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Certain spatial distributions of water inside partially filled containers can significantly reduce the bounce
of the container. In experiments with containers filled to a volume fraction ϕ, we show that rotation offers
control and high efficiency in setting such distributions and, consequently, in altering bounce markedly.
High-speed imaging evidences the physics of the phenomenon and reveals a rich sequence of fluid-
dynamics processes, which we translate into a model that captures our overall experimental findings.
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The impact of elastic containers partially filled with
liquids radically differs from the impact of both elastic
solids and unconstrained liquids. During impact, elastic
solids deform, but their shape recovers almost unaffected
after detachment [1]. As a consequence, elastic solids
display big bounces and almost perfect elastic collisions.
Unconstrained liquids otherwise undergo large and
irreversible deformations during impact. Liquids rarely
bounce [2–4]; instead, they spread on the impact zone
and form lamellae, fingers, or jets [2,5,6]. As this happens,
they exert signature contact forces [4,7–9] in a process that
could be labeled as perfectly inelastic. Containers partially
filled with liquids behave uniquely. Although there is
available space for spreading, redistribution remains
bounded by walls allowing momentum transfer between
the liquid and the container. The whole system dynamics
and outcome after impact are no longer easy to predict [10].
An early study on the impact of open, cylindrical

containers partially filled with liquid [11] revealed the
ubiquity of focused central liquid jets after impact. The jet
intensity has been shown to depend on the shape of the
liquid surface just before the impact [12]. After contact, the
jet naturally carries away part of the container’s momentum
and energy. This interaction creates strange bouncing
patterns of the whole system, as those experienced
by partially filled spheres [13]. When studying the whole

system dynamics, it is useful to introduce the restitution
coefficient e ¼ jvþ=v−j, where v− is the container
velocity prior to impact and vþ the one after [1,14–16].
For spheres [13], the authors found that e strongly depends
both on the state of the liquid surface (whether it was
perturbed out of equilibrium or not, prior to impact) and
on the sphere filling volume fraction. On the other hand,

(b)

(a)

(c)

FIG. 1. Impact of partially filled containers. (a) Sequence of
images for a container dropped with a quiescent fluid inside.
(b) Sequence when the container is rotated at frequency
Ω ¼ 12 rev=s before release. (c) Trajectories for the lowest point
of the container for the same time interval as panels (a) and (b).
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e barely depends on the fluid or container’s physical
properties. The mechanism contrasts with those observed
in containers partially filled with grains, where bounce can
be suppressed if the container is properly filled due to the
highly dissipative nature of collisions [15]. It should be
noted that no control of the bouncing containers has ever
been documented for liquid-filled containers.
This letter aims to present a simple fluid-mechanical way

to tune the restitution coefficient for partially filled contain-
ers employing a preset motion. The combination of
available volume within the container, and an imposed
rotation before the release, creates fluid distributions prior
to the impact that tune the bounce in exceptional ways.
Figure 1 summarizes our findings by comparing a container
dropped with a quiescent fluid inside [Fig. 1(a)]
with another one dropped after setting a strong rotation
[Fig. 1(b)]. The bounce in the rotating case is largely
attenuated, compared with the quiescent fluid counterpart,
as shown by the z vs t curves in Fig. 1(c). Surprisingly,
increasing the total energy injected into the system via
rotational kinetic energy reduces the container bounce.
To quantify the restitution coefficient e, we performed

experiments with containers partially filled with water that
impact a target after falling a heightH. We used two control
parameters: the container’s initial rotational frequency Ω
and its filling volume fraction ϕ. The initial rotational
frequency provides an easy and effective way to control the
water distribution before the impact. As we present in
Fig. 2, container rotation is achieved via a stepper motor
(Parker HV223) that transmits motion to the container axis
through an arrangement of gears and belts. We established a
protocol of a gradual rotation increase followed by an
abrupt stop, after which we released the container using an
electromagnet and a relay. While falling, the container
activated a photogate that triggers the image acquisition.
We used a Phantom 410S high-speed camera, running at

2000 fps. After an impact event, a tailored hoist lifts
the container until it reaches the electromagnet again,
resetting a new cycle of the experiment. The whole process
(both control and acquisition) runs autonomously using
MATLAB® codes. From images as those presented in Fig. 1,
we determine the container velocity before (v−) and after
impact (vþ), obtaining the restitution coefficient e.
The container is a cylindrical PET bottle (60-mm∅ and

h ¼ 18-cm height), with an elastic half-sphere (57-mm∅)
glued to its bottom with the purpose of maximizing bounce,
thus highlighting the liquid influence. The bottle is sealed
with a specially devised magnetic cap that sticks to
the electromagnet and allows mechanical coupling with
the rotation system through a bearing and a crown gear (see
Fig. 2). The bottle has a total mass of mb ¼ 584 gr, an
available volume of Vb ¼ 538 cm3 and can be filled with
tap water with masses going from zero to 528 gr (ϕ ¼ 1).
The bottle is released from a fixed height of H ¼ 73.4 cm,
reaching impact velocities around 380 cm=s when hitting
the target.
To quantify the water-damping effect on the container in

terms of Ω and ϕ, we use the restitution coefficient e.
Figure 3(a) shows its dependence on Ω for various fixed
filling volume fractions ϕ, represented by different colors.
Each data point represents the mean value of at least five
realizations, while error bars were obtained from standard
deviations. Two control cases are presented as dotted lines:
an empty (ϕ ¼ 0) and brimful bottle (ϕ ¼ 1), for which
no significant motion inside the container is possible.

FIG. 2. The experimental setup consists of a system for bottle
rotation and release, video sequencing of impact, and a hoist for
relocating the bottle and resuming measurements. The disconti-
nuity indicates that the release height is much larger than shown.
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FIG. 3. Restitution coefficient quantifying the water-damping
effect. (a) Dependence of the restitution coefficient as a function
of the bottle rotation Ω before release. (b) Dependence of the
restitution coefficient as a function of the bottle filling volume
fraction ϕ.
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As expected,Ω barely affects the motion in these cases. For
ϕ ¼ 1, plastic deformations on the container walls result in
a different source of bounce attenuation and a change of
trend. Interestingly, for intermediate filling volume frac-
tion, e substantially drops as Ω increases. Impacts with
large liquid volumes (ϕ≳ 0.8) also display a monotonic
reduction of their restitution coefficient e but to a lesser
degree. For lower filling volume fraction ϕ (up to 0.33),
measurements show some increment of e above a minimal
optimal value Ωmin. The trends of the set of measurements
suggest that all the curves reach a plateau at some large Ω.
Experimental data thus supports that controllingΩ can tune
the overall restitution coefficient of the system.
The results moreover indicate that the control range of Ω

on the restitution coefficient e depends strongly on the
filling volume fraction ϕ. This is further evidenced when
plotting e as a function of the filling fraction at fixed Ω, as
shown in Fig. 3(b). A minimum e at some given ϕ is always
observed, and in most cases at values between 0.2 and 0.4,
which means that the optimal water-damping requires a
significant proportion of available volume inside the con-
tainer. These results are close to those of Killian, Klaus, and
Truscott, who suggested an optimal filling volume fraction
of approximately 30% for partially filled spheres under
successive rebounce [13].
To deepen into the physical mechanism of the

bounce reduction, we analyzed the high-speed video
sequences [17]. We start by comparing the fluid motion of
the experiments of Fig. 1. When there is no rotation
[Fig. 1(a)], the water stays settled at the bottom of the bottle
while freely falling. During the impact, a weak bump
emerges on the surface. The bump develops into a low-
speed jet only later. The course is similar to those in impacts
with filled open containers [11,12]. In contrast, water
dynamics is anomalously richer when the container rotates
before the release [Fig. 1(b)].We describe the main stages of
this process in the comoving frame of reference, as depicted
in Fig. 4: (i) before the release (t ¼ t−r ), the water inside the
bottle is at a steady rotational state, and its free surface
reshapes as the expected paraboloid. This shape is the well-
known result of an equilibrium between gravity and internal
fluid forces transmitted from the bottlewalls and bottom due
to rotation. (ii) Right after the release (t ¼ t−r ), water loses
thevertical support from the bottle and falls. In the comoving
frame of reference, water stops experiencing gravity. As a
result, it starts to climb up on the container walls solely
propelled by its inertia, mainly due to tangential velocity. In
the comoving frame, the climbing motion can be attributed
to the action of the fictitious centrifugal force [see also
Fig. 4(b)]. The waterfront spreads upward with a velocity
that depends on the rotation. Therefore, how much water
covers thewalls right before the impact (t ¼ 0−) depends on
how fast it rotates, the bottle fall time, and the filling volume
fraction. (iii) During the contact (t ¼ 0þ), while the elastic
sphere compresses, the water descends rapidly on the walls.

A central jet emerges nourished by the incoming water from
thewalls and focused on the axis, and as a result, an effective
force is exerted downward on the bottom of the bottle [see
also Fig. 4(c)]. Thus, the bounce after the impact depends
dramatically on howmuchwater is available to descend, and
hence e depends on the initial rotational frequency. Also, the
jet is much faster than in the Ω ¼ 0 case and much thicker
because of the large centrifugal force due to the angular
momentum transferred from the water rotating originally on
the wall. (iv) Later during the bounce-off (t ¼ t−j ), the
head of the central jet hits the container cap. A fast turbulent
destabilizing front propagates downward along the
jet, triggering a fragmentation of the column (t ¼ tþj ).
(v) Shortly after (t ¼ tb), the breakup has propagated to
the entire flow, leaving large regions of drops and bubbly
blobs that fully block the transmitted light. Note that the
experimental follow-up of the dynamics of this multiphasic
stage is overly challenging beyond this point.
The rich series of events the rotating liquid undergoes

inside the container undoubtedly connects with the reported
bounce weakening. A thumb rule is that the central jet
carries momentum away. But to what extent? How does
rotation itself specifically come into play? What about
volume fraction? Does container geometry matter? A
precise answer to these questions requires coupling the
Navier-Stokes equation for the liquid and the Navier-
Cauchy’s for the elastic container as an impulsive force

(b)

(c)

(a)

FIG. 4. Fluid dynamical processes reducing bottle bounce.
(a) Four main stages summarize the motion: forced rotation,
free fall, impact, and bounce-off. Experimental examples are
presented in (b) and (c) as image sequences equally spaced in
time and shown in the bottle reference frame. (b) Climbing front
during free fall from t−r to almost t ¼ 0−, spanning 375 ms.
(c) Impact and bounce-off in a single sequence going from t ¼ 0þ
to tb in 37 ms. The white bar in panel (c) indicates the bottle
diameter of 60 mm.
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acts on the system. Even numerical simulations of this
fluid-structure interaction problem will be overly demand-
ing. For these reasons, we instead provide a collision model
that successfully captures the key overall outcome of the
impacts under study based on physical principles.
To analyze the bottle dynamics and model the impact, we

first write the equation of motion in dimensionless form for
its vertical position zðtÞ by considering all the relevant
forces:

̈z ¼ ΠefeðzÞ − Πdfdðz; _zÞ − Πlflðz; _z; tÞ; ð1Þ

where Πe measures the nonlinear elastic restitution of the
bottom, and Πd is a dissipation coefficient that considers
energy losses due to contact and deformation. The force
between the half-sphere and the rigid bottle is given by a
contact law feðzÞ ¼ jzj2Θð−zÞ, where Θ is the Heaviside
function, which properly imposes the contact restraint. The
viscoelastic dissipation during the half-sphere compression
is modeled by a nonlinear force fdðz; _zÞ ¼ _zjzj [14], which
relates to inelastic bounce, i.e., e < 1, occurring even when
the container is empty. Finally, gravity has been neglected
as its effect is markedly weak during the short time of
contact. Formulas and justifications of the terms can be
found in the Supplemental Material [17]. The last term in
Eq. (1) is the key one as it accounts for the fluid forces.
Πl ≡ ρVb=mb is an effective mass ratio that compares the
mass distribution between liquid and nonliquid parts. The
analysis of impact dynamics can be simplified by consid-
ering the following hypothesis: just before the impact, the
fluid of density ρ rotates at frequency Ω, and is uniformly
distributed on the bottle wall, i.e., in a cylindrical shell with
inner and outer radii r1 and r2, and height equal to the full
bottle span. This picture is well supported by the exper-
imental evidence of Figs. 4(b) and 4(c).
To find an expression for fl, i.e., the fluid force exerted

on the bottle, we wrote the mass and angular momentum
conservation laws assuming an elastic interaction between
the bottle and the finite amount of available fluid.
During impact, the infinitesimal rotating fluid parcels form
a rotating focused jet as they collide with the bottom. The
full details are shown in the Supplemental Material [17].
Considering that the work rate done on the fluid equals the
rate of change of its kinetic energy, we obtain

flðz; _z; tÞ ¼ ϕ ·

" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ξ

ϕ

�
2

ð1−ϕÞ þ
�
½1þ _z�2 þ ξ

2

�
2

s

−
�
ξ

ϕ

�
þ
�
½1þ _z�2 þ ξ

2

�#
·Θð1− z− tÞ; ð2Þ

where ξ is the ratio between the rotational and translational
kinetic energies before impact, and the Heaviside function
Θ accounts for the finite amount of fluid available on the

walls. Equation (2) shows the explicit fluid-force depend-
ence on the initial conditions, the filling volume fraction,
and the ongoing speed of the container as it hits the target.
We numerically solved Eq. (1) for different values of ϕ

and Ω and obtained z vs t curves similar to those shown in
Fig. 1(c). We also computed the restitution coefficient e
from the _z values after the bounce. The solid curve in Fig. 5
shows the outcome from the numerical analysis of our
model, where Πd and Πe are fitted parameters. Our model
captures the experiment’s overall qualitative and quantita-
tive features, including the emergence of an optimal value
for bounce reduction.
To summarize, we show that fluid dynamics can sig-

nificantly reduce the bounce of a partially filled container.
We demonstrated this by performing a simple set of
experiments: partially filled cylindrical containers set into
rotation at frequency Ω and at a given filling volume
fraction ϕ were released from a fixed height onto a solid
target. We study the container bounce via the restitution
coefficient e and found large systematic reductions of it.
Moreover, we identify optimal values of ϕ and Ω for
bounce minimization.
The key to understanding the phenomenon is the

momentum transfer due to the redistribution of water
during impact. After the release of the container, the water
set into rotation climbs the walls and redistributes into a
cylindrical shell. When the impact occurs, water rapidly
focuses into a central jet and gains upward momentum.
This transfer generates the decisive stomping force on the
container responsible for the great reduction of the bounce.
Further experiments using 10 000 times more viscous fluid
contradict the naive expectation that more dissipative
liquids damp bouncing more efficiently. Instead, viscosity
delays the dynamics and avoids the referred fluid’s redis-
tribution, revealed to be fitter for bounce reduction. Finally,

FIG. 5. Comparison between experimental data and the model.
We used Πl ¼ 0.982, ΠΩ ¼ 0.525, Πe ¼ 27, and Πd ¼ 0.0583
for the model, and experimental data for the largest Ω explored,
where the modeling hypotheses are fulfilled. The last data point
drop is due to container plastic deformations occurring during
impact.
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we put the described momentum-transfer mechanism under
test into a collision model, which reproduces the main
features of bounce reduction.
Our approach focused on presenting the experimental

results of the bounce reduction justifies a framework based
on general physics principles for characterization and
modeling. However, rich and complex fluid-dynamic
processes arise before, during, and after the impact (see
Fig. 4 and videos in [17]) that deserve further consideration
and analysis. For instance, impact can produce very fast and
thick impulsive jets that carry controllable linear and
angular momentum. Also, the fluid breakup is produced
not only at jet impact but also during a high-shear stage
when the thick jet travels upward. Indeed, our experiment
has been shown to be remarkably efficient to induce fast
flow disintegration of large volumes of liquids in closed
containers.
The bounce-reduction mechanism this Letter is about

could occur in a broad range of hydrodynamical settings
involving fluid transport in containers such as tank trucks,
shuttle tanks, and external space fuel tanks. Devising
mechanisms that store water far from potential impact
zones and leaving space for the fluid to move gradually
could be exceptionally efficient in reducing shock and
bouncebacks during impacts. In closing, although ours is a
well-controlled experiment, the phenomenon we observed
is so robust that it can be readily demonstrated at home by
swirling and dropping a partially filled bottle, which we
encourage the reader to try.
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