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Rebound and jet formation of a fluid-filled sphere

Taylor W. Killian," Robert A. Klaus,? and Tadd T. Truscott??

' Department of Mathematics, Brigham Young University, Provo, Utah 84602, USA
2Department of Mechanical Engineering, Brigham Young University,

Provo, Utah 84602, USA

(Received 20 April 2012; accepted 23 October 2012; published online Il Il H)

This study investigates the impact dynamics of hollow elastic spheres partially filled
with fluid. Unlike an empty sphere, the internal fluid mitigates some of the rebound
through an impulse driven exchange of energy wherein the fluid forms a jet inside the
sphere. Surprisingly, this occurs on the second rebound or when the free surface is
initially perturbed. Images gathered through experimentation show that the fluid reacts
more quickly to the impact than the sphere, which decouples the two masses (fluid
and sphere), imparts energy to the fluid, and removes rebound energy from the sphere.
The experimental results are analyzed in terms of acceleration, momentum and an
energy method suggesting an optimal fill volume in the neighborhood of 30%. While
the characteristics of the fluid (i.e., density, viscosity, etc.) affect the fluid motion
(i.e., type and size of jet formation), the rebound characteristics remain similar for a
given fluid volume independent of fluid type. Implications of this work are a potential
use of similar passive damping systems in sports technology and marine engineering.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4771985]

. INTRODUCTION

The sloshing phenomenon has prompted significant research on the design of large tanks that
store valuable fluids. The effects of sloshing are not limited to the movement of fluid but are also a
powerful disturbance to the stability of marine and land-based containers.'* Although an external
motion initiates the sloshing motion, the moving fluid subsequently affects the physical motion of
the container in return.’ Sloshing, resulting from sudden changes in direction or external oscillatory
disturbances, must be considered for almost any moving vehicle or structure containing liquid with
a free surface (the surface of fluid exposed to air).® In fact, the powerful forces induced by sloshing
fluid can be harnessed in a way to stabilize tall buildings by the use of a tuned liquid damper.”-8
These dampers are placed in the base or upper floors to counteract the forces caused by winds or
seismic activity.

The sporting industry also uses fluids to stabilize the performance of street hockey balls. Street
hockey balls® utilize sloshing-induced damping to remove the vertical rebound after a ball is hit,
keeping it on the ground. These balls are partially filled with a viscous fluid which acts to reduce
the rebound response of the sphere. This study investigates this phenomenon further, unraveling
the motions of a spherical container partially filled with various liquids. To simulate the extreme
circumstances under which sloshing may occur, partially filled spheres were dropped from rest. The
impact of the first bounce results in the formation of a cavity-like deformation in the free surface of
the fluid. At the moment of the second impact, this cavity collapses as the fluid mass contained in
the walls of this cavity experience an instantaneous change in acceleration and a powerful jet forms,
shown in Fig. 1, and the rebound of the sphere is dramatically reduced. The visible events of the
rebounding motion of this sphere can be observed in Fig. 2.
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FIG. 1. Jet formation within a partially fluid-filled sphere. m = 173 g, dia = 8 cm.

t=0ms 30 70 130 170

230 250 280 300 310

340 380 420 460 500

FIG. 2. Progression of a urethane sphere filled with 20% water dropped from a height of 10 cm. (m = 207 g, dia = 8 cm.)
The time in milliseconds is marked above each image. The moment of greatest sphere deformation upon the first impact
is marked as t = 0 ms. The apex of the first rebound is marked at t = 130 ms. Dark lines indicate where the second
and third impacts occur. The apex of the second rebound occurs at t = 340 ms. After the first impact, the fluid climbs
up the sides of the sphere and forms a large cavity in the center. On the second impact, this cavity collapses forming

Q1 a large jet in the center. On the third impact, the flow becomes completely disorganized (Video 1) (enhanced online).
[URL: http://dx.doi.org/10.1063/1.4771985.1].
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TABLE I. Summary of independent parameters varied in the experiment.

Drop height Fluid density Fill volume
Sphere type Diameter [cm] Weight [g] [cm] and viscosity [kg m3, Nsm2] [%]
Skyball® 8 125 10, 20, 30, 60 Water [998, 8.9¢ 4] 0, 10, 20
(TPU) Iso. Alcohol [786, 1.92¢73] 30, 40, 50
Glycerin[1261, 9.5¢ '] 60, 70, 80
90, 100
Acrylic 8 50 10, 20, 30, 60 Water [998, 8.9¢~4] 0, 30,
70, 100

According to the experimental data presented in this study, it appears that the majority of the
sphere’s rebound is removed at the second impact and resulting rebound. However, this momentum
transfer can occur after the first impact if the fluid interface is initially perturbed prior to release of
the sphere (see Sec. III D). The momentum transfer and rebound mitigation was found to be optimal
when the sphere was filled to 30% of the interior volume, which is roughly equal to the mass of the
empty sphere, independent of the physical properties of the fluids used.

Many researchers have established and validated the foundational work of Worthington.'® For
example, Antkowiak e al.'! demonstrated that jet formation is dependent upon the dynamic collapse
of a meniscus-like deformation in the free surface. Gekle et al.'>!? showed the local phenomenon
of jet formation and growth due to the drastic changes in direction and momentum that occur
following the collapse of cavities created by plunging disks and other objects through the free
surface. Thoroddsen and Shen'* and Lohse et al.'> noticed similar dynamics of jet formation in
granular materials. Bergmann'® summarized many of the common examples of jet formation while
noting that the size and curvature of the cavity as well as the speed of that cavity’s collapse led to
varying jet formations.

The studies performed by Antkowiak et al.'' and Gekle et al.'> ' begin to describe the jet for-
mation as a deposit of the kinetic energy contained in the collapsing walls of the cavity. Rognebakke
and Faltinsen” noted that the momentum acquired by a tank filled with sloshing fluid was reduced
(albeit on a very small scale) by the formation of fluid jets as the sloshing fluid interacted with its
container. These observations led to the primary hypothesis of this study, that the suppression of the
rebound of a partially filled sphere is caused by an exchange of energy from the bouncing sphere to
the internal motion of the fluid. The primary experimental objective was to determine, through the
variation of physical parameters (summarized in Table I), an optimum fluid level or type within the
sphere for maximum rebound mitigation.

Il. EXPERIMENTAL METHODS

The interaction between internal sloshing and rebound suppression is manifest by fluid motion
inside the spheres as they fall and rebound. Transparent spheres were used to highlight this motion
and to improve understanding of what is occurring inside while measuring the position outside.
High-speed imaging was used to capture the position and visualize the fluid motion.

Spheres were dropped over a range of heights, to measure the rebound response with regard to
initial conditions, using the empty sphere as a baseline for comparison. These spheres were filled
with fluids of different density and viscosity in increments of 10% of the interior fill volume to
determine the effect of the added fluid on the rebound of the partially filled spheres (shown in
Table I). Two types of spheres were used to investigate the influence of elasticity: a Skyball® and
a rigid acrylic sphere. The Skyball® is a thin walled (3-5 mm) thermal plastic urethane (TPU)
sphere originally pressurized with oxygen and helium (0.65-0.8 kg/cm?). The internal pressure was
removed and fluid was added or removed by using a hypodermic syringe. Removing the pressure
reduced the diameter of the sphere to those listed in Table I. The acrylic spheres were made up of
two thin walled (1.75 mm) halves glued together and filled via a small hole in the top covered with
tape before use.
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Diffuser 7

Halogen Lights @ Sphere with
Fluid

High Speed Camera

Drop Platform

FIG. 3. The experimental setup used to observe the dynamics of a partially fluid filled sphere.

The spheres were suspended above a drop platform made of an acrylic plate (61 x 61
x 5 cm?®) supported by a custom-built frame (Fig. 3). The height of the spheres was varied by
raising and lowering a suction cup attached to the spheres. Back lighting was provided by several
halogen lights, placed behind a diffusion screen. Images were captured by a Photron SA3 camera at
1500 frames per second (fps) with a shutter speed of 1/6000 s.

The sphere positions were tracked using a combination of methods. First, a 2D normalized
cross-correlation algorithm compared each image to a template of a portion of the sphere similar to
the methods in Truscott.!” In cases where this method failed, a sequential difference between images
was used to find the leading edge.'® Although both of these methods can contribute to large errors
when calculating velocity and/or acceleration, the data for position estimates was used exclusively
which have relatively low error, £ 3 pixels (i.e., &= 0.997 mm on average depending on the image
set).

lll. EXPERIMENTAL RESULTS
A. Fluid motion

When a partially filled sphere impacts the ground, the collision imparts considerable motion
to the enclosed fluid. Depending on the fluid properties, the surface geometry, and the initial drop
height, the fluid motion produces cavities, jets, swirl, and chaotic flow. Water, isopropyl alcohol,
and glycerin were used to study density and viscous effects. The rebound characteristics of each
fluid type were compared with that of an empty sphere (see Fig. 4) to determine the effect the fluid
had on the rebound suppression. The effort to quantify this effect is discussed and demonstrated
in Sec. IV.

Unlike water (Fig. 2, Figs. 4(c) and 4(d)), the alcohol (Fig. 4(b)) immediately forms a radial jet
after the first impact that travels up through the center of the sphere, converging as it rises, enclosing
a cavity of air inside itself. When the top of the radial jet closes, two jets are formed, one directed
upwards and the other down into the cavity. Surprisingly, there is no noticeable effect on the initial
rebound height as the sphere rebounds to approximately 63% =£2% of its initial height, similar to
the empty sphere in Fig. 4(a). The radial jet formation remains until the second impact, upon which
it collapses downward and the flow becomes chaotic and the rebound is suppressed by 15%-75%,
depending on the fluid volume.

In the water-filled sphere (Fig. 4(c), V < 50%), after the initial impact the water travels up the
sides of the sphere forming a smooth surface with a depression in the middle. This fluid motion has
no apparent affect on the first rebound and the sphere travels to approximately 6 1% £2% of the drop
height, similar to the empty sphere (Fig. 4(a)). On the second bounce, the cavity collapses toward
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350 370 520 660 680 800
(a) t=0ms g
V=0% A ’

180

340 370 470 550 580 620
(b) t=0ms
Valcohot =20 %
340 370 460 540 570 600
(c) t=0ms \
Vyater = 20 %

(d) t=0ms

V. =70 %

water

(e) t=0ms
\% =20%

glycerin

FIG. 4. Comparison of fluid motion with different volumes and physical properties within a urethane sphere. All
sequences included are dropped from 20 cm. The moment of greatest sphere deformation upon the first impact is
marked as t = 0 ms. Dark bars indicate the second and third impacts. (a) Sequence of an empty sphere (Video 2) m
= 125 g. (b) Sequence of a sphere 20% filled with isopropyl alcohol (Video 3) m = 196 g. (c) Sequence of a sphere
20% filled with water (Video 4) m = 207 g. (d) Sequence of a sphere 70% filled with water (Video 5) m = 425 g.
(e) Sequence of a sphere 20% filled with glycerin (Video 6) m = 249 g. All spheres shown have a diameter of 8 cm
(enhanced online). [URL: http://dx.doi.org/10.1063/1.4771985.2] [URL: http://dx.doi.org/10.1063/1.4771985.3]
[URL:  http://dx.doi.org/10.1063/1.4771985.4] [URL: http://dx.doi.org/10.1063/1.4771985.5] [URL:
http://dx.doi.org/10.1063/1.4771985.6].

its base forming a vigorous jet that impacts the top interior of the sphere. When the fluid volume
is greater than 50% (Fig. 4(d)) the fluid forms into a single, wide jet after the first impact. (This
phenomenon is discussed in greater detail in Sec. III D.) After the second impact and corresponding
jet formation, fluid motion inside the sphere becomes chaotic until the sphere eventually comes to
rest. After the second impact of all water filled trials the rebound of the sphere is greatly suppressed,
reaching between 20%—-70% of the previous apex. The large variance in the second rebound appears
to depend on the amount of water in the sphere as well as the initial drop height.
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Q2 FIG. 5. Rebound trajectories vs time for several cases of a sphere partially filled with water: empty sphere, 10%, 30%, 50%,

70%, 90% and 100% filled sphere. The 30% filled sphere experiences the greatest rebound suppression of any case dropped
from 20 cm (compare to Fig. 4). (a) Trials dropped from 10 cm. (b) Trials dropped from 20 cm. (c) Trials dropped from
30 cm.

The glycerin filled sphere also experiences a greatly reduced fluid motion during rebound
(Fig. 4(e)). After the first impact the glycerin begins to travel up one side of the sphere and a shallow
depression is formed in the center. The initial rebound height is not affected by the presence of the
glycerin for reasons other than the greater mass of the fluid. Immediately after the second impact,
a small jet forms off center as the cavity collapses. The fluid then circles up and around the other
side, coating the wall with a layer of glycerin. The sphere motion is suppressed to approximately
the same degree as water and alcohol.

B. Rebound suppression

Of all the parameters varied, the fluid volume inside the sphere had the greatest effect on
rebound suppression. For the urethane spheres an empty sphere rebounds to approximately 85% of
the previous height. As shown in Fig. 5, the sphere rebound is greatly reduced as small amounts
of fluid are added. The first rebound is relatively unaffected by the presence of fluid. However, the
second rebound is dependent on the fluid volume, achieving a minimum height at 30% filled and a
maximum at 100% (i.e., reaching nearly the same height as an empty sphere, see Fig. 5).

The initial drop height has very minor effects on the rebound characteristics of the spheres.
As the drop height increases, the effects due to viscosity and density are diminished. Also, as the
initial drop height changes, the fluid volume required for maximum suppression varies slightly in a
neighborhood of the previously optimal 30%, except for drop heights less than or equal to 10 cm.

The rebound trajectories of spheres filled with water, alcohol, and glycerin to fill volumes
of 10%—-40% versus time are shown in Fig. 6. Maximum suppression occurs in all three cases

124

125

126

127

128

129

130

132

133

134

135

136

137

138

139

140

141

142

143



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

000000-7 Killian, Klaus, and Truscott Phys. Fluids 24, 000000 (2012)

0.16 0.16
A —Empty 14} —Empty
0141 - - Water 0 - - Water
) Alcohol Alcohol
0.12F N ---Glycerin 0.12} O ---Glycerin

0.1 0.1

£ &)
= 0.08 - 0.08
0.06+ 0.06+
0.04+ 0.04+
0.02 0.02 -
0 0.1 0 0.1 02 03 04 05 06 07 08 09 0.1 0 01 02 03 04 05 06 07 08 09
Time [s] Time [s]
(a) (b)
0.16 0.16
'\ p— [ —Empty
0141 _%;2{96?’ 0.14 - - Water
Alcohol Alcohol
0.12- ---Glycerin 0.12¢ ---Glycerin
0.1F 0.1}
E &
> 0.08 S 0.08f
0.06} 0.06
0.04+ 0.04
0.02+ 0.02+
. . . . . R . . , 0 L . v\ .
0 -0.1 0 0.1 02 03 04 05 06 07 08 09 -0.1 0 01 02 03 04 05 06 07 08 09
Time [s] Time [s]
(c) (d)

FIG. 6. Rebound trajectories vs time for trials of water, isopropyl alcohol, and glycerin filled to 10%—40% of interior volume
in comparison with that of an empty sphere. Trials are dropped from 20 cm (compare to Fig. 4). (a) 10% filled. (b) 20% filled.
(c) 30% filled. (d) 40% filled.

when the fluid volume is approximately 30% of the total interior volume of the sphere. Given the
similarity between the responses of different fluids across a wide range of volumes tested (Fig. 6),
fluid properties do not seem to play a role in rebound suppression unless the initial drop height is
extremely low (<10 cm). It is supposed that the dynamics of rebound suppression of a partially
fluid-filled sphere is relatively independent of viscosity.

C. Elasticity

Street hockey balls are made of a firm, hard polymer that deforms less than the TPU shown in
Fig. 4. To address the role that elasticity plays in rebound suppression, acrylic spheres were partially
filled with water and tested using the same method as outlined in Sec. II (see Table I). Water was the
only fluid type used with these trials because the role of viscosity was not apparent in the rebound
suppression of the urethane spheres (the case of a completely filled sphere was too heavy to be
dropped from 30 cm without breaking).

An image sequence of the progression of 30% and 70% filled trials with an acrylic sphere can
be seen in relation to an empty acrylic sphere in Fig. 7. The inelasticity of the acrylic reduces the
time that the sphere is in contact with the impacting surface. This limited contact time and relatively
low material deformation causes the fluid to react more rapidly.

In the 30% trials (Fig. 7(b)), the fluid response mirrors the 30% filled urethane spheres of
Fig. 4(c) only accentuated due to the rapid fluid response from the impact. A meniscus-like cavity
forms shortly after the first impact, the walls of which almost cover the entire interior surface.
After the second impact, jet formation is visible as the cavity collapses. This flow pattern quickly
transitions to chaotic motion. Similar to the urethane cases, rebound suppression is greatest for the
30% filled cases of the acrylic sphere as seen in Fig. 8.
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380 390 570 731 NA

(a) t=0ms
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V. =30%
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=70%

V.

water

175

FIG. 7. Comparison of fluid motion with different volumes and physical properties within an acrylic sphere. All sequences
included are dropped from 20 cm. The moment of first impact is marked as t = 0 ms. Dark bars indicate the second
and third impacts. (a) Sequence of an empty acrylic sphere (Video 7). m = 50 g. (b) Sequence of an acrylic sphere 30%
filled with water (Video 8). m = 192 g. (c) Sequence of an acrylic sphere 70% filled with water (Video 9). m = 387 g.
All spheres shown have a diameter of 8 cm (enhanced online). [URL: http://dx.doi.org/10.1063/1.4771985.7] [URL:
http://dx.doi.org/10.1063/1.4771985.8] [URL: http://dx.doi.org/10.1063/1.4771985.9].

In the 70% trials (Fig. 7(c)), the fluid response again mirrors that of a similarly filled urethane
sphere in an accentuated manner. Following the first impact, the fluid forms into a wide jet originating
from the center of the free surface. As the sphere rebounds, the jet impacts the top of the sphere
before the apex of the first rebound. Following the second impact, the flow becomes chaotic, while
the sphere rebounds to a reduced height as can be seen in Fig. 8.

A key difference between the trials of an acrylic sphere and those of an urethane sphere is that
the completely filled acrylic sphere does not rebound as high as expected. In the urethane trials, the
trajectory of a completely filled sphere was nearly identical to that of an empty one, whereas the
completely filled acrylic has a reduced rebound height (Fig. 8).

D. Points of interest

Dropping a sphere partially filled with fluid from rest, provides an understanding of the coupling
and later decoupling of the fluid mass with its container under sloshing motions. If one is to truly
investigate the dynamics of the rebound of a street hockey ball and how fluid acts to mitigate that
rebound, it is necessary to disturb the initial free surface of the fluid. Experiments involving an
initially disturbed free surface were briefly investigated, utilizing three different methods to disturb
the quiescent conditions (explained above): creating a vortex in the fluid, a randomly disturbed free
surface and rolling off of an inclined plane.

If a vortex is created in the fluid by hand-rotation before release, a large central jet and a reduced
rebound height occurs after the initial impact (Fig. 9) similar to the second rebound of the cases in
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FIG. 8. Rebound trajectories vs time for trials of partially filled acrylic spheres with water: empty sphere, 30% filled sphere,
70% filled sphere, and 100% filled sphere. Trials are dropped from 20 cm (compare to Fig. 7). Again we see that an interior
fill of 30% mitigates the rebound best from that drop height. Inconsistencies in tracking the motion of the sphere due to
overexposure were approximated with a quadratic fit, hence the gaps in the data replaced by dotted lines.

185 Fig. 4. This confirms that a disturbed free surface is an important parameter for energy transfer from
16 the sphere to the fluid. Note that the size of the jet formation in Fig. 9 is somewhat reduced when
157 compared to the spheres of Fig. 4 because much of the energy transfer changes the direction of the
188 vortical motion in addition to the jet.

189 As more fluid was added to both the acrylic and urethane spheres, they elongated slightly, while
190 suspended due to the greater mass acting on the material. After the spheres were released, the material
191 oscillated. These oscillations imparted a resonance to the fluid, resulting in a gently disturbed free
192 surface by the time of the first impact (Fig. 10). The disturbed surface gives way to several small
193 jets after the first impact where under normal, undisturbed circumstances this formation would not
194 arise until the second impact.

195 Another method to observe the rebound of the sphere was to have the sphere roll off of a
196 shallow incline where impact occurred in the viewing area of the positioned cameras. This scenario
197 was observed in cases where the fluid was initially undisturbed and when a vortex was formed in the
18 fluid. Similar to the suspended sphere which included a vortex, the rolling sphere with rotating fluid
190 had a greatly reduced first rebound in relation to the rolling sphere whose fluid had not been subjected
200 to rotation (Fig. 11(a)). The fluid response of the cases where the fluid is initially undisturbed are

t=-15ms 0 10 20 45 60 75

FIG. 9. Images of the first rebound for a 30% filled urethane sphere with an initially disturbed free surface (vortex) dropped
from 20 cm above the ground. The vortex collapses during the first rebound (t = 25 ms) forming a large jet that mitigates the
rebound height. m = 250 g, dia = 8 cm (Video 10) (enhanced online). [URL: http://dx.doi.org/10.1063/1.4771985.10].
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t=-1ms 6 23

FIG. 10. Images of a 70% filled acrylic sphere that was initially elongated before release, resulting in small oscillations
afterward (same set as Fig. 7(c)). A jet is formed as each of the small dimpled disturbances collapse after impact. m = 387
g, dia = 8 cm (Video 11) (enhanced online). [URL: http://dx.doi.org/10.1063/1.4771985.11].

similar to those explained in Sec III; a cavity-like deformation forms after the first impact which
collapses into a jet upon the second impact and rebound is mitigated (Fig. 11(b)).

Control was difficult to replicate in all of these situations, so extensive experimentation was
not performed. The limited sample set provides a qualitative understanding that initially imparting a
rotation to the fluid serves to mitigate rebound. This verifies the conclusions that a motion imparted to
the free surface, naturally or by experimentally augmenting the initial conditions, serves to mitigate
the rebound of a partially filled sphere.

IV. ANALYSIS

This section explores the jet formation, momentum exchange, and kinetic energy losses needed
to describe the transfer of energy from the external motion of the sphere to the internal flow of the
fluid. It is clear that there is some exchange of momentum with regard to the experimental data and
results described in Sec. I1I. The dynamics of a partially fluid filled sphere depend on the deformation
of the free surface into a cavity and the resultant collapse of that cavity. Antkowiak et al.'' and Gekle
et al.'? explained that jet formation is dependent on the transfer of kinetic energy from the collapsing
walls of the cavity converging into the vigorous jet. Viscosity’s role is disregarded in a general sense
with regard to the data shown and discussed in Sec. III B. Here, we conclude that the main damping
of the ball motion is caused by a decoupling of the sphere mass and fluid mass rather than the viscous
dissipation within the sphere and that the maximum dissipation of energy occurs when the sphere is
30% full.

(a) t=0ms 23 60 77 93

A Ca )
@ \: , b ¥ 4 -
(b) t=0ms 50 247

o~ @
e E —

FIG. 11. Images of the first rebound for two 60% filled urethane spheres rolling off of a 30% inclined plane (not shown) from
10 cm above the ground. m = 377 g, dia = 8 cm. (a) Released with an initially rotating vortical-like flow (Video 12). The vortex
collapses during the first rebound (t = 23 ms) forming a large jet that mitigates the rebound height. (b) Released after the flow
came to rest yielding a much larger rebound (Video 13) (enhanced online). [URL: http://dx.doi.org/10.1063/1.4771985.12]
[URL: http://dx.doi.org/10.1063/1.4771985.13].
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FIG. 12. This image is formed by combining a single pixel line from the center of the sphere from each image in the set of
Fig. 2, where the left side is t = —120 ms and the right is t = 536 ms.

A. Jet formation

The jet is a result of the collapse of the meniscus-like cavity formed after the first rebound. Both
the meniscus-like cavity and jet are the result of accelerations in the fluid, therefore, determination of
these accelerations and their directions seems appropriate. We can approximate them by measuring
the motion of the meniscus and jet at one location inside the sphere. To do this, we analyze a line of
pixels along the center of the sphere as shown in Fig. 12 similar to the technique used by Gilet and
Bush."” This removes some of the motion of the meniscus and jet outside the pixel-line, but yields
a reasonable approximation. The results of this analysis are shown in Fig. 13 where the position,
velocity, and acceleration of the sphere and cavity/jet (relative to the sphere position) are plotted on
top of one another. In the case of the fluid, measurements after the jet impacts the top of the sphere
are impossible due to the chaotic nature of the motion, thus we impose a zero value after full jet
formation in Fig. 13 (Y}).

The position of the meniscus is flat and has relatively no motion before the first impact in
Fig. 13 (Y}, t = 0 ms) and begins to form a cavity after impact, visible in the increasing position of
the meniscus until the sphere reaches its apex (between t = 0—130 ms). As the sphere begins to fall

0.1
£ o0s 1
>

0
=z  1f ]
o
= —1F 1
o200
£ 100f |
> o

[

=) 0.04r b
— 0.02r i

- 0
6
7 4 ]
£ |
. 0
2
X
~>""_‘ —5001 | | | | | | | 1
—100 0 100 200 300 400 500
Time [ms]

FIG. 13. The position, velocity, and acceleration of both the sphere (Y relative to ground) and interior fluid (Y; relative to
the sphere). Position, velocity, and acceleration of the jet are forced to zero after jet formation (t > 280 ms).
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toward the second impact the meniscus appears to settle somewhat and stop moving up the sides of
the sphere until impact with the ground where the meniscus collapses very quickly and a large jet is
formed (t = 258-270 ms). From the acceleration of the jet it is apparent that the downward motion
of the collapsing meniscus creates a negative acceleration on the order of 200 m/s? (t = 258 ms),
whereas the jet moves upward creating a positive acceleration of the fluid on the order of 1000 m/s?
(t = 267 ms). While there is some error in the method applied here it is clear that the acceleration
of the jet exceeds the acceleration of the collapsing event and that the acceleration of the fluid is
important in the cavity/jet formation. These accelerations indicate a large transfer of momentum
from the motion of the sphere to the motion of the fluid.

B. Momentum exchange

Since the system appears to be independent of increasingly viscous fluids an explanation of
where the damping occurs is warranted. Although we cannot carefully measure the fluid motion of
each mass particle inside the sphere, we can estimate velocity of the initial jet and make assumptions
about the mass affected to show that a decoupling of the sphere-fluid system is the main factor in
the momentum transfer. We propose a simple physical model where two elastic spheres represent
the fluid-solid system where the empty elastic sphere is represented by a larger sphere of mass M
and the fluid as a smaller sphere of mass m. Furthermore, the mass m is positioned above M such
that the centers of the two spheres are perfectly aligned and both spheres are released from rest at
the same time (Fig. 14(a)). Sphere M reaches the ground first and reverses direction resulting in a
collision with m. The collision results in a loss of momentum for M and a reversal of direction and
increased momentum for m.

For the sake of simplicity, we view the collisions of M with the ground and between m as
one-dimensional and elastic. That is, momentum and kinetic energy are conserved. The differences
in momentum of the two masses prior to the collision contribute to their motion after colliding.
When the masses of the two spheres and their initial velocities are known, one can solve for the
masses’ exit velocities with the following relations (i, and uy, are the entry velocities, here u,,
= Upm),

Upy(m — M) +2Muy uy(M —m) + 2mu,,

U = s vy =
" m+ M M m+ M

ey

s —mv_ / (M+m)uM — Jet Model

_MvM / (M+m)uM — Sphere Model

* ijJf / (M+mj)Y/ — Jet Data

1 * *

v MY/ (M+mj)Y) — Sphere Data

\ o

m

=]
Normalized Momentum Out

0 20 40 60 80 100
Percentage of interior volume filled

(@) (b)

FIG. 14. (a) A physical model of the rebound reduction of a partially filled sphere where two spheres collide after one
impacts the ground altering their momentum. (b) The momentum of the sphere and jet after the second impact normalized
by the combined momentum of the sphere and jet before impact for both the model and experimental data.
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A comparison between the momentum of the sphere and jet normalized by the total incoming
momentum for the second rebound is presented in Fig. 14(b). Both data extracted from a water filled
urethane sphere dropped from 10 cm and the theoretical analog based on Eqgs. (1) are presented. As
m increases from 0% to 100% filled the momentum of M decreases for both theory and data. The
rebound of M is minimized when M has negative momentum after impact with m. If this were the
case in the sphere-fluid system, then the maximum height that the sphere reaches would be constant
at volumes >30%. However, we do not see this in the rebound heights shown in Fig. 5 nor negative
momentum values in the sphere data of Fig. 14(b). Instead, the rebound of the sphere increases even
when the mass of the fluid exceeds that of the sphere (>30% filled).

In the case of the jet, the model predicts that 50% or more of the momentum is transferred to the
fluid for the 25% filled sphere. Similarly, the data indicate that more than 100% of the momentum
transfers to the fluid for the 30% filled case. Clearly this is impossible, and occurs in our data set
because we apply the maximum jet velocity at a single location to the entire fluid volume. From the
high-speed image data, it is evident that not all of the fluid is moving at the maximum jet velocity,
and debatable whether the entire fluid volume is decoupled from the sphere. However, the data do
indicate trending similar to the model and show a decreasing momentum exchange as the volume
of the sphere is increased beyond 30%. Though the quantitative comparison between theory and
experiment are inaccurate, a qualitative statement arises: A majority of the damping motion is caused
by the decoupling of the two masses (fluid and sphere) wherein an exchange of momentum from a
rebounding sphere to a chaotically moving fluid significantly reduces the rebound height.

C. Energy loss formulation

Where investigating momentum failed in that measuring fluid velocities was grossly overesti-
mated, calculating a loss of energy from the rebounding sphere to the fluid is facilitated more easily
by simple and accurate measurements of rebound height. The mass of an empty sphere (i) and
the mass of the fluid (my;) are considered to be separate but coupled. This coupling is defined when
the body of my; is in contact with the walls of the sphere. It is observed that the motion of one directly
influences the other, including the moment of jet formation following the second impact. The total
energy (TE) of the system is given by the first instance where the energy is wholly potential.

The important steps of this system are the initial drop, the first impact and rebound, the apex of
the first rebound, the second impact and rebound (resulting in jet formation), and finally the apex of
the second rebound as shown in Fig. 15.

The system operates on the reserve of TE created by the sphere held at an initial height. This
reserve is depleted as energy is lost in the dynamic interaction between the sphere and the impacting
surface, as described by the coefficient of restitution of the sphere material. Much of the remaining

PE,

O

ho PE,
KEy KE;. KE;; KE,.
é é é é hy

FIG. 15. A free body diagram of a partially fluid-filled sphere. At the initial position, (PEy), my,; is suspended above a flat,
rigid surface at the initial height /. As the sphere rises from the first impact (KE;-), a parabolic cavity forms. At the apex of
the first rebound, (PE), the cavity is fully formed and the energy of the system is once again stored in the potential of m;,, at
hi. The kinetic energy of my,, approaching the second impact is transferred to the collapse of the cavity and kinetic energy
contained in my;. The result of this energy transfer is the formation of the jet (KE,-) and reduced rebound height, ;.




000000-14 Killian, Klaus, and Truscott Phys. Fluids 24, 000000 (2012)

energy of the combined mass m;,, after two impacts is lost through the decoupling of m,;, and my;.
The reduction of energy across an arbitrary impact can then be resolved in both dynamic losses
[dyn,](due to elasticity) and fluid losses [f[,], which can be expressed as a difference of potential
energies.

The energy transferred to the fluid can be expressed by the change in potential energy from
rebound to rebound as potential energy is proportional to height. The most dramatic change in
rebound heights, as observed in Sec. III, occurs between the first and second rebounds as the fluid
cavity collapses and a jet is formed. Consequently, it is not necessary to continue the investigation
of energy loss beyond the second rebound. So our system is represented by

TE =PE,+ fli +dyn, + flo +dyn,.
Therefore, the sphere’s energy losses to the fluid following the first impact can be expressed as:

TE:PEn +dynl +f117

flhi = mog(ho — hy) — msppg(ho — hyy). 2

The sphere’s energy losses to the fluid after the second impact can then be found using Eq. (1),

TE = PE, + fli +dyn, + flo + dyns,

Sl = mg(hy — ha) — mgppg(hayy — hiy). 3)

It can be seen from Eqs. (2) and (3) that the loss of momentum to the fluid at the first and second
rebounds depends on the change of potential energy from the preceding rebound (or in the case of
the first rebound, from the initial drop height), &1, and h,, represent the first and second rebounds of
an empty sphere. The preceding rebound height demonstrates the maximum amount of energy that
is available for the sphere rebound.

D. Energy loss results

The method described above extracts the dynamics of a partially filled sphere and can be used
to observe the effect of different physical parameters in reducing the rebound. To approximate the
actual transfer of energy between rebounds, the method described in Sec. IV C was applied to the
experimental data presented in Sec. III. Figure 16 shows that a majority of the energy is lost to the
fluid during the second rebound. The loss of energy to the fluid after the first impact is minimal in
relation to the amount of energy that is provided to that impact, and the loss to the fluid after the
second impact is significantly higher in terms of the energy available. As more fluid is put into the
sphere, the energy lost to the fluid on the first impact increases. The added mass of the increasing
fluid volume provides a greater potential for energy reduction upon the initial impact. The energy
that is lost to the fluid after the second impact varies, depending on drop height and interior fill
volumes, with a maximum occurring within a neighborhood of a 30% fill volume.

The results of the energy transfer as described for the partially filled sphere are independent of
the fluid viscosity. As can be noted between the two plots featured in Fig. 16, the differences in the
energy transferred due to a change in viscosity are slight. The greatest transfer of energy is after the
second impact regardless of the fluid viscosity. Again, the maximum energy loss after the second
impact occurs in a neighborhood of a 30% fill volume regardless of viscosity, which is when the
mass of the fluid is approximately equal to the mass of the sphere.

When the TE of the system exceeds the potential for suppression in the fluid, the second rebound
of the sphere is greater than those cases where the majority of the TF is lost to the fluid. The fluid
volume also has a limitation to how much energy it can take from the system. Increasing the total
energy of the system will, at some point, overcome the potential for energy reduction by the fluid.
Simply adding fluid to the spheres in these cases does not counter the greater initial energy. There
appears to be a threshold of fill volume that optimally suppresses the second rebound of the sphere.
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FIG. 16. Non-dimensional energy loss vs percentage of interior volume filled for trials of (a) urethane spheres partially filled
with water and (b) urethane spheres partially filled with isopropyl alcohol. Empty markers denote the energy loss to the fluid
occurring after the first impact, while the filled markers represent the loss after the second impact. The results are scaled by
the amount of energy available to the sphere before first and second impact, Mghy and Mgh;, respectively.

Once this threshold is passed, the second rebound of the sphere is higher with each increment of
added fluid until the completely filled sphere nearly mirrors the trajectory of the completely empty
sphere, this fact is highlighted in the reduced transfer of energy after the second impact of the
completely filled sphere.

Calculating the energy losses from rebound to rebound provides an understanding of the optimal
fill volume for rebound suppression. Without explanation, Quinn® states (in the patent of his street
hockey ball) that the street hockey balls are to be filled to a level less than half of the interior volume
of the ball. As can be seen in Fig. 16, his observations are verified. In fact, across all variations
of fluid viscosity and drop height, the energy removed from the system when the sphere is filled
with less than 50% of the interior volume is significantly greater than those trials with a greater fill
volume (with ~30% optimal).

Understanding the definition of how m y; and m;, are coupled helps to explain why an interior
fill volume greater than 50% does not further reduce the rebound of the partially filled sphere after
the second impact. When the volume of fluid inside the sphere increases from 0% to 50%, the area
of the fluid free surface increases. With greater surface area, there is more room for the fluid jet to
form and be decoupled from the combined mass M. There is more space available in these cases
for the fluid to move away from the boundary of the sphere. As more fluid is added to the sphere
(50%—-100%), the free surface area decreases and the available space for the decoupling of the fluid
mass from M is restricted.

Extensive trials were performed for spheres dropped from 10 to 30 cm with energy loss cal-
culations agreeing relatively well after normalizing by the amount of energy available prior to the
sphere’s impact. Viewing the output of the energy loss from the runs dropped from 20 cm and 30 cm
led to an assumption that the data converged toward some upper limit of energy removed by the fluid
as the total energy of the system was increased. To determine whether this assumption was valid,
trials were run dropping the sphere from 60 cm (see Fig. 16). The results show a reduction in the
energy taken out of the system by the fluid after the second bounce. This invalidates the assumption
that a greater initial energy would provide a closer fit to the general trend observed with the earlier
trials, although better agreement was observed among trials using alcohol.

The energy transfer results of filling an acrylic sphere with water to volumes of 30%, 70%, and
100% exhibit similar responses as the urethane spheres in terms of the percentage of energy that
is transferred to the fluid after the first and second impacts (Fig. 17). The initial fluid response and
rebound characteristics of the acrylic sphere differs from that of the urethane sphere, as discussed
in Sec. IIT C, but the overall behavior of energy loss to the fluid is in agreement. That is, the greater
energy loss is found in the cases that have fill volumes less than 50%, and the losses accrued after the
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FIG. 17. Non-dimensional energy loss vs percentage of interior volume filled for acrylic spheres that are partially filled
with water. Scaling and marker representation are the same as in Fig. 16. Dotted lines are included to assist in observing the
behavior of the system as more fluid is added.

first impact are greater than those of the second impact in the cases where the sphere is completely
filled. An event explained by the emergence of small jets after the first impact due to small oscillatory
disturbances in the free surface (Sec. III D).

V. CONCLUSIONS

When a partially fluid filled sphere impacts with the ground, a jet is formed when a deformation
in the free surface collapses. The jet acts to mitigate a large portion of the rebound energy in a
decoupling of the momentum from the sphere to the fluid. For initially quiescent flows, this occurs
after the second rebound since the first rebound acts to form a large cavity-like deformation. This
phenomenon is utilized by the Quinn® street hockey ball which claims that the desired fill volume is
less than half of the interior volume. We confirm and add that the ideal fill volume varies between
10% and 40% depending on the initial drop height of the sphere. However, the most consistent fill
volume for rebound suppression among fluid and sphere material types was 30%.

Within a partially filled sphere, the fluid flow is only constrained by the sphere itself. This
provides an inherent understanding of the relationship between fluid and sphere masses that governs
the rebound mitigation and momentum transfer. Analyzing the energy lost to the fluid leads to
several conclusions. The greatest amount of energy lost to the fluid inside the sphere occurs in a
neighborhood of a 30% fill volume. The moment of the second impact, resulting in cavity collapse
and jet formation, contributes most directly to this transfer, which is independent of viscosity, despite
the changes in the jet formation structure observed in Fig. 4. Increasing the total energy of the system
by raising the initial drop height does not necessarily lead to greater energy transfer. A change in
material properties, from urethane to acrylic, does not affect the mechanism of energy transfer
although the specific fluid responses differ. Foremost, the mechanism of energy transfer from the
sphere to the fluid is a decoupling of the two masses and is only effective in the presence of a free
surface.

This passive removal of energy from a moving component is a potentially cost effective method
for stabilizing systems. In particular, for systems engaged in the interaction with fluids—where
the motion of an object and the fluid are coupled—this method of stabilization could benefit the
system’s designed purposes. Obviously, sloshing and jet formation on a large scale can damage and
incapacitate mechanisms and containers. > However, harnessing sloshing as a passive dampener is
potentially advantageous on a small scale. The application of this study to larger systems could be

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404



405

406

407

408

409

410

411

412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

000000-17 Killian, Klaus, and Truscott Phys. Fluids 24, 000000 (2012)

achieved by combining several small dampeners to effectively mitigate larger motions and is the
subject of future work.

ACKNOWLEDGMENTS

We would like to thank BYU ORCA for funding T.K. and R.K. throughout this project. T.K.
acknowledges National Science Foundation (NSF) Grant No. 0639328 for funding the BYU IMPACT
program which provided him the opportunity to take part in this work. We would like to thank Kyle
Bodily for performing many of the experiments.

K. Modaressi-Tehrani, S. Rakheja, and R. Sedaghati, “Analysis of the overturning moment caused by transient liquid slosh
inside a partly filled moving tank,” J. Automob. Eng. 220(3), 289-301 (2006).

20. A. Faltinsen and O. F. Rognebakke, “Sloshing in rectangular tanks and interaction with ship motions,” Ph.D. dissertation
(Norwegian University of Science and Technology, 2002).

3N. Kobayashi and Y. Koyama, “Semi-active sloshing suppression control of liquid in vessel with bulkhead,” J. Pressure
Vessel Technol. 132(5), 051301-051308 (2010).

4Y. Kim, “Coupled analysis of ship motions and sloshing flows,” in Proceedings of the International Workshop on Water
Waves and Floating Bodies (IWWWFB) (1, 2001).

5 M. Toumi, M. Bouazara, and M. J. Richard, “Impact of liquid sloshing on the behaviour of vehicles carrying liquid cargo,”
Eur. J. Mech. A/Solids 28, 1026-1034 (2009).

60. M. Faltinsen and A. N. Timokha, Sloshing in Marine- and Land-Based Applications (Cambridge University Press,
2009).

7X. Deng and M. J. Tait, “Equivalent mechanical models of tuned liquid dampers with different tank geometries,” Can. J.
Civ. Eng. 35(10), 1088—1101 (2008).

8P, Warnitchai and T. Pinkaew, “Modelling of liquid sloshing in rectangular tanks with flow-dampening devices,” Eng.
Struct. 20(7), 593-600 (1998).

9C. Quinn and F. Sports, “Street hockey ball,” U.S. patent 6,645,098 (I November 2003).

104 M. Worthington, A Study of Splashes (Longmans, Green, 1908); reprinted (Macmillian, New York, 1963).

I A. Antkowiak, N. Bremond, S. Le Dizés, and E. Villermaux, “Short-term dynamics of a density interface following an
impact,” J. Fluid Mech. 577, 241-250 (2008).

12S. Gekle, J. M. Gordillo, D. van der Meer, and D. Lohse, “High-speed jet formation after solid object impact,” Phys. Rev.
Lett. 102(034502), 4 (2009).

13S. Gekle and J. M. Gordillo, “Generation and breakup of Worthington jets after cavity collapse. Part 1. Jet formation,” J.
Fluid Mech. 663, 293-330 (2010).

145 T. Thoroddsen and A. Q. Shen, “Granular jets,” Phys. Fluids 13(1), 4-6 (2001).

5p, Lohse, R. Bergmann, R. Mikkelsen, C. Zeilstra, D. van der Meer, M. Versluis, K. van der Weele, M. van der Hoef, and
H. Kuipers, “Impact on soft sand: Void collapse and jet formation,” Phys. Rev. Lett. 93(19), 4 (2004).

16R. Bergmann, “Impact on sand and water,” Ph.D. dissertation (University of Twente, 2007).

17T, T. Truscott, “Cavity dynamics of water entry for spheres and ballistic projectiles,” Ph.D. dissertation (Massachusetts
Institute of Technology, 2009).

18C. J. Weiland, “Characteristics of the high speed gas-liquid interface,” Ph.D. dissertation (Virginia Polytechnic Institute
and State University, 2009).

19T, Gilet and J. W. M. Bush, “The fluid trampoline: Droplets bouncing on a soap film,” J. Fluid Mech. 625, 167-203 (2009).

Q3

Q4

Q5
Q6


http://dx.doi.org/10.1243/09544070D01705
http://dx.doi.org/10.1115/1.4001194
http://dx.doi.org/10.1115/1.4001194
http://dx.doi.org/10.1016/j.euromechsol.2009.04.004
http://dx.doi.org/10.1139/L08-044
http://dx.doi.org/10.1139/L08-044
http://dx.doi.org/10.1016/S0141-0296(97)00068-0
http://dx.doi.org/10.1016/S0141-0296(97)00068-0
http://dx.doi.org/10.1017/S0022112007005058
http://dx.doi.org/10.1103/PhysRevLett.102.034502
http://dx.doi.org/10.1103/PhysRevLett.102.034502
http://dx.doi.org/10.1017/S0022112010003526
http://dx.doi.org/10.1017/S0022112010003526
http://dx.doi.org/10.1063/1.1328359
http://dx.doi.org/10.1103/PhysRevLett.93.198003
http://dx.doi.org/10.1017/S0022112008005442

