
The Fluid-Structure Interaction (FSI) is
one of the most popular topics in the

computational mechanics.  It covers a
wide range of phenomena of scientific
and engineering fields such as vehicle,
medicine, civil engineering and construc-
tion, agriculture, forestry, disaster preven-
tion, music, sports, etc.  The vibration of
structure caused by the Kármán's vortex
street has been studied for many years,
which is a locking phenomenon caused
by the vortex street behind a spherical
cylinder [1]. The FSI study has con-
tributed to the sport engineering: the
improvement of the movement form of
swimmer [2-3].  Regarding the sound of

musical instruments, the vibration of a
musical instrument and the circumference
air and the pronunciation mechanism of
an air lead of pipe organ or flute have
been studied [4-6].  

The vortex and the exfoliation occur when
a solid or structure moves in fluid, which
often result in the destruction, the noise,
the stall of an airplane or the drag of a 
vehicle, and the various studies have
been performed: the effect by the surface
unevenness such as a turbulator, a vortex
generator, a tripping-wire, a riblet of wing,
and dimples of golf ball [7], the drag re-
duction of ship by the micro bubble [8], 
the effect of deformation by an elastic
body [9], the relation of vortex and 
vibration [10], etc.

It is well known that the surface condition,
the roughness of surface or the uneven
shape of the solid surface gives some 
influence on the flow fields and the move-
ment of the solid as seen in the case of
the dimple of a golf ball [11].  In the most
of the FSI studies, however, the wall of 
the solid or the structures is assumed to
be as non-slip condition in numerical 
simulation. It is not a realistic assumption.
For example, creatures living in water
such as fish and amphibians have a slimy
mucus skin, whose principal ingredient 
is a hydrogel known as mucin [12].  
Furthermore, since the inner wall of the 
digestive organs or the blood vessel has 
a slippery surface, it seems important to
take the characteristics of such slippery
surface into consideration in numerical
simulation.

Experimental observation of the splash 
of a ball, which plunged into water was
performed by Worthington [13], Figure1.
He studied the influence of the state of 
the surface of a ball on the splash. With
the dry smooth ball, the size of the splash
became small.  With the ball made coarse
with the sandpaper or the wet ball, it 
became a big crown-like splash.  It shows
that, in the dive game of swimming, since
splash will become large if a swimmer
jumps into water pool without wiping the
body well or with swimming suit wet, the
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Figure 1: 
Observation of the splash

by a ball [13]

“ ... in the dive ... 
it is important to
jump into water 

pool after a 
swimmer wipes 

body well 
in order to 

get the high score.”
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where τ is the wall shear stress under 
the no-slip condition and τ’ that under 
the slippery condition.  The wall shear
stresses are obtained experimentally 
from the flow velocity near the wall as 

(2)

where μ is the kinematic viscosity and 
u the flow velocity.  Figure 4 shows the 
experimental relations between the
swelling ratio S and the slip ratio α for 
the agar-gel and the carrageenan-gel, 
respectively, where the swelling ratio S
is defined as follows [15],

(3)

where mwater is the mass of the water and
mgel that of the solid-gel.  S increases with
the amount of the water contained in the
solid-gel. 

score becomes disadvantageous.  Thus, 
it is important to jump into water pool after
a swimmer wipes body well in order to get
the high score.

The experimental results by a high-speed
camera of a splash formed by a sphere
impinging on water surface are shown in
Fig. 2 [14], comparing the primary splash
formed by a hydrogel sphere (Fig. 2A)
with that by an acrylic sphere (Fig. 2B),
where the primary splash means the
splash, which rises right after an object
plunging.  The primary splash formed by
the hydrogel sphere is a kind of the
crown-type.  On the other hand, the
acrylic sphere creates the column type 
primary splash.  The splashes are 
considered to be formed by the dynamics
of the film-flow [14], which is a thin 
water flow around a sphere surface and
generated immediately after the sphere
impacts the water surface.  The difference
between the formation processes of 
Figures 2A & 2B is due to the existence 
of the film on the sphere surface.  When
the film is little seen on the surface, 
a crown-type splash is formed.  The
above difference of film separation is 
presumably caused by the increase in 
the film velocity according to the hy-
drophilic property of the solid wall and 
the attractive or repulsive force such as
the electrostatic force between the solid
wall and the water.  This experimental 
observation suggests that the numerical
simulation should take into consider- 
ation the various surface conditions or 
the interaction between the solid object
and the water. 

Let us discuss here how we can introduce
the influence of the slippery wall seen, for
example, in the case of the skin of a frog
into the calculation in a heuristic manner.
We take a diving sphere made of agar as
the hydrophilic material, which consists of
cross-linked structure by polymer called
agarose and plenty of water molecule 
between the polymer structures, which
makes the solid surface slippery.  
Figure 3 shows schematically the velocity
distributions of water flow near the 
surface of the acrylic-resin versus that of
the agar-gel, where δ is the height of the
water flow and u the velocity of the water.
The slip ratio α is defined as follows, 

(1)
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Figure 2: 
Comparison of splash 
patterns between 
hydrogel and acrylic resin
(radius of sphere=10mm,
impact velocity=2.21m/sec)

Figure 3: 
Schematic view of flow
profiles near no-slip wall
(acrylic resin) and slippery
wall (hydrogel) 
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Agar employed in this study is a kind of
hydrogel.  Figure 4 suggests that α can 
be expressed as

(4)

where β is a constant value estimated to
be 1.2×10-3 in the case of the agar.  It is
summarized that larger S naturally gives
more slip on the surface.  

The above relation is taken into consider-
ation in the vicinity of the solid wall in 
the viscous term of the Navier-Stokes
equation in a heuristic manner.  
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Since the shear force acting between 
the wall and the fluid is presumed to be 
directly related with the viscosity term of
the Navier-Stokes equation, we modify 
the discretized form of the viscosity term
[16] as follows,

(5) 
with

(6)

where i denotes the water particles 
near the hydro-gel wall and j the surface
particles of the hydro-gel wall.  Namely, 
α is set effective only near the hydrogel
wall, because the effect of the slip is 
important only near this area. 

The comparison of the MPS simulation 
result with S = 100 and the experimental
one is shown in Figure 5, where the 
radius of the sphere R is 10 mm and 
the sphere is dropped from the height 
h =50R in the both simulation and 
experiment.  The left hand side of 
Figure 5 show the simulation result (top)
and the snap-shot of the experiment 
(bottom) at t = 0.02 second after the
sphere touches the surface of the water,
respectively.  

On the other hand, the figurers in the right
hand side are those at t = 0.03 second.

Figure 4:
Experimental relationship between swelling degree S of

hydrogels and slip ratio α
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Figure 5:
Crown-type-splash of hydrogel 
(S = 100) by experiment 
and simulation, 
showing primary splash  
(t=0.02 sec) and air cavity 
(t=0.03 sec), respectively
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The first splash, which is observed just after the hydro-gel sphere is dropped
into water is called the primary splash.  It is noted that the patterns of the 
crown-type splash and the air cavity by the present simulation are very 
similar to the experimental ones and that the above crown-type form and 
the occurrence of the air cavity are not seen in the case of the acrylic resin
sphere. l
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