation, based on the
concept of vapor pressure 𝑝𝑣 by Seddon et al. (2012), holds true inline with the shearinduced cavity observations made in this study. This is given as:
𝑃 − |𝑆11 | < 𝑝𝑣

(11.1)

where 𝑆11 is the largest component of shear stress (in the principal coordinate system)
and 𝑃 is the pressure.
We formulate the equations in a cylindrical coordinate system describing an axially
symmetric incompressible squeeze flow. To simulate the most favorable conditions for
shear-induced cavitation and also for simplicity purposes, we assume the liquid to be
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devoid of any elastic effects. Under these circumstances and in conjunction with the
lubrication approximation, where the inertial effects of the fluid can be neglected, the
continuity and momentum equations can be expressed as:
1𝜕
𝜕𝑢𝑧
(𝑟𝑢𝑟 ) +
=0
𝑟 𝜕𝑟
𝜕𝑟

(11.2)

𝜕𝑃
𝜕
=
𝜎
𝜕𝑟 𝜕𝑧 𝑟𝑧

(11.3)

where 𝑢𝑟 and 𝑢𝑧 are radial and axial velocities, respectively, and 𝜎𝑟𝑧 is the tangential
shear stress. For 𝜇∞ = 0, the Carreau model (Equation 7.1) is given by:

𝜇𝑎𝑝𝑝 = 𝜇0 (1 + (𝜆𝛾̇ )2 )

where 𝜆 and 𝑛 are described earlier. When 𝛾̇ ≡

𝜕𝑢
𝜕𝑟

𝑛−1
2

(11.4)

≫ 1, i.e. for large shear rates which

occur when the sphere approaches close to the base wall, 𝜇𝑎𝑝𝑝 can be represented by a
power-law model (Lian et al. 2001) given as:
𝜇𝑎𝑝𝑝 = 𝜇0 𝜆𝑛−1 𝛾̇̇ 𝑛−1

(11.5)

𝜇𝑎𝑝𝑝 = 𝜇̂ 𝛾̇ 𝑛−1

(11.6)

where 𝜇̂ = 𝜇0 𝜆𝑛−1. The tangential shear stress can then be expressed as:
𝜕𝑢 𝑛
𝜎𝑟𝑧 ≡ 𝑆11 = 𝜇̂ ( )
𝜕𝑧

(11.7)

131

Using this, the momentum equation can be written as:
𝜕𝑃
𝜕
𝜕𝑢 𝑛
=
[𝜇̂ ( ) ]
𝜕𝑟 𝜕𝑟
𝜕𝑧

(11.8)

We then apply the no-slip boundary condition on the sphere surface and the base wall as:
𝑢𝑟 = 0

𝑢𝑧 = −𝑉

𝑢𝑟 = 0

𝑢𝑧 = 0

at
at

𝑧 = 𝐻(𝑟)
𝑧=0

(11.9)
(11.10)

where 𝐻(𝑟, 𝑡) = ℎ(𝑡) + 𝑅0 − √𝑅02 − 𝑟 2and 𝑉 is the velocity of approach of the sphere.
The boundary conditions for pressure under the lubrication approximation are given by:
𝜕𝑃
=0
𝜕𝑟

at

𝑟=0

(11.11)

𝑃 = 𝑃𝑎𝑡𝑚 at

𝑟=𝐵

(11.12)

where 𝑃𝑎𝑡𝑚 = 1.01 × 105 Pa is the atmospheric pressure and 𝐵 (see Figure 20b) is the
wetted radius of the sphere given by 𝐵 = √(𝛿 − ℎ)[2𝑅0 − (𝛿 − ℎ)] , at which the
pressure in the film set equal to 𝑃𝑎𝑡𝑚 .
Solving Equations (11.2) and (11.8) together with the boundary conditions (11.9 11.12), the pressure distribution inside the squeeze film is given by:
2𝑛 + 1 𝑛 𝑛 𝐵
𝜁𝑛
𝑃(𝑟) = 2𝜇̂ (
) 𝑉 ∫
𝑑𝜁 + 𝑃𝑎𝑡𝑚
2𝑛+1
𝑛
𝑟 𝐻(𝜁)

(11.13)
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and the radial velocity component is expressed by:

−𝑛
2𝑛 + 1 1
𝑢𝑟 (𝑟, 𝑧) = (
)(
) 2𝑛
𝑛+1
𝑛

𝑉𝑟
𝐻(𝑟)

𝑛+1
𝑛

𝐻(𝑟)
2𝑛+1 [(𝑧 − 2 )
𝑛

𝑛+1
𝑛

𝐻(𝑟)
−(
)
2

]

(11.14)

Figure 42.Contour plots of the (a) radial velocity 𝑢𝑟 (b) absolute tangential shear stress |𝑆11 | (c)
pressure 𝑃 and (d) the quantity 𝑃 − |𝑆11 | when the sphere from Figure 32 reaches ℎ = 53 μm
while approaching the base wall at a velocity of 𝑉 = 1.62 m/s. The insets provide a magnified
view of the close approach region.

We then use the model for a case where cavitation is observed when a sphere is
traveling through a fluid film towards a solid wall (i.e. the pressurization stage) e.g., in
Figure 32 at 𝑡 = −61 μs when ℎ = 53 μm. The corresponding distribution of the radial
velocity 𝑢𝑟 , absolute tangential shear stress |𝑆11 | ,pressure 𝑃 and the quantity 𝑃 − |𝑆11 | is
shown in Figure 42 (a, b, c, d), respectively.
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From the results obtained, 𝑃 − |𝑆11 | values are never noted to fall below the vapor
pressure of 𝑝𝑣 = 133 Pa for a 𝑣0 = 20,000,000 cSt silicone oil film, except in regions far
from the sphere center ( 𝑟 ≥ 7.2 mm i.e. near the edges), where the lubrication
approximation is no longer valid. Also, since the model here does not account for the
liquid's elasticity, which acts to oppose the formation of shear-induced cavitation, it
becomes more apparent that the criterion for cavitation framed in terms of the vapor
pressure by Seddon et al. (2012) does not concur with our experimental observations.
Interestingly though, for this and all other cases where we observe cavitation to onset
during the pressurization stage, the maximum tangential shear stress is noted to reach a
threshold value of 𝑆11 ≈ 1 × 106 . These findings raise questions as to how effectively
does pressurization oppose shear-induced cavitation and what criterion should be
considered to model it.
The vast literature on cavitation, which recognizes liquids to open up only in tension,
frames the cavitation threshold either in terms of the vapor pressure 𝑝𝑣 or the tensile
strength 𝜎𝑙 of the liquids. A few studies (e.g. Knapp, Daily & Hammitt 1970 and Plesset
1969), which have compared the two concepts in this context, reason 𝜎𝑙 to be more
pertinent in determining the break-up of liquids. Knapp et al. (1970) say that:
“We define the vapor pressure as the equilibrium pressure, at a specified temperature,
of the liquid's vapor which is in contact with an existing free surface. If a cavity is to be
created in a homogeneous liquid, the liquid must be ruptured, and the stress required to
do this is not measured by the vapor pressure but is the tensile strength of the liquid at
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that temperature. The question naturally arises then as to the magnitudes of tensile
strengths and the relation these have to experimental findings about inception.”
Joseph (1998) reported that the state of stress described by the principal stresses at
each point in the moving liquid should be considered in determining the criteria for
cavitation. The breaking threshold should be defined in terms of the tensile strength along
the principal axes of stress, and the liquid would open up in the direction of maximum
tension in principal coordinates. Also, since the stresses cannot be averaged in the case of
a moving fluid, the pressure has no intrinsic significance. In the words of Joseph (1998):
“Cavitation criteria for liquids in motion must be based on the stress and not on the
pressure. The liquid cannot average its stresses or recognize the non-unique quantity
called pressure in non-Newtonian fluids.”
Considering the stress 𝑇 in the flow conditions of our study, we have:
𝑇11
[𝑇12
0

𝑇12
𝑇22
0

0
0 ]
𝑇33
𝑝
−𝜎11

=[

−
0
0

𝑒
𝜎11

0
𝑝
𝑒
−𝜎22 − 𝜎22
0

0

0
0
] + 𝜇̂ 𝜕𝑢𝑟 𝑛
𝑝
(
)
𝑒
−𝜎33 + 𝜎33
𝜕𝑧
[ 0

𝜕𝑢𝑟 𝑛
(
)
𝜕𝑧
0
0

0
0
0]

(11.15)
𝑝
𝑝
𝑝
𝑒
𝑒
𝑒
where 𝜎11
, 𝜎22
, 𝜎33
and 𝜎11
, 𝜎22
, 𝜎33
are the orthogonal normal stresses resulting from

pressure and the elastic strain developed inside the liquid, respectively. Since the
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separation gap distances for which shear-induced cavitation observations occur are very
small ( ℎ ≲ 100 μm ), the orthogonal normal stresses resulting from pressure are
significantly higher than those arising from the liquid's elasticity. Under these
circumstances, where the elastic stresses can be omitted, we diagonalize the system in
principal coordinates to get:

𝑇11
[0
0

0
𝑇22
0

𝑝

𝜎11
0
0 ] = −[ 0
𝑇33
0

0
𝑝
𝜎22
0

0
𝜕𝑢 𝑛 1
0 ] + 𝜇̂ ( ) [0
𝜕𝑧
𝑝
0
𝜎33

0 0
−1 0]
0 0

(11.16)

and since

𝑃≠

𝑃
𝑃
𝑃)
(𝜎11
+ 𝜎22
+ 𝜎33
3

(11.17)

applies in the case of a moving fluid (Joseph 1998), pressure is not the fundamental
quantity to be compared with the tangential shear stress 𝑆11 in Equation (11.1). Instead
𝑝
the individual normal stress component 𝜎11
, which occurs as a consequence of pressure

and directly opposes the effect of 𝑆11 (as per Equation 11.16), should be evaluated at
each point in the moving liquid to determine if:
𝑝
|𝑆11 | − 𝜎11
≥ 𝜎𝑙

(11.18)

holds true for the liquid to rip open in tension. Since the break-up in essence occurs from
the liquid being subjected to a sufficiently large tension, the cavitation threshold here is
expressed in terms of the liquid's tensile strength (Knapp et al. 1970).
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𝑝
Though formulating an expression for 𝜎11
is beyond the scope of this work, the fact

that we find cavitation during sphere approach in our experiments to be dictated primarily
𝑝
by a threshold value of 𝑆11 indicates 𝜎11
to be relatively insignificant. Considering

Equation (11.18), we predict this threshold (1 × 106 Pa) to be approximately equal to the
tensile strength of a 𝑣0 = 20 million cSt silicone oil. However, given the absence of any
data in the archival literature on 𝜎𝑙 for such a liquid, reaching a conclusion on this subject
matter at this point is not possible. Further studies in the future investigating the breaking
strength of ultra-viscous silicone oils are therefore recommended. It is also noteworthy to
mention that, since the timescale of the impacts performed is short, the delay incurred by
the microstructure of visco-elastic liquids in reacting to the flow and also in undergoing
deformation, can become relatively important. The Carreau model not being effective
instantaneously can hence introduce discrepancies between the actual and calculated
shear stress values. These postulated errors, however, may have been compensated to an
extent by the higher shear rates from assuming the liquids as being inelastic in this study.
The thixotropic properties of the ultra-viscous liquids used here are still important in this
regard and can be a potential topic for investigation by future studies.
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Chapter 12
Part II Conclusions
The inception of cavitation and its structures during the collision of a sphere with an
ultra-viscous wetted surface is investigated. The liquids used in this regard are highly
non-Newtonian and viscoelastic having kinematic viscosities of up to 𝑣0 =
20,000,000 cSt. A synchronized dual-view high-speed imaging system is used to reveal
the existence of shear-stress-induced cavitation during pressurization (i.e. when the
sphere is approaching towards the base wall) in ultra-viscous films. For the experimental
parameters employed, liquids having visco-elastic properties of 𝐷𝑒 = 𝑂(1) are shown to
enable sphere rebound without any prior contact with the solid wall. Cavitation by
depressurization (i.e. during rebound) in such non-contact cases is observed to onset after
a noticeable delay from when the minimum gap distance is reached. Also, the cavities
created originate from remnant bubbles, being the remains of the primary bubble
entrapment formed by the lubrication pressure of air during film entry. Cases where
physical contact occurs (contact-cases) in 10, 000 cSt ≤ 𝑣0 ≤ 1,000,000 cSt films
produce cavities attached to the base wall, which extend into an hour-glass shape. In
contrast, strikingly different structures occur in the most viscous liquid due to the
disproportionality in radial expansion and longitudinal extension along the cavity length.
A pseudo micro high-speed particle image velocimery (PIV) technique is used for
obtaining velocity field measurements inside the fluid film. Significantly large reductions
in the apparent viscosity noted during sphere approach from the horizontal shear rate
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results suggests the use of a modified Stokes number 𝑆𝑡𝑎𝑝𝑝 to be a more pertinent
parameter for the shear-thinning flow. Since 𝑆𝑡𝑎𝑝𝑝 (being the instantaneous ratio of
sphere inertia to viscous forces) increases for a significant portion of the penetration
despite the sphere’s decreasing velocity, it can be concluded that the inertial effects of the
sphere remain dominant for the most part during approach even in ultra-viscous liquid
films.
Finally, results obtained from a theoretical model for the motion of a sphere towards a
solid wall through a thin film of Carreau fluid are not found to agree with the cavitation
criterion (Equation 11.1) proposed by Seddon et al. (2012). The disagreement results
from their assumption that a moving liquid can average its principal stresses and that the
breaking threshold should be framed in terms of the vapor pressure rather than the tensile
strength of the liquid. Though a modified cavitation criterion (Equation 11.18) is
proposed in light of these issues, a lack of data in the archival literature on the tensile
strength 𝜎𝑙 of ultra-viscous silicon oils warrants the need for further studies on 𝜎𝑙
measurement for validation purposes.

139

Chapter 13
Summary and overall conclusions
This thesis presents an experimental investigation on cavity formation and cavitation
during the free-surface impact of solid spheres with liquid pools and thin ultra-viscous
films, respectively. The thesis is divided into two parts which are summarized as follows:

Part I
The first part of the thesis presents an experimental investigation on the formation of
stable-streamlined and helical cavity wakes from the free-surface impact of Leidenfrost
spheres. Elongated cavities entrained in the presence of wall effects are observed to
pinch-off at the crest of acoustic waves (or ripples) in an acoustic pinch-off cascade,
which are initiated by the pressure perturbation of the deep seal event. The presence of
multiple simultaneously necking regions (occurring at these crests), acts as to enhance the
air flow mechanism proposed by (Gekle et al. 2010) through the topmost shrinking neck
region (Mansoor et al. 2014). This suppresses the formation of a downward facing jet at
the cavity apex which can otherwise impact and distort the cavity walls. The absence of
physical contact between the sphere and the liquid from the sphere being encompassed by
a vapor layer is found be essential for the pacification of acoustic rippling along the
cavity interface. The suppression of the downward jet can persist even after the acoustic
ripples have subdued due to a skin-friction drag effect preventing collapse at the trailing
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cavity wall junction. Such a series of events lead to the formation of a stable-streamlined
cavity which then follows a steady descent velocity.
In the event of forming a sufficiently thin vapor jacket, the over-reflection of internal
waves at the shear-layer being fed by total reflection from the nearby sphere boundary
(Lindzen & Rosenthal 1976) promotes the development of Kelvin-Helmholtz instabilities
at the liquid-vapor interface around the sphere's bottom hemisphere. The resulting
Kelvin-Helmholtz billows can degenerate into turbulence further downstream at the
sphere equator, mixing liquid into the vapor layer in the process to form an evident
contact line. Longitudinal enlargement of the contact region at distinct circumferential
locations around the sphere equator is noted to result in the formation of ridges or streaks
along the cavity interface. The ridges follow random trajectories about the sphere
equator, but once the entrained cavity collapses midway, become arranged at equidistant
circumferential locations and begin rotating synchronously to form a helical cavity wake.
The helical wake configuration is found to occur for impact Reynolds numbers 𝑅𝑒0 ≳
1.4 × 105 and experience considerably smaller force coefficients (by 40 − 55% ) in
comparison to those obtained for stable wake cases from sphere trajectory measurements.
Furthermore, drag coefficients in the initial stages of descent (before pinch-off) are noted
to be significantly smaller (by as much as 75%). Since non-cavity forming cases in
general have much larger force coefficients than cavity-forming cases (Truscott et al.
2012), these findings indicate helical cavity wake cases to be ideal for the free-surface
entry of spheres.

141

Drag coefficients obtained for stable-streamlined cavity wakes are found to be an
order of magnitude smaller than those reported in the archival literature for room
temperature spheres and up to ≈ 80% smaller relative to Leidenfrost spheres, in the same
pre-crises Reynolds number regime investigated in this study. This is reasoned to the
combined effect of a reduced form and skin-friction drag component resulting from the
streamlined sphere-cavity configuration shape and the presence of a partial slip boundary
condition at the liquid-vapor interface, respectively.
The reduction in force coefficients noted in helical cavity wake cases is speculated to
arise from the joint effect of an increase in cone angle and the azimuthal rotation of the
fluid instigated by large-scale vortex separation at distinct points rotating around the
sphere periodically (Achenbach 1974, 𝑆𝑡 ≈ 0.2, 𝑅𝑒 ≈ 2.0 × 105 ). The existence of such
vortex shedding, indicated by the formation and rotation of the interfacial cavity ridges
( 𝑆𝑡 = 0.22 − 0.30, 𝑅𝑒 = (1.4 − 2.4) × 105 ), is suspected to induce a spiraling flow
structure around the helical cavity wake, promoting a corkscrew penetrative effect in the
sphere descent. Further studies utilizing particle image velocimetry (PIV) techniques and
numerical simulations are hence recommended to analyze and confirm the existence of
such or similar flow structures around the helical sphere-cavity configuration.

Part II
The second part of this thesis presents an experimental investigation of the onset of
cavitation and its structures during the collision of a sphere with a solid surface covered
with a layer of ultra-viscous non-Newtonian liquid (kinematic viscosities 𝑣0 ≤
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20,000,000 cSt). A synchronized dual-view high-speed imaging system was used to make
simultaneous observations from the side and bottom. It has been shown that both the
primary bubble entrapped by the lubrication pressure of air and secondary bubbles from
air entrainment by the dynamic wetting of the sphere with viscous liquids can play a
significant role in the formation of cavitation structures. The secondary bubbles formed
as the main (outer) contact line moves up around the sphere are noted to become smaller
in size and larger in number as viscous forces become increasingly dominant relative to
surface tension effects, in essence being characterized by the Capillary number, 𝐶𝑎 =
𝜇0 𝑉0⁄𝜎 .
For impacts conducted on relatively low viscosity silicone oils (𝑣0 = 100 cSt, 1000
cSt, 𝑆𝑡0 = 𝑂(10 − 102 ), 𝐶𝑎 = 𝑂(1 − 10)), the entrapped bubbles act as flow tracers as
the sphere approaches towards the wall to create an annular bubble structure similar to
the observations of Mansoor et al. (2014) and Seddon et al. (2012). As soon as the sphere
makes contact and starts to rebound away from the base wall, causing depressurization in
the liquid film, the entrapped bubbles expand to form an annular cavitation structure
while a distinct pattern of elongated cavity bubbles is also observed immediately around
the region of sphere contact.
In the event of using a higher film viscosity of 𝑣0 = 10,000 cSt (𝑆𝑡0 = 𝑂(1), 𝐶𝑎 =
𝑂(102 − 103 )), the primary bubble, which initially spreads into an air sheet as the sphere
enters into the liquid film (Marston et al. 2011a), is deformed into a ring of several
smaller bubbles as the flow approaches the squeeze flow configuration. Since the size of
the air entrained bubbles reduces further causing the effect of surface tension to be more
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influential, the annular cavitation structure forms momentarily upon sphere contact and is
noted to be very densely packed. The cavity pattern formed immediately around the
contact region is observed to consist of an annulus of fine bubbles. Unlike impacts in less
viscous liquids, the cavity bubbles and the film liquid peel off from the sphere's surface
to form a single larger cavity, which extends vertically to assume an hour-glass shape as
the sphere rebounds further away from the wall.
For impacts onto 𝑣0 ≥100,000 cSt films ( 𝑆𝑡 ≤ 𝑂(1), 𝐶𝑎 ≥ 𝑂(104 )), the primary
bubble entrapped at the sphere's bottom tip is instantly squeezed out into the atmosphere.
The intensity of the process fragments the bubble at the sphere-bubble interface, leaving
behind a cluster of small remnant bubbles at the point of close approach.
When 𝑆𝑡0 < 𝑆𝑡0𝑐 (critical impact Stokes number for contact), films with high viscoelasticity characterized by 𝐷𝑒 ≥ 𝑂(1), are found to enable sphere rebound without prior
contact with the base wall, resulting in cavitation by depressurization for a new class of
non-contact cases. The cavity here is noted to originate from the remnant bubbles during
sphere rebound. While a dense foam-like circular structure extending into a pattern
consisting of discrete bubbles, which generally increase in size away from the point of
close approach, is observed in 𝑣0 = 100,000 cSt films, the remnant bubbles expand and
coalesce to form a single large cavity bubble in 𝑣0 ≥ 1,000,000 cSt films. Cavity
initiation is observed to occur after a notable time delay 𝑡𝑐 from when the sphere reaches
its minimum gap distance ℎ𝑚 , both of which are noted to decrease linearly with increase
in impact speed.
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For contact cases (𝑆𝑡0 > 𝑆𝑡0𝑐 ), the annular cavitation structure is no longer observed
upon impact with the base wall. The cavitation bubbles formed by depressurization
coalesce to produce a single large cavity, which extends into an hour-glass shape with
sphere rebound, and is characterized by an increasingly smooth texture up till impacts
onto 𝑣0 = 1,000,000 cSt films. The maximum cavity diameter is noted to reduce as the
collision changes from a non-contact to contact case in 𝑣0 = 1,000,000 cSt films. This
results from the added resistance against radial expansion arising from a complete cavity
attachment in contrast to a partial cavity attachment to the base wall in 𝑣0 =100,000 cSt
films, whereby the cavities attach only around the hertzian contact area.
Remarkably different cavitation structures are noted to form in 𝑣0 = 20,000,000 cSt
films, where the cavities experience an ongoing competition between radial expansion
and shrinkage, resulting from depressurization and localized elongation along the cavity
length, respectively. Necking is therefore observed even in the initial stages of cavity
formation during sphere rebound. As the cavities are stretched in the process, they peel
off from the sphere's surface to form a grainy wall texture. The remnant bubbles, which
are initially squeezed radially outwards during sphere approach, are caught and carried up
by these cavity walls, appearing as spots or short streaks from elongation.
Velocity field measurements inside the fluid film are obtained by performing pseudomicro high-speed particle image velocimery (PIV). Horizontal shear rates calculated from
these are noted to increase during sphere approach to values as high as 𝛾𝑟𝑧 = 𝑂(103 ) s −1
and 𝑂(104 ) s −1 at 𝑟/𝑅0 = 0.2, for the non-contact (𝑆𝑡0 = 0.12, 𝐷𝑒 = 27.9) and contact
case ( 𝑆𝑡0 = 8.84 × 10−3 , 𝐷𝑒 = 363.5) analyzed, respectively. These corresponded to
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significantly large viscosity reductions of 𝜇𝑎𝑝𝑝 ⁄𝜇0 = 0.03 and 7.7 × 10−4 , suggesting
the use of a modified Stokes number 𝑆𝑟𝑎𝑝𝑝 (being the instantaneous ratio of sphere inertia
to viscous forces) to be a more relevant parameter for the shear-thinning flow. Although
the sphere velocity 𝑉𝑧 declines as the sphere approaches the base wall, 𝑆𝑡𝑎𝑝𝑝 is noted to
increase for ℎ⁄𝛿 ≥ 0.23 and 0.012 at 𝑟⁄𝑅0 = 0.2 and 0.1, in the non-contact and contact
case, respectively. Hence, despite the ultra-viscous nature of the liquids used, the inertial
effects of the sphere remain dominant for a significant portion of the penetration into the
film.
In contradiction to the conventional theory predicting cavitation to occur during
depressurization, the inception of cavitation in 𝑣0 = 20,000,000 cSt films ( 𝑆𝑡0 =
𝑂(10−3 ) , 𝐷𝑒 = 𝑂(102 ) ) is observed when the sphere reaches a sufficiently small
separation distance (ℎ ≲ 100 μm) while approaching towards the base wall (i.e. in the
pressurization stage). The cavity formed is characterized by a hazy interface rather than a
well-defined edge and of having an irregular shape, which grows radially until the sphere
makes contact with the base wall.
This phenomenon described as shear-stress-induced cavitation (Joseph 1998) can
result from the liquid breaking open in tension, in the direction defined by principal
stresses. The cavitation criterion (Equation 11.1) attributed to this concept by Seddon et
al. (2012) suggests the liquid break-up to occur when the largest element of the shearstress tensor dominates over pressure to reduce it below the liquid vapor pressure.
However, results from a theoretical model for the motion of a rigid sphere through a thin
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film of Carreau fluid towards a solid wall in our study do not agree with this requirement,
in the parameter space for shear-induced cavity observations made in our experiments.
The disagreement is explained as follows: firstly, pressure itself is not recognized by a
fluid in motion since the fluid cannot average its stresses (Joseph 1998). Only the normal
stress component resulting from pressure, which directly opposes the maximum shear
stress component in principal coordinates, needs to be considered. Secondly, since
rupturing the liquid essentially requires it being subjected to a sufficiently large tension,
the breaking threshold should be considered in terms of the tensile strength 𝜎𝑙 rather than
the vapor pressure 𝑝𝑣 of the liquid (Knapp et al. 1970).
Though a modified cavitation criterion (Equation 11.18) is proposed in consideration
of these arguments, the archival literature lacks data on the tensile strength of ultraviscous silicone oils needed for validation purposes. Investigations on the measurement
of 𝜎𝑙 for such liquids and on the evaluation of normal stress components, arising from
pressure in squeeze films, can be prospective research topics for future studies in this
context. Also, since the remnant bubbles formed on the sphere surface can act as weak
points for the liquid to open up in shear during the approach stage, it would be interesting
to study submerged spheres being forced towards the base wall, to investigate the
possibility of shear-induced cavitation from the bulk liquid. Similar observations of
shear-induced cavitation during pressurization may seem highly unlikely but are still
plausible in the less viscous Newtonian liquids, if subjected to extremely high shear rates
(e.g., a minimum of 𝛾𝑟𝑧 ≈ 107 s−1 is required for the 𝑣0 = 100 cSt silicone oil in Figure
22 at ℎ = 26 μm). Such experiments will similarly be far from realistic conditions but
ought to be attempted in the future.
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Overall, this study provides a deep insight into to how cavity formation can be used to
the advantage of significantly reducing force and drag coefficients in the free-surface
entry phenomenon and under what circumstances can liquids be expected to cavitate
when subjected to both high shear stresses and pressurization. The formation of helical
cavity wakes and occurrence of shear-induced cavitation are novel findings in the freesurface impact of spheres onto liquid pools and ultra-viscous films that identify the
existence of complex flow structures in the sphere wake predicted by past studies and
help to understand the underlying mechanism for the ubiquitous phenomenon of
cavitation, respectively. Although these contributions are significant, there are many
questions left unanswered that will spur further studies in this research arena. As
visualization and modelling techniques continue to advance, these scientific
investigations will enhance our current understanding of the rupture of liquids and cavity
formation to engineer more efficient flow configurations from new devices for relevant
applications in the realm of fluid mechanics.
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APPENDICES
MatLab codes
Part I
The following MatLab code performs spline interpolation between manually drawn
boundary points on selected images from a video to produce the images shown in Figure
16.
clear all;
close all;
disp('Select Video to analyze')
[video, filepath] = uigetfile('*.avi','Select the video');
filename = fullfile(filepath, video);
video = mmreader(filename);
nframes = video.NumberOfFrames;
H = video.Height;
W = video.Width;
mov(1:nframes) = ...
struct('cdata', zeros(H, W, 3, 'uint8'),...
'colormap', []);
for k=1:nframes
mov(k).cdata = read(video, k);
end
F_first = input('Enter the first frame number:');
s=0.05; %default value is 0.05 for spline fitting
skipf = 20; %number of frames to skip
for k=F_first:skipf:nframes
%1. Creating a scroll panel.
hFig = figure('Toolbar','none',...
'Menubar','none');
hIm = imshow(mov(k).cdata);
hSP = imscrollpanel(hFig,hIm);
set(hSP,'Units','normalized',...
'Position',[0 .1 1 .9])
%2. Adding a magnification Box and an Overview tool.
hMagBox = immagbox(hFig,hIm);
pos = get(hMagBox,'Position');
set(hMagBox,'Position',[0 0 pos(3) pos(4)])
imoverview(hIm)
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%3. Making scroll panel API to control the view programmatically.
api = iptgetapi(hSP);
%4. Getting current magnification and position.
mag = api.getMagnification();
r = api.getVisibleImageRect();
%5. Viewing the top left corner of the image.
api.setVisibleLocation(0.5,0.5)
%6. Changing the magnification to the value that fits entirely.
api.setMagnification(api.findFitMag())
%7. Zoom in to 600% at the pixel location of 100,90.
api.setMagnificationAndCenter(6,100,90)

[x,y]=ginput(); %get control points using ginput
p{k}=[x,y]; %collect control points into array p
B{k}=b_spline(p{k},s);
u = max(y)+20;
d = max(y)-200;
l = max(x)-35;
r = max(x)+35;
f = imshow(mov(k).cdata);
hold on;
plot(B{k}(:,1),B{k}(:,2),'r', 'LineWidth', 3); %plot the bpsline
plot(p{k}(:,1),p{k}(:,2),'yo','Markersize',7,
'MarkerfaceColor','y'); %plot the control points
xlim([l r])
ylim([d u])
saveas(gcf,sprintf('FIG%d.png',k));
end
%pixel calibration
px = (25/17.5)/1000;
for k=F_first:skipf:nframes
m{k}(:,1) = ((B{k}(1,1)-B{k}(:,1))*px)
m{k}(:,2) = ((B{k}(1,2)-B{k}(:,2))*px)
v{k} = volRevolve(m{k}(:,1),m{k}(:,2))%see volRevolve.m function by
Geoffrey M. Olynyk in MatLab file directory.
end
v_extract=v(F_first:skipf:length(v));
vol = v_extract';
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The spline interpolation function is given as follows:
function B=b_spline(p,inc)
k = 4;
[row,col] = size(p);
n=row-1;
n_knots = k+n+1;
u_j = zeros(n_knots,1);
for j=0:n_knots-1
if j < k
u_j(j+1) = 0;
elseif k <= j && j <= n
u_j(j+1) = j - k + 1;
elseif j > n
u_j(j+1) = n - k + 2;
end
end

u_=0;
segments=row-4+1; %number of curve segments
l=length(0:inc:segments); %to curve length
P=zeros(l,2);
N=zeros((n+1),1);
for u=0:inc:segments
u_=u_+1;
for i=1:n+1
N(i)=Nik(u,u_j,i,k,n); %recursive b-spline blending functions
P(u_,1)=P(u_,1)+p(i,1)*N(i);
P(u_,2)=P(u_,2)+p(i,2)*N(i);
end
end
%remove the last entry in the set due to weird values
[m,n]=size(P); %size of the entire spline
l1=length(0:inc:1); %number of points in each segment
B=zeros(m-segments,n); %new spline
count=1; %counts how many segments have been parsed
for x=1:m-1
if x~=l1*count-count+1
B(x-count+1,1)=P(x,1);
B(x-count+1,2)=P(x,2);
else
count=count+1;
end
end
end
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Part II
The MatLab code used to form contour plots for the radial velocity 𝑢𝑟 , absolute
tangential shear stress |𝑆11 |, pressure 𝑃 and the quantity 𝑃 − |𝑆11 | in Figure 42 is given
by:

clear all;
close all;
V = 1.62;
%velocity of sphere
a = 0.005; %film thickness
h = 0.0000525;
%gap height when cavitation occurs
R = 0.01;
%radius of sphere
p_atm = 101000; %atmospheric pressure
lambda = 0.695; %relaxation time
n=0.28; %flow index number of this fluid
mu_not = 19580 ; %low shear viscosity of 20 million cSt silcone oil
B = sqrt((a-h)*((2*R)-(a-h))); %location where film meets sphere
mu = mu_not*(lambda^(n-1));
%𝜇̂
grid = 801;
p_v = 133; %vapor pressure of 20 million cSt silcone oil
rho = 979; %density of 20 million cSt silcone oil
r = linspace(0, B, grid);
H = h + R - sqrt((R.^2) - (r.^2));
for i=1:grid;
rr=r(i);
H = h + R - sqrt((R.^2) - (rr^2));
hh=linspace(0,H,grid);
ZZ(1:grid,i) = hh;
RR(i,1:grid) = r;
HH(1:grid,i) = H;
end
UU = ZZ - (HH/2);
% Radial velocity, ur
U = -(
n/(n+1))*((2*n+1)/n)*(2^(1/n))*V.*(RR./(HH.^(2+(1/n)))).*((abs(UU)).^(1
+ 1/n) - (HH/2).^(1 + 1/n));
% shear rate, S11
du_dz = (2^(1/n))*((2*n+1)/n)*V.*(RR./(HH.^(2+(1/n)))).*((abs(UU)).^(1/n)).*sig
n(UU);
S_11 = mu*(abs(du_dz)).^(n);
[max_S_11] = max(S_11(1,:));
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% Pressure, P
for i=1:grid;
rv = linspace(r(i),B,grid);
int_p = (rv.^n)./((h + R - sqrt((R.^2) - (rv.^2))).^(2*n+1));
% pressure within the fluid
p(i) = 2*mu*(((2*n+1)/n)^n)*(V^n)*trapz(rv, int_p) + p_atm;
PP(1:grid,i) = p(i);
end
[max_PP] = max(PP(1,:));
% Pressure – shear rate, P - S11
W = zeros(grid,grid);
W(:,:) = PP(:,:)-S_11(:,:);
[max_W] = max(W(1,:));
[min_W] = min(W(1,:));
figure(1);
set(gcf,'color','white')
contourf(RR,ZZ,U,500,'Linecolor','none'); colorbar;
title('Radial velocity distribution,
u_{r}','FontSize',12,'FontWeight','bold')
xlabel('r','FontSize',12,'FontWeight','bold')
ylabel('z','FontSize',12,'FontWeight','bold')
figure(2);
set(gcf,'color','white')
contourf(RR,ZZ,S_11,500,'Linecolor','none'); colorbar;
title('Tangential Shear stress,
|S_{11}|','FontSize',12,'FontWeight','bold')
xlabel('r','FontSize',12,'FontWeight','bold')
ylabel('z','FontSize',12,'FontWeight','bold')
figure(3);
set(gcf,'color','white')
contourf(RR,ZZ,PP,500,'Linecolor','none'); colorbar;
title('Pressure distribution, P(r)','FontSize',12,'FontWeight','bold')
xlabel('r','FontSize',12,'FontWeight','bold')
ylabel('z','FontSize',12,'FontWeight','bold')
figure(4);
set(gcf,'color','white')
contourf(RR,ZZ,W,500,'Linecolor','none'); colorbar;
title('P(r) - |S_{11}|','FontSize',12,'FontWeight','bold')
xlabel('r','FontSize',12,'FontWeight','bold')
ylabel('z','FontSize',12,'FontWeight','bold')

