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ABSTRACT

We present an experimental study of the hydrodynamics of a buoyant sphere accelerated horizontally along an air-water interface. At low
speeds, the sphere floats at the surface, while at higher speeds, the sphere starts oscillating, moving below and toward the free surface akin to
underwater skipping. The sphere often breaches and forms an air cavity during its subsequent dive. These underwater air cavities become
horizontal and are attached to the sphere surface near the laminar flow separation point (~ 7/2). High-speed imaging is used to investigate
the effects of changing the pulling angle and counterweight-induced velocity on the hydrodynamics. We examine the transition from under-
water skipping oscillations to water exit, particularly above the critical Froude number of 1.2, where buoyant spheres experience complex
fluid-solid interactions revealing the influence of the air cavity on drag and lift coefficients and overall sphere hydrodynamics. Finally, we
analyze the novel phenomenon of the steady motion of the horizontally pulled sphere with an attached inverted-wing-shaped air cavity.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153610
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I. INTRODUCTION

The dynamics of structures impacting water surfaces have been
extensively studied by researchers due to their wide range of engineer-
ing applications. Skipping stones,” bouncing balls,” and the ability to
walk on water, as exhibited by basilisk lizards’ and some birds," are
fascinating natural phenomena that have captivated the attention of
many scientists. When objects impact the water surface with sufficient
velocity, appropriate geometry, and orientation, they carve an air cav-
ity into the air-water interface due to the effects of hydrodynamic
pressure.” Skipping at the air-water interface occurs when the object
generates a large enough upward vertical force to lift off.” The physics
of stone skipping was studied by Bocquet” and Rosellini et al,” who
showed that the maximum number of skips is a function of the stone’s
speed, angular velocity (stability), attack angle, and angle of the impact
velocity. Belden et al.” studied the bouncing and skipping mechanisms
of elastic spheres on water surfaces using experimental and numerical
simulations. They found that the dynamics of elastic sphere bouncing
and skipping are driven by the ratio of material shear modulus to
hydrodynamic pressure and wave propagation speed. Hurd et al.’
experimentally demonstrated a new mode of skipping, water walking

on the water surface, for relatively soft spheres impacting at low angles
and found a good agreement between the measured acceleration,
number of skipping events, and distance traveled.

In our previous work,"’ we investigated the hydrodynamics of a
buoyant sphere pulled horizontally along an air-water interface. We
attached the sphere to a line and pulley system, which enabled us to
vary the pulling force by changing a falling mass. This setup was nearly
identical to the one shown in Fig. 1. We identified three hydrodynamic
regimes based on the Froude number, Fr = U/,/gR, where U is the
sphere velocity, g is the gravity, and d is the sphere diameter. At the
low Froude number regime (Fr < 0.6), the sphere exhibits little water
surface disturbance and experiences a drag force close to half of a fully
submerged sphere. In the intermediate regime (0.6 < Fr < 1.2), a dis-
tinct wave pattern develops, and the sphere dips below the water level,
increasing the drag force. At the highest regime (Fr > 1.2), the sphere
transitions to a mode of periodic dipping below and surfacing above
the water surface.

In the current study, we use the same setup as our previous study
to investigate the hydrodynamics of a floating sphere pulled with even
larger pulling forces (e.g., Froude numbers from 2 to 15) and add
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FIG. 1. A schematic of the experimental setup consisting of a water channel, four
pulling angles, and a counterweight that pulls the buoyant sphere along the air-
water interface.

multiple pulling angles relative to the air-water interface (see Fig. 1).
These spheres appear to approach the surface and skip below or pass
through the free surface into the air. We find that the spheres can
form a horizontal air cavity as they transition from underwater skip-
ping (oscillations) to water exit as Fr > 1.2, where higher pulling angles
result in longer air cavities, larger skipping distances, and earlier water
exit behavior.

The current work extends the understanding of the behavior of
objects along the air-water interface and sheds light on the complex
hydrodynamics involved in the formation of horizontal air cavities
and the transition from the floating to the skipping mode. This knowl-
edge has implications for numerous real-world applications, such as
developing underwater vehicles, ship design, buoys, and other oceano-
graphic instruments that are used to study and/or rescue marine ani-
mals and their behavior.

Il. EXPERIMENTAL OVERVIEW

A schematic of the experimental setup is shown in Fig. 1.
Experiments were carried out in the KAUST water channel, which is
10 m long and has a 1 x 1 m cross section (see supplementary mate-
rial, Fig. S1). The channel’s walls and bottom are made from transpar-
ent clear acrylic, and the channel is 1 m above the lab floor, allowing
simultaneous bottom- and side-view observations. In most experi-
ments, the channel was half full of water with a depth of about 50 cm,
which eliminates splashing outside the tank due to the impact of the
spheres at high velocities.

We use a hollow aluminum sphere of d =5 cm diameter, with a
density ratio of p* = p,/p,, = 0.75, where p, is the density of the
sphere and p,, is the density of water. The sphere surface was drilled
with a small hole symmetrically positioned to attach a nylon fishing
line (diameter ~3 mm) in order to drag it through the water surface
(Fig. 1). The line is fixed to a pulley system with adjustable pulling
angles and counterweights, varying the pulling force by adjusting their
mass. Before each set of measurements, the sphere was thoroughly
cleaned with ethanol, and the same sphere was used throughout all
experiments. Pulling counterweight forces varied from F,,,=7 to 12N
with four pulling angles, 0 = 0°-5.15° from the sphere’s release point,
which is ~5 m from the roller at the end of the channel. The spheres
were released from floating on the free surface, and its movement was
tracked for ~3 m in all experiments using side-view imaging with
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FIG. 2. Relationship between the average velocity U and the pulling counterweight
forces F, from our previous study'’ (0= 0), combined with the results of the cur-
rent study for all pulling angles 6. The velocity increases for all pulling angles as
the pulling counterweight force increases.

backlighting. The surface of the clean and dried sphere is hydrophilic
and exhibits a static water contact angle of approximately 35°. We do
not expect hydrophobicity to make the sphere any easier to jump out
of the water as was shown by Truscott et al;'' however, one may
expect more consistent re-entry cavity sizes if the surfaces were hydro-
phobic, which was not studied here.

Figure 2 summarizes the relationship between the average veloc-
ity U and the pulling counterweight forces F,,, for all the pulling angles
used in our study. The resulting sphere velocity magnitudes range
from # = 1 to 8 m/s. Table I summarizes the dimensions and parame-
ters of this study. The specific gravity of the sphere used in our previ-
ous study was 0.5 compared to 0.75 here, as the diameter is now half
the size. A smaller sphere was used in this study because of the limita-
tions of the tank length and pulling force requirements for speed
increases. The pulling forces produced by the counterweights were
determined using an extrapolation based on calibration using Hooke’s
law outlined in our previous study."’ The pulling force F = mg — Fg,
where m is the counterweight mass and Fj. is the combined pulley and
friction forces. Since Fj; is not known in our system, we employed a set

TABLE I. Summary of dimensional and non-dimensional parameters relevant to this
study.

Phys. Fluids 35, 072106 (2023); doi: 10.1063/5.0153610
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Parameters Symbol Range/values Units
Sphere diameter d 5 cm
Pulling angle 0 0,1.72,3.44,5.14 )
Counterweight F., 7,8.5,9.5,10.5,12 N
Reynolds number Re 1.2 -26x10° -
Froude number Fr 2-15 -
Velocity magnitude u 1-8 m/s
35, 072106-2
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of calibrated springs to calculate the pulling force for each counter-
weight mass used in the study.

High-speed video imaging was used to determine the instanta-
neous velocity of the sphere in the x and z directions. To capture
longer sections of the sphere’s trajectory, we used two simultaneous
high-speed cameras from two adjacent side views: Photron-
FASTCAM-SA5 and FASTCAM-SA3, with 20 and 55 mm lenses with
a resolution of 1024 x 1024 pixels (i.e., resolution of 3.0, and 1.0 mm/
pixel, respectively). The cameras were positioned to capture the
sphere’s motion at the air-water interface from the release point to the
end of the tank. The videos were taken with a typical rate of 250 —
2000 frames per second (fps) with a shutter speed of up to 1/8000 s to
reduce motion blur.

We use the regular definition of the drag coefficient, Cp = 2Fp/
nR?pU?, as for a fully submerged sphere, even though, in our case, the
sphere was not always completely submerged in water. Here, R is
the sphere radius, U is the sphere velocity, and p is the water density.
The Froude and Reynolds numbers are defined: Fr = U/,/gd and
Re = pdU /i, where g is the gravity, d is the sphere diameter, and y is
the dynamic viscosity.

Ill. RESULTS AND DISCUSSION
A. Pulling angles and cavity formation

Two of the experimental cases, F,, =7 and 9.5N, were selected
to analyze the hydrodynamic mechanisms of an accelerated sphere
pulled along an air-water interface with different pulling angles. There
is no particular reason for choosing these cases except to show how
increasing force alters the behavior (see supplementary material for
more cases). Figures 3(a) and 3(b) (Multimedia view) show the sphere
trajectories of these two cases extracted from experimental videos in
the x-z planes, using side-view video observations. The x and z posi-
tions are normalized by the sphere diameter d, and the free surface
corresponds to a value of z/d = 0. We observe three different hydro-
dynamic behaviors: (1) oscillatory movement of the sphere below and
up to the water surface (e.g., x/d =0-40 for 0 = 0°), (2) generation
and pull-down of a horizontal air cavity (e.g., x/d =10-15 for
0 = 3.44°), and (3) the sphere exits out of the water surface (e.g.,
x/d =42 for 0 = 3.44°). Figure 4 (Multimedia view) shows a time
series of images illustrating each of these hydrodynamic behaviors.
Comparison plots of multiple runs are shown in Figs. S6 and S7 to
highlight the reproducibility of the experiment. In contrast to our first
paper, these spheres experience larger velocities (Fig. 2). Consequently,
the vortex shedding is no longer the same in all directions and in time.
This results in larger variations in the results, where in one run, the
vortex may be shed from the far side of the sphere, and in another, it
may shed from the bottom at a slightly different time. In our first
paper, the velocities were much slower and the sphere meandered on
the surface for most of the cases, where vortex shedding was influ-
enced by the free surface and more consistently shed from a specific
location.

The side-view trajectories for 0 = 0° in Figs. 3(a) and 4(I) show
that the movement in the x-z-planes oscillates the most below the sur-
face (two times), while for the larger pulling, weight in (b) at 6 = 0°
also oscillates but with smaller amplitudes never reaching the water
surface until the end of the run, where the sphere is near the pulley.
The multiple underwater oscillations are repeatable only for the 0
= 0° cases. The oscillation pattern is also observable in velocity
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FIG. 3. The trajectories of the center of a buoyant sphere pulled by counterweights
of (@) Fow="7N and (b) F.,=9.5N are presented for four different pulling angles
in the x-z plane. The original air~water interface is marked by the blue dashed line.
|—represents an air-cavity formation at the end of the first downward oscillation of
the sphere away from the free surface; ll—generation and pull-down of a horizontal
air cavity; Ill—water exit of a sphere. Note the vertical axes have been expanded
by a factor of three compared to the horizontal to make the data easier to read.
Multimedia available online.

profiles in the x—z planes [Figs. 5(a) and 5(b)] for the same two cases,
F.,=7 and F,,=9.5. These data show large increases in the overall
velocities spanning the range U=0.9 — 8 m/s. This is similar to the
regime with a high Froude number (Fr > 1.2) that we observed in our
previous investigation.'” The remaining sphere trajectories for the
other cases are provided in the supplementary Figs. S2-54.

Deviation from a straight motion is commonly observed in free-
falling sphere experiments investigated in the precrisis Reynolds num-
ber range.'” " The formation of swirling flows and vortices in the
sphere’s wake generates transverse forces pushing the sphere away
from falling in a straight line. These vortices often have a helical com-
ponent, further breaking the axial symmetry of the sphere’s motion
and affecting its path."” >’ Horowitz and Williamson'* mapped the
different oscillations of free-falling and free-rising spheres depending
on the Reynolds number and the ratio of the sphere to fluid density.
They distinguish several regimes agreeing with the shedding of single-
and double-sided vortex rings and a novel regime involving the

Phys. Fluids 35, 072106 (2023); doi: 10.1063/5.0153610
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FIG. 4. [—An image sequence of the oscillatory sphere movement below and up to the water surface; ll—a sequence of images illustrates the generation of a horizontal air
cavity. The sphere is pulled at 6 = 3.44° and a counterweight of F,,, =7 N. t=220 ms corresponds to the location where the sphere appears after the underwater oscillation
x/d = 7, while t= 240 corresponds to x/d = 10, where the formation of the air cavity begins, =260 continuation of the formation of an air cavity in the wake of the sphere,
t=2300 detachment of the aircavity from the interface and ¢= 360 corresponds to x/d = 20, marking the pinch of a stable air cavity. lll—a sequence of images showing the
water exit and rupture of the liquid layer above the air cavity of a sphere pulled at 0 = 3.44 , and a counterweight of F,,,=7N. t=90 corresponds to x/d = 37, t=110
moments of the sphere before water exit, while t= 130 to 180 corresponds to x/d = 42 to 50 marking the water exit of the sphere with the attached cavity and the formation

of a rupture zone as the sphere leaves the surface. Multimedia available online.;

shedding of four vortex rings. In our experiments, we assume that the
sphere oscillations and deviating from the straight path at 0 = 0° are
similar to those reported in the literature while also being influenced
by the presence of the free surface, which additionally breaks the geo-
metric symmetry.

Increasing the pulling angle promotes a faster rise of the sphere
toward the fluid interface, thereby less opportunity for underwater
oscillations to occur. Notably, the number of oscillations reduces with

increasing 0, and the sphere’s behavior changes: after the first dive, fol-
lowing the start of motion, the sphere rises toward the surface, piercing
it without entering the air, rather it dives again generating an attached
air cavity. This moment is identified in Figs. 3(a) and 3(b) as well as in
Fig. 4(I1) with Roman numerals for all cases where the pulling angles
0 > 1° (ie, near ~ x/d = 10). In these cases, the second cycle results
in water exit as the sphere reaches the interface. All additional cases
can be found in the supplementary material.

Phys. Fluids 35, 072106 (2023); doi: 10.1063/5.0153610
© Author(s) 2023

35, 072106-4

00:L0:L L ¥20Z 8unr zi


pubs.aip.org/aip/phf

Physics of Fluids

@ ;]
IR 4
§ " <
‘é’ 54 %70 20 30 40 %0
&
£ 4
>
= 34
Q
2 1
o 2+ F,=7N
> :"'O —0=0°
14 |l —0=1.72°
-2 — 0=13.44°
O 0 10 20 30 40 50 —— 0=75.14°
0 10 20 30 40 50
x/d
(b) 8
84 .0
| S Sy
%ﬁ 2
*.-3 64 % 10 20 30 40 30
=
)
<
g
24
R3)
2
(]
> 24
—0=1.72°
—=3.44°
0 0 10 20 30 40 50 ——0=5.14°
0 10 20 30 40 50

x/d

FIG. 5. The velocity magnitude for two selected pulling forces, (a) F,, =7 and (b)
Fow=9.5N at all pulling angles. The insets show the velocity components in the uy
and u,. The colored lines depict the pulling angles as marked in the legend.

Figure 4(II) contains a sequence of images depicting the evolu-
tion of the air cavity with the counterweight of F,,, =7 N and pulling
angle 0 = 3.44°. As mentioned earlier, this regime is achieved after
one or two oscillations, and the sphere approaches the water interface
with a waterline close to its center. Figure 4(II) shows that the free sur-
face is deformed, and a splash exit is formed in the wake of the sphere
passing through the free surface (t = 220-240 ms). As the sphere exits
the water, a larger lift force is formed on the bottom of the sphere,
resulting in the sphere diving (t = 240 ms). An air cavity is also formed
by air entrained in the wake of the sphere. The air cavity continues to
form in the wake of the sphere until = 300 ms. The path of the sphere
is curved as the sphere becomes fully submerged. The full submer-
gence results in a more even lift force (i.e., horizontal motion), but the
now deeper sphere experiences a larger upward tension force from the
line attached to the pulley (i.e., 0(t) is increasing from t=260 to
360 ms).

Figure 4(11) also illustrates the detachment of the subsurface air
cavity from the interface, which quickly becomes nearly horizontal at

ARTICLE pubs.aip.org/aip/pof

t=300-360 ms. The closure of the splash curtain prevents further air
from entering the cavity.”* The surrounding fluid’s hydrostatic pres-
sure impedes the cavity’s outer growth and initiates its detachment
from the interface. Inertia then causes the cavity to pinch off into two
parts at the closure stage, a lower cavity fully attached to the sphere
and a chaotic upper splash cavity connected to the free surface. The
subsurface air cavity continues to stretch and curve as the sphere
moves through the water in a curved path corresponding to Fig. 3(a),
e.g., between x/d = 10 and 42 for 6 = 3.44°. The air cavity attached
to the sphere remains stable and moves horizontally for a short period,
even though the pulling angle is 0 > 1° toward the free surface. The
air cavities are similar to those formed during free-falling sphere-
impact experiments,”” *” yet they are horizontal similar to spinning
spheres”® and half hydrophobic-/hydrophilic-coated spheres™ ** and
have somewhat helical patterns’ on their surfaces. The length of the
elongated cavity (I) varies, typically between [/d = 5 and 7, although it
can reach up to 10 in some instances. Other studies report on cavity
size at pinch-off however, the most relevant measurement to this study
is likely those where the attached bubble becomes constant and per-
sists far downstream. Vakerelski et al. showed that these cavities can
also greatly reduce drag and reported values of I/d = 3.71-6.2.”
Other water entry studies report on cavity sizes usually around pinch-
off however, the cavities change size as they stabilize to balance pres-
sure forces (e.g., Aristoff et al.”” reported water entry bubbles attached
to cavities of various [/d = 2 to 7.5 at pinch-off).

Figure 4(I1I) captures the moment when the sphere with the
attached cavity reaches the free surface and exits into the air. The small
bubble on the far left of (=90 ms) outside the main cavity rises to
the surface indicated in t=110ms. The small bubbles near the
water surface reveal a visible boundary between the collapsed cavity
and the water surface, indicating the formation of a rupture zone
(t=110-150ms) as the sphere leaves the surface and transits to the
skipping mode (#=150-180ms). The evolution of main bubble col-
lapse, small bubble motion, and splash formation near the surface
highlights the complex interaction between the fluid, air, and solid.
The angle of the exiting sphere is measured and compared in Fig. S8
[where, 0; = atan(ypuley /¥exit)] revealing that 0; is inversely propor-
tional to F,,, and 0 as one might expect.

It is important to note that during the experiments, the spheres
traveled far from the horizontal plane of the water surface after the
water exit. The vertical component of the pulling force obviously has
some influence on the sphere’s motion in the air, keeping the sphere
out of the water. We did not focus extensively on the behavior after
the water exit.

B. Sphere motion and force characteristics

The changing velocity of the sphere with time in Cartesian coor-
dinates is shown in Fig. 5 for two different counterweights and four
pulling angles. Figure 5 shows the velocity profiles of the spheres in
the u, and u, directions, for three pulling angles 0 > 1° cases and as
well as for two pulling counterweights, F.,, =7 N and F,,=9.5N. At
0 = 0°, the sphere experiences a variation in the velocity magnitude
oscillations below the water surface, with a range of 2-5m/s for higher
pulling counterweight cases. However, increasing the pulling angle
0 > 1° results in faster sphere movement and acceleration through
the bulk of water before exit. The sphere also returns to the surface
more quickly.

Phys. Fluids 35, 072106 (2023); doi: 10.1063/5.0153610
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Higher pulling angles increase the velocity magnitude, reaching
up to u = 8 m/s after water exit. In some instances, the sphere experi-
ences increased resistance and wake effects, causing it to lose vertical
momentum upon reaching the air-water interface before generating
the air-cavity formation. The sphere encounters a large downward lift
force as it approaches the free surface for the first time at low velocities.
These velocity changes are evident in the insets of u,. However, the
magnitude of u, is still small compared to u,, resulting in an average u
that changes less significantly. The generation of air-cavity moments is
a feature of pulling angles 0 > 1°, which impacts the velocity magni-
tude for all cases. All additional velocity profiles for other non-selected
cases are provided in the supplementary Figs. S2-54.

The forces experienced by the sphere can be inferred from the
position and velocity data obtained by image processing of video
frames, similar to the method of Epps et al.”* A free-body diagram of
the sphere is sketched in Fig. 6. The hydrodynamic forces acting on
the sphere can be split into several components, including the gravita-
tional force F,, the buoyancy Fp, the tension or counter-weight force
F,,,, the drag force Fp, and the lift force F;. The magnitude and direc-
tion of these forces depend on the pulling angles and velocity and
shape and size of the air cavity.

\
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FIG. 6. (a) A free-body diagram showing the forces acting on the moving sphere.
(b) Video frame showing the attached air cavity behind the sphere. The dashed line
marks the curved trajectory of the sphere.
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The equation of motion can be written in the frame of reference
of the sphere to find the drag and lift profiles as

Fp = —mgsin¢ — (m + my)V; + Fgsin ¢ + F., cos (f — ), (1)

Fp = mgcos$ + (m+my)V, — Fgcos ¢ — Foysin (f — ¢), (2)
where m is the sphere’s mass, Vs is the acceleration in the direction of
the sphere motion, V, is the acceleration orthogonal to the direction
of the sphere motion, and m, = C,,pV is the sphere-added mass
where we set C,, = 0.5 to reduce complexity and has been successfully
implemented by other related studies.””® Note the surface tension
force is ignored as it is less than 1% of the gravitational force.

Figures 7(a) and 7(b) show how the drag and lift coefficients
change with the distance moved by a sphere in the x direction normal-
ized by its diameter, denoted by x/d for F.,, =7 and F,,,=9.5N. The
data start at the location where the sphere begins forming an air cavity
until it exits the water at 0 = 3.44°. The drag coefficient fluctuates
between Cp = 1.1 and Cp = 0.3 for F,,,= 7N, while for F,,, =9.5N
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FIG. 7. The drag (a) and lift (b) coefficients are plotted as a function of x/d for two
selected cases Fg,, = 7N (empty black diamonds) and F, = 9.5N (empty blue tri-
angles), from the moment the sphere begins forming an air cavity (e.g.,
x/d =6-12) until it exits the water (e.g., x/d =25-42) for 0 = 3.44°.
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varied between Cp = 0.8 and Cp = 0.3 with corresponding Reynolds
numbers in the range of Re = 1.2 — 2.2 x 10°. The drag coefficient is
affected by the sphere generating waves and wakes at the air-water
interface (e.g., x/d = 6-9), leading to an increase in drag force. On the
other hand, the lift coefficient is affected by the formation of air cavi-
ties along the sphere’s surface (e.g., x/d =8-12), which changes the
flow dynamics and increases lift. As the cavity stabilizes, the overall
drag coefficient reduces to Cp ~ 0.6 for F., =7N and Cp ~ 0.5 for
F,, =9.5N, respectively. Because of the formation of an air cavity, the
sphere’s wetted surface area is smaller, which decreases the frictional
forces and changes the pressure drag profile (aka form drag). The
interaction of the lift and drag forces acting on the sphere generates
uneven hydrodynamic pressures that force the sphere up and down in
the water, as evident by the overall trajectories [Figs. 3(a) and 3(b)].
Hence, this effect becomes more pronounced as the sphere forms an
air cavity and continues until it exits the water. Finally, increasing the
pulling weight causes the sphere to exit the water sooner, which is also
shown in Figs. 7(a) and 7(b). As expected, the current behavior differs
from that observed for a traditional sphere moving in a bulk liquid,
which experiences relatively uniform drag forces (Cp ~ 0.5) due to
the surrounding fluid."”

C. Hydrodynamics of a sphere with a horizontal air
cavity

This section discusses the novel hydrodynamic phenomenon
observed in our experiments involving a sphere with an attached
air cavity moving horizontally in the water. As demonstrated in Fig. 8
(Multimedia view), the sphere with an attached cavity at approxi-
mately the equator of the sphere (~7/2) has several moments in the
trajectory where it maintains a steady horizontal motion at a constant
velocity. The most obvious characteristics in Figure 8(a) are the
inverted wing shape of the air cavity, which could generate negative
lift forces to counter the combined sphere-cavity buoyancy and the

Turbulent wake

l

A

Wing shape cavity
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turbulent wake (visualized by the small bubbles trailing behind the
cavity). This wing shape is also clearly visible in Fig. 4(II). In our
experiments, the aspect ratio (L/D) of the air cavity length (L) to
diameter (D) for all pulling counterweights ranged from 2 to 6 (see the
supplementary material, Fig. S5). Because of the complexity of the
problem here, we make a case study by considering one of the longest
cavities [i.e., the cavity shown in Fig. 8(a)].

The horizontal sphere cavity can be compared with the recently
discovered phenomenon of a stable-streamlined cavity formation fol-
lowing the impact of a free-falling sphere with a liquid interface.”*”’
Figure 8(b) shows an example of such a free-fall sphere cavity follow-
ing the impact of a hydrophilic 15 mm steel sphere onto water.”” The
cavity assumes a self-determined streamlined shape, which, together
with the free slip along the air cavity interface, results in a near-zero
hydrodynamic drag. Considering only the steady horizontal motion of
the sphere cavity allows us to simplify the force balance along the hori-
zontal axis as F,, — Fp = 0 and along the vertical axis as F5 + F;, = 0
shown in the free body diagram of Fig. 8(a).

Notice that we consider the total forces acting on the sphere cav-
ity in this force balance. In this treatment, the sphere-cavity volume is
the combined volume of the sphere with the attached cavity Vg, and
the effective density of the formation is given as m/Vyc. Using the
standard expression for the drag on a sphere, Cp = 2F,,/nR*pU?,
the drag coefficient of the formation is estimated to be Cp ~ 0.5,
which is comparable to the drag on a sphere moving in the bulk fluid.
If one accounts for the cross section at the widest part of the cavity
instead of the sphere cross section in calculating the drag coefficient,
Cp will be lowered by a factor of about ~2. Nevertheless, the drag on
the horizontally pulled sphere cavity found here is much higher than
the lzo)w drag on the free-falling sphere cavity found by Vakerelski
etal”

We assume that the turbulent wake observed behind the trun-
cated cavity is a significant factor that contributes to the higher drag
on the horizontally pulled sphere-cavity formation compared to the

FIG. 8. (a) Snap-shot from the video
showing the steady moving horizontal
sphere with attached air-cavity formation
using a puling force Fg,=7N for
0 = 1.72°. Indicated is the force acting
on the sphere-cavity formation, pulling
force F,, balanced by a drag force, Fp in
a horizontal direction and buoyancy force,
and Fp balanced by lift force F; in a verti-
cal direction. Inset (b) shows a free-falling
sphere with an attached streamlined cav-
ity formed following the impact of a 15 mm
steel sphere on water reproduced with
permission from Vakarelski et al.,Soft
Matter 15, 6278-6287 (2019). Copyright
2019 Royal Society of Chemistry.
Multimedia available online.
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free-falling sphere cavity. The width of the wake visualized by the
many small bubbles behind the cavity is comparable with the diameter
of the sphere. The wake drag is the major contributor to sphere drag
for this range of Reynolds numbers thus, it is not surprising that the
overall drag is comparable to the drag on a submerged sphere without
a cavity. In contrast, there is no noticeable wake behind the free-falling
sphere cavity shown in Fig. 8(b), which leaves the flow behind the cav-
ity relatively undisturbed.

The inverted wing shape of the horizontal cavity seen in Fig. 8(a)
reveals the source of the significant downforce needed to keep the
buoyant sphere cavity moving horizontally underwater. The buoyancy
force is given by Fg = g(pVsc — m). Using an approximate value for
Vs, we obtain Fy = —F;, =~ 6.5N, which is close to the magnitude of
the pulling force used (F,,). Finally, we can calculate the lift-to-drag
ratio and find F; /Fp & 1, which is not surprising for this moment in
time where the sphere is at a constant horizontal velocity. One of the
general findings of the free-falling sphere-cavity formation case was
that the cavity size was self-adjusting in a way that kept the effective
density of the sphere-cavity volume close to that of the displaced fluid
(i.e., together, the sphere cavity was nearly neutrally buoyant).
Similarly, in our case, F, can be considered an effective weight force
that has a value close to Fz. We can then assume that, as in the case of
free-falling sphere-cavity formation, the maximum volume of the cav-
ity attached to the pulled sphere is determined by the same effective
neutral buoyancy condition given by V. < (F., /g + m)/p. However,
keep in mind that this is only an empirical observation so far.

One can assume the free-slip condition at the air-cavity interface
for high Reynolds number regimes. This allowed for a potential flow
treatment of the sphere cavity in the Vakerelski et al. study, which ade-
quately described the physics of the steady falling sphere cavity.”*
Despite the substantial drag on the horizontally moving cavity, a
potential flow model could sufficiently treat the lift force. In simplified
terms, the bulged-down lower part of the cavity forces an acceleration
of the flow below the cavity that, per the Bernoulli equation, will result
in a downward lift force. However, the quantitative application of the
potential flow model for the horizontally pulled cavity is complicated
by its asymmetric shape, and we leave it for future investigation. Also,
future research directions may investigate the effects of different
sphere densities and the effect of superhydrophobic surfaces’* on
the hydrodynamics of buoyant objects.

IV. CONCLUSION

In this study, we investigated the dynamics of buoyant spheres
accelerating horizontally at the air-water interface. We found that the
behavior of the spheres becomes more irregular as the pulling force and
speed increase. We see oscillatory motions with the sphere first diving
down into the pool, followed by it rising toward and piercing the free
surface before diving again, pulling attached underwater air cavities in
the horizontal direction, thereby skipping under the surface. Unlike pre-
vious studies on skipping, our work investigated the effect of the pulling
angle and strength of the pulling forces on the buoyant sphere hydrody-
namics. Larger pulling angles resulted in different air-cavity lengths,
larger skipping distances, and earlier water exit behavior. We found that
drag and lift forces are similar for both pulling forces, but larger pulling
forces achieve constant drag and lift more quickly.

Our findings also reveal that the sphere cavity maintains a steady
horizontal motion at a constant velocity for a significant distance. The

pubs.aip.org/aip/pof

most characteristic features observed are the inverted wing shape of
the air cavity and the turbulent wake behind the cavity. We analyzed
the force balance on the moving sphere-with-cavity and estimated the
drag coefficient to be Cp ~ 0.5. The buoyancy force of the formation
was found to be close in magnitude to the pulling force used, and the
lift-to-drag force ratio was approximately one. The higher drag on the
horizontally pulled sphere cavity compared to the free-falling sphere
cavity is likely due to the large, highly vortical wake observed behind
the truncated cavity.

Our work provides a new understanding of the dynamics of
buoyant spheres accelerated along an air-water interface and reveals
rich physics that deserves further study. The findings have applications
in various fields, such as marine engineering, underwater vehicles, and
oceanography.

SUPPLEMENTARY MATERIAL

See the supplementary material for a photograph of the experi-
mental laboratory setup (Fig. S1), additional non-selected trajectories
and velocity profiles (Figs. S2-54), and the description of the videos.
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