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Studies of solid impact with fluid surfaces have traditionally considered splashing in the context of
impactor shape and surface texture. However, it is not always possible to tune impactor properties for
desired splash characteristics. In this experimental study, smooth, hydrophilic, free-falling spheres
are allowed to impact a quiescent liquid surface for Weber numbers in the range of 400-1580. The
liquid surface is modified by the inclusion of a thin fabric upon which a falling sphere strikes and
penetrates at water entry. With respect to clean water, inclusion of a single layer of fabric on the surface
increases the Worthington jet height across all entry speeds tested. As the sphere penetrates, the fabric
is drawn inward, providing a fabric funnel through which a Worthington jet subsequently passes.
We show that the presence of fabric increases the drag at entry and enables air-entraining cavities
otherwise unattainable by hydrophilic spheres for the impact speeds tested. Such cavity formation is
made possible by alteration of the flow separation angle, analogous to greater values of the advancing

contact angle. Published by AIP Publishing. https://doi.org/10.1063/1.5036655

l. INTRODUCTION

Traditionally, splashing and splash reduction have been
investigated in the context of impactor shape, speed, and wet-
tability.>!3124 Such studies are applicable to military and
naval applications such as missile water entry, space vehicle
sea surface landing, and industrial processes.'®?! In this study,
we modify splashing characteristics without alteration of fluid
or impactor properties but by the placement of thin layers of
penetrable fabric upon the surface of a liquid pool.

Splash characteristics such as Worthington jets, air-
entraining cavities, and radial splash crowns are dependent
on surface tension, impactor wettability, and velocity.>° The
variance of these parameters for a desired splash outcome has
been previously dubbed the “tuning of a splash.”!® Several
studies modified surface tension and viscosity and showed that
the jet height decreases with increasing viscosity, whereas the
jet diameter is linearly proportional to the viscosity.>!17-19
The splash height may also be tuned by changing the fluid
depth, thereby influencing the amount of interaction of a
collapsing cavity with the floor of a container.!” When the
impactor is a liquid droplet, the splash height reaches a maxi-
mum when the pool depth is roughly 2x the droplet diameter
but attenuated when a sponge is affixed to the floor of the
liquid pool.’ Cavity pinch-off is delayed, and its shape is
distorted by wall effects.!> Pools deeper than cavities can be
considered infinitely deep with respect to influencing splash
mechanics. Here, we explore an alternate method for tun-
ing a splash by altering fluid surface conditions in a deep
pool.

Splash cavities have been extensively studied in the
context of impactor shape,'® wettability,” dynamics,>2%-2%23
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cavity shape,?* and pinch-off location. The formation of
an air-entraining cavity behind a solid impacting a lig-
uid pool is greatly dependent on the hydrophobicity of the
impactor.>*!%25 Hydrophobic impactors repel water upon
entry to create cavities at lower speeds than their hydrophilic
counterparts. Water entry of hydrophilic spheres [Fig. 1(a)] at
entry velocities U £ 8 m/s shows minimal displacement of the
fluid and no cavity formation.>° In this study, we consider the
effect of a thin, penetrable fabric sitting atop a water surface
on cavity formation.

Cavity forming splashes from spherical impactors typi-
cally include a well-developed dome rising above the surface
whose periphery contains small jets that form an axisymmet-
ric film.*1%1L19 This splash crown grows prior to the devel-
opment of the primary jet due to the “under-pressure” and
airflow behind the impactor. The maximum height attained
by the splash crown is driven by inertial forces for Weber
numbers We = pU?D/o > 1, where p is the density of the
fluid, D is the sphere diameter, and o = 72 dyn/cm is the
surface tension.” In our observations, the presence of a thin
penetrable fabric inhibits the ascension of a typical splash
crown.

This paper provides the first documented application of a
thin penetrable fabric atop a deep liquid pool to alter splash
characteristics of vertically impacting hydrophilic spheres.
Splashing sequences with clean water using hydrophilic and
hydrophobic spheres can be seen in Figs. 1(a) and 1(b),
respectively. A cavity-forming impact induced by one layer
of penetrable fabric can be seen in Fig. 1(c). Four layers of
fabric are impenetrable by the impacting sphere in Fig. 1(d),
producing no Worthington jet. In Sec. II, we present our
experimental methods for impactor release and splash visu-
alization. In Sec. III, we present results and theoretical con-
siderations for the splash height, separation angle, and cavity

Published by AIP Publishing.
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measurements for impacts in the range of Reynolds numbers
Re = pDU/u = 17000-54 000 and We = 400-1580, where
1 =8.90 x 107 Pa s is the dynamic viscosity of water. These
values are controlled by varying drop height 4 = 11-24 cm. In
Sec. IV, we discuss the implications of this work and provide
avenues for future research. In Sec. V, we draw conclusions
from our results.

Il. METHODS
A. Impact experiments

We conduct impact experiments using a 20 x 20 cm?
aquarium and four smooth Delrin spheres of masses 2.07,
4.90, 7.68, and 11.51 g and diameters of 1.43, 1.90, 2.20, and
2.54 cm, respectively. The contact angles of water on Del-
rin, both equilibrium 6, = 78° and advancing 6, = 105°, are
measured photographically, using a syringe to deposit water
onto the sphere’s surface. The release mechanism consists of
a hinged platform suspended over the liquid pool [Fig. 2(a)].
Elastic bands rapidly retract the platform such that the spheres’
motion is purely vertical and irrotational and generates an
impact velocity of U = JLTh, where g = 9.81 m/s? is the
acceleration due to gravity. We clean and dry spheres with
99% isopropyl alcohol before each trial to preclude the influ-
ence of impurities and retrieve spheres from the pool with a
sterile scoop.

For surface alteration, we use Georgia Pacific Compact
coreless toilet paper with a compressed thickness of ~80 yum

Axisymmetric Worthington Jet

159 ms
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FIG. 1. Qualitative comparison of (a)
hydrophilic and (b) hydrophobic sphere
impacts on an unaltered surface. Pen-
etrable, non-woven fabric alters entry
dynamics of impacting hydrophilic
spheres as seen by the inclusion of (c)
one layer and (d) four layers of fab-
ric. Spheres have an impact velocity of
U=22m/s.

121 ms

Amorphous Worthington Jet

166 ms

and comprised of chopped fibers 11 um in diameter, shown
in the SEM image of Fig. 2(b). We gently rest square plies
(0 =0.355 g/cm?, dry) atop the water such that the impacting
sphere will strike the approximate center of the ply. The paper
experiences volumetric absorption of water to remain neutrally
buoyant during trials, and does not dissolve, breakup, or oth-
erwise soil the water. Each drop condition is repeated at least
5 times to reduce the influence of experimental inconsisten-
cies and water absorbed by the fabric replenished before each
trial. The entire volume of the bath is replaced at least once
daily.

We film impacts with a Photron Mini AX-100 high speed
camera at 1000 fps using a 55 mm Nikkor lens [Fig. 2(a)]. In
select trials, a Photron Mini UX-100 is added to the experiment
to provide a top-down view of impacts on the fabric. We extract
kinematic and geometric measurements from videos using
Tracker, an open source analysis software. When reporting
splash height H,x, we consider the tallest point of the coher-
ent Worthington jet and not satellite droplets, as demonstrated
in Figs. 2(c) and 2(d).

lll. RESULTS

We impact a thin penetrable fabric atop the surface of a
deep pool of water with four hydrophilic spheres from various
heights and compare changes in the splashing dynamics with
respect to an unaltered, clean surface. Spheres strike the center
of a 10.5 x 10.5 cm? and tear through the fabric at sufficiently
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high speeds. We observe that the presence of the fabric results
in changes to the splash height, cavity formation, and splash
Crown.

A. Jet height control by layered fabric

We begin by measuring splash heights for hydrophilic
spheres impacting clean water, as seen in Fig. 3(a). For the
range of We = 400-1580 tested, we observe that splashes are
on average amplified by the inclusion of a single ply, or layer,
of fabric onto the splash domain and amplified by the inclusion
of a double-layer of paper for We > 800. With three and four
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FIG. 2. (a) Experimental setup show-
ing the Photron Mini AX-100 (Camera
1) for front views and the Photron Mini
UX-100 (Camera 2) for overhead views.
(b) SEM image of the non-woven fibers
comprising the fabric used in experi-
ments. Fibers have a width of approx-
imately 11 um. Impact outcomes for
We =716 on (c) an unaltered surface and
(d) a surface with a single layer of non-
woven fabric, where the fabric is drawn
upward by the protruding jet.

layers, the sphere does not penetrate the fabric for We < 1100
and We < 1500, respectively, and results in slower entry and
no Worthington jet, represented by the points lying on the axis
in Fig. 3(a). A plot of H /D vs. We is included in Fig. S1 of
the supplementary material.

A pictorial comparison of the Worthington jet resulting
from 0- and 1-ply of fabric for We = 716 is shown in Figs. 2(c)
and 2(d). As expected with no fabric present, the hydrophilic
Delrin sphere produces an axisymmetric Worthington jet and
no cavity (Movie S1 of the supplementary material). With the
inclusion of fabric, an air-entraining cavity follows the sphere,

FIG. 3. (a) Worthington jet height
H o versus Weber number We. The
number preceding “ply” denotes the lay-
ers of fabric. The presence of fabric cre-
ates greater jet heights for We sufficient
to penetrate the fabric plies. (b) Time-
sequence of a 2.54 cm sphere impact
from an overhead view for We = 1580.
(c) Worthington jet height Hyax versus
sphere release height 4. Filled symbols
denote impacts onto clean water, while
open symbols denote impacts onto 1-ply
of fabric. Linear fits are applied to clean
water impacts only with R = 0.931
(2.54 cm linear fit), 0.9984 (2.20 cm lin-
ear fit), 0.766 (1.90 cm linear fit), and
0.995 (1.43 cm linear fit). The presence
of fabric disrupts a linear progression
of splash height, with R? < 0.65 for all
spheres.
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so long as the sphere penetrates the fabric (Movie S2 of the
supplementary material). As the cavity retracts, the jet propa-
gates through the hole torn in the fabric by the passing sphere,
as seen in Figs. 2(d) and 3(b), resulting in amorphous jets
(Movie S3 of the supplementary material) that are narrower
for higher numbers of fabric plies. In some cases, this action
results in greater jet heights, as evidenced by the rightmost
points of Fig. 3(a).

As seen in Fig. 3(a), splash height increases with We.
For the range of Re = 17000-54 000 tested, inertial effects
dominate viscous effects for impacts in the absence of fabric. In
the limit of an inviscid fluid, the kinetic energy of the impacting
sphere Ey s = psVsgh will be converted to potential energy of
the jet Epj = pgViHmax, Where pg and Vs are the density and
volume of the sphere, respectively, and V; is the volume of the
jet. Accordingly,

0sVsgh ~ pVigHmax. (D

Phys. Fluids 30, 082109 (2018)

Although not tested, we expect that V;j ~ V. When a
hydrophilic sphere strikes the fluid, an ascension film spans the
diameter, as seen in Fig. 1(a). With this assumption and noting
that ps/p = constant in our experiments, Eq. (1) becomes

Hmax ~ h. (2)

The linear relationship predicted by Eq. (2) is confirmed by
the filled points in Fig. 3(c) for impacts onto clean water. We
find disruption of this linear trend by the addition of fabric.

B. Artificial increase in water repellency

The application of the thin fabric atop the water surface
not only amplifies the jet height with respect to hydrophilic
impactors on clean water but also facilitates the formation
of an air-entraining cavity (Movie S4 of the supplementary
material). The fabric alters separation characteristics (angle ®
and location ¢), as defined in Fig. 4(a), due to prevention of
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FIG. 4. Diagrams depicting (a) the separation angle ®, separation location ¢, and impact wave height 8, and (b) cavity width A and depth « for a cone-shaped
quasi-static seal. @ is measured from the location of flow separation ¢, and 3 is measured from the free surface. The relation between the Weber number and the
(c) separation angle ©, (d) cavity depth «, (e) cavity width A, and (f) impact wave height 8. Properties are non-dimensionalized in terms of the sphere diameter,

D =2.20cm.
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the ascending film seen in Fig. 1(a) such that the water cannot
flow toward the top of the sphere. The resulting flow separa-
tion is characteristically similar to impactors that have greater
advancing contact angles,” ,, inducing separation through
hydrophobicity alone.

We vary the drop height and observe the punctured fabric
acting as a barrier between the sphere and fluid as subsur-
face cavities develop. An increase in this separation angle ®
from a low of 143°, We = 716, to a high of 151°, We = 1441,
can be seen in Fig. 4(c) using a sphere of fixed D = 2.20 cm
and 1-ply of fabric. The increase in ® with U indicates that the
impactor produces steeper cavity walls, overcoming the tensile
influences of the fabric with greater momentum values. Cav-
ities formed by this process are characterized as quasi-static
seals as pinch-off occurs at or near the sphere.'>* After about
60 ms, the sphere exits the cavity which retracts, leading to the
formation of the primary Worthington jet.

Across the range of experimental We, we find dimensions
of cavities created by a sphere of fixed D =2.20 cm and 1-ply of
fabric shows little variation. The non-dimensional cavity depth
«* = k/D increases by less than 8%, and the non-dimensional
cavity diameter A* = A/D increases by less than 15% with
increasing We, as seen in Figs. 4(d)-4(f). The existence of
an impact wave [Fig. 1(d)] is a result of the inhibition of a
splash crown by the fabric. We likewise measure little change
in the non-dimensional impact wave height 8* = B/D as We
increases. The weak dependence of the cavity size to U is
rationalized by noting that after the sphere ends contact with
the fabric, its hydrophilic nature prevails such that the sphere
is no longer able to propagate the cavity further. Therefore, we
posit that cavity properties are only a strong function of sphere
size. For an unaltered surface, a cavity forming impact must
exceed a critical velocity U, given by’

U. = {sa/,u if 6, < 90°

yolm—60,13/9uif 6, > 90°° 3

where & = 0.1 and = 7/30 are numerical pre-factors set to
match previous results.’ The solid curve in Fig. 5 represents the
value of U, for unaltered surface conditions and corresponds
to 8.1 m/s, We = 23763, for 6, < 90° and u = 0.89 cP. The
onset of cavity formation®?* for spherical impactors can be

61 Cavity formation J
— U,

|| © Sphere, 0-Ply,
O Sphere, 1-Ply

O L 1 1 1 1 1 L
0 20 40 60 80 100 120 140 160 180

0, (deg)

FIG. 5. Threshold velocity for cavity formation as a function of the advancing
contact angle. For impacts onto clean water, spheres can be found in the non-
cavity forming region. The introduction of fabric increases the separation
angle, comparable to increasing 6, thereby shifting impacts into the cavity-
forming region.
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accomplished by an increase in either 6, or u. For the case of
fabric placement onto the impact plane, we have an increase
in the separation angle, which has the same dynamical effects
as an increase in 8, which provokes cavity formation over the
range of U on test.

The circle in Fig. 5 shows the impacting Delrin sphere
firmly outside the cavity-forming region, consistent with our
experiments with O-ply. This sphere can be found inside the
cavity-forming region by conservatively setting 6, = © as
denoted by the square in Fig. 5, the result of impacting 1-ply
of fabric. We note that in trials with a hydrophobic sphere with
0, = 135° + 3° impacting clean water (0-ply), the separation
angleis ® = 168° + 1°, N =6.

C. Fabric increases drag force at fluid entry

The presence of penetrable fabric plies increases drag
force at entry. We determine the additional drag force from
the addition of fabric layers by tracking the position of a
2.54 cm diameter sphere released from 24 cm as it impacts
the liquid/fabric interface, as seen in Fig. 6(a). A force bal-
ance for a sphere of mass m falling vertically into a quiescent
liquid bath is given by

(m+my)a =mg — Fy — Fy, “4)

where a is the acceleration of the sphere. The buoyant force
due to hydrostatic pressure Fy, = pg(l’r—zD3 + A(y)y), where y
is the coordinate into the fluid depth and A(y) is the wetted
area of the sphere entering the bath. This form of buoyant
force follows conventions established in previous work?> and
assumes that the cavity adjoins the equator for simplicity. For
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FIG. 6. (a) Temporal tracks of the vertical position for impacting spheres with
0- to 4-layers of fabric atop the water. Trajectories are non-dimensionalized in
terms of the sphere diameter, D =2.54 cm. (b) Relation between the coefficient
of drag C4 and the Reynolds number Re for impacting spheres with 0- to
4-layers of fabric atop the water. Addition of fabric increases drag on impacting
spheres.
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further simplification, we treat buoyant force as constant such
that
D? D«
Fb—Pg”(E'*TE), Q)
where we treat « = D according to Fig. 4(d). In our experiment
and model, we consider only the period of time the sphere
is interacting with the fabric and maintains an air-entraining
cavity. Drag force>*! is given by Fy = % pD*Cqu?, where
Cyq is the drag coefficient and u = u(t) is the time-varying
velocity. The effect of accelerating fluid by the falling sphere
is accounted for by the added mass m, = % pD3 Cm, Where
C,, = 0.5 is the added mass coefficient, treated as constant®23
across all cases. It is noteworthy that our model is not sensitive?
to the value of C,. Equation (4) can be rewritten as

5 1
m'a =mg — ﬂpgﬂD3 - gpﬂD2Cdu2, (6)

where m’ = m + m,. We transform Eq. (6) into a first order
non-linear differential equation. Accordingly,

du mg pgnD?(5 Ca ,

dt — m’ 8m’ (3D+ gu)' ™
We smooth position track data with a Savitzky-Golay filter!?
[Fig. 6(a)] to remove the effects of experimental error prior to
numerical differentiation. The resulting velocity curves, u(¢),
are again smoothed prior to a second and final numerical differ-
entiation, providing du/dt. Using Eq. (7), we solve for values
of Cq4, which are plotted against instantaneous Re in Fig. 6(b).
Greater numbers of fabric plies slow the sphere’s motion more
rapidly and result in greater values of Cgy.

The average values of Cyq = 0.14, 0.17, 0.26, 0.40, and
1.15 for O-, 1-, 2-, 3-, and 4-plies, respectively. By treating
Cq4 as constant throughout the duration of impact, we can
solve for an equivalent change in the sphere diameter Dy,
increasing form drag, which corresponds to each impact sce-
nario. We include a plot of a non-dimensionalized form drag
diameter D* = D;/D vs. instantaneous Re in Fig. S3 of the
supplementary material.

IV. DISCUSSION

Our study shows that vertical impacts by hydrophilic
spheres on a thin fabric placed atop a deep pool of water expe-
rience amplified jet heights and cavity formation, as compared
with pure water. In our observations, these behaviors exist only
when spheres penetrate the fabric. Those impacts which do not
penetrate fabric sit on the axis in Fig. 3(a) and do not achieve a
sufficient impact momentum to create a cavity. For these non-
penetrating impacts, the theoretical considerations discussed
in Sec. III B do not apply. We expect the reaction of spheres to
3- and 4-plies of fabric at We < 1500 is qualitatively similar
to using any thickness of woven fabric, which would maintain
its tensile integrity when wet.

When using fabric to allay splash-back, it is imperative
that falling objects are unable to puncture the fabric, either
by excessive layering or by sufficient tensile strength. Though
we made no attempt to customize the height of Worthington
jets, careful selection of fabric may enable tunable jet height

Phys. Fluids 30, 082109 (2018)

with this method. However, as evidenced by Fig. 3(c), it is
unknown how fabric properties affect splashing dynamics. We
rationalize disruption to our splash height scaling prediction
of Eq. (2) by the unpredictable nature of energy dissipation
imposed by fabric at impact. The spheres’ kinetic energy is
converted to tearing and mobilizing the fabric and creating a
cavity [Fig. 3(b)].

The ability to continue to draw inward after sphere passes
enables the narrowing of the Worthington jet. A sheet of fabric
which has a much greater area will possess sufficient inertia
to prohibit mobilization toward the puncture, while a sheet
approaching the diameter of the sphere will have insufficient
material to remain wider than A. In either case, we expect wider
jets. Likewise, in cases where a fluid surface coating is stiff
and cannot retract toward a puncture, if the surface is covered
by a thin sheet of ice, for example, we expect wider jets. The
sensitivity of jet characteristics to the fabric size and mobility
is therefore an area requiring further investigation.

Fabrics which are functionally impenetrable by impact-
ing spheres but impacted at higher We than reported in
Fig. 3(a) form cavities and splash, as seen in Movie S5 of the
supplementary material. In these cases, the falling sphere will
have sufficient momentum to fully submerge a fabric sheet. In
doing so, the edges of the sheet generate the most dominant
splashing feature. The properties of fabric and sphere for such
a transition from non-splashing to splashing are an avenue of
further study. In this study, we were not concerned with fabric
elasticity, which will likewise affect impact dynamics and fab-
ric puncture. Accordingly, the transition between a penetrated
and intact fabric, and how this transition is related to fabric
strength, elasticity, and sphere dynamics, is a topic of future
consideration.

Fabric sheets with pre-cut holes larger than the impact-
ing sphere allow passage as if not present, producing splash
characteristic to that seen in Fig. 1(a), so long as the sphere
does not contact any portion of the fabric at entry. We provide
an example in Movie S6 of the supplementary material with
a precut circle with diameter 3D/2. In this case, there is no
evident mobilization of the fabric. In the case where the precut
is smaller than the sphere diameter, interaction with the fabric
produces a cavity at entry, similar to the impact depicted in
Fig. 1(c). We provide an example of such an impact in Movie
S7 of the supplementary material, where the precut hole has
diameter D/2.

V. CONCLUSION

Here we have shown hydrophilic spheres impacting a thin
layer of penetrable fabric atop a water bath experience Wor-
thington jet height amplification and air-entraining cavities for
Weber numbers 400-1580 with respect to impacts on clean
water. We layer the fabric from 1- to 4-plies which creates
greater drag on spheres at entry and induces flow separation,
creating a cavity. Punctured fabric draws inward as an air-
entraining cavity is formed, providing a constricted opening
through which the protruding Worthington jet issues. With a
growing number of plies, spheres must impact at greater Weber
numbers to puncture the fabric. Those impacts that leave fab-
ric intact do not create cavities or Worthington jets and are
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effective at splash mitigation. The use of a single layer of
fabric, which is easily penetrated, allows hydrophilic spheres
to form cavities at minute entry velocities. Across the range
of entry velocities tested, separation angles for single layers
increase with increasing velocity, whereas cavity geometry
exhibits no strong correlation.

SUPPLEMENTARY MATERIAL

See supplementary material for 7 movies and a supple-
mentary document. The document contains descriptions of
the movies and additional plots for non-dimensionalized jet
height H /D vs. We, non-dimensionalized puncture area a*
vs. We, and non-dimensionalized form drag diameter D* vs.
instantaneous Re.
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