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Phenomena including multiphase flow are important in engineering, particularly in ocean engineering.
However, numerous phenomena have not been clarified yet. In particular, many issues associated with
numerical simulations for the interaction between multiphase flow and bodies still exist. In this study, we
performed large-scale numerical simulations of gas—liquid multiphase flow and body motions. In a
three-dimensional numerical analysis, we study the wave dissipation of lane ropes (connected floats), which
divide the lanes of a large swimming pool. We compared the behaviors of various shapes of the connected floats,
and of the same-shaped connected float in the absence and presence of rotation. The connected floats were
found to contribute to the wave dissipation, and rotation was suggested to play a major role. We also
numerically simulated the jumping and turning of a fish model in which the fish propels by spinal deformations.

Keywords: Multiphase flow, Fish swimming near the water surface, Motion of restricted body, Cartesian grid,
Level set method, Immersed boundary method

1. Introduction

Multiphase flow (i.e., interactions between multiple fluids
such as gases and liquids) is important in engineering,
particularly in ocean engineering. However, many more
phenomena are unexplained in multiphase flow than in
single-phase flow, because multiphase flow is very complex.
Furthermore, numerical simulations of the interactions
between multiphase flow and bodies still face many
difficulties. This report presents large-scale numerical
simulations of gas-liquid multiphase flow and motion of
moving bodies. In particular, it analyzes the interaction
between the flow with gas-liquid free surfaces and the
motions of floats connected as a lane rope in a swimming
pool. It also analyzes the self-propelled motions of fish, which
swim by deforming their bodies.

2. Numerical method

The incompressible continuity and the Navier—Stokes
equation, given by Egs. (1) and (2), respectively, were solved
by the finite-difference method on the staggered Cartesian
grid:

Vov=0 (1)

ov/ot+(v-V)v
=—(1/p)Vp+(1/ p)V-(2uD)+g+F, / p+f,
Here, v is the fluid velocity, ¢ represents time, and p, p, and u

denote the pressure, density, and viscosity of the fluid,
respectively. g is the gravitational acceleration, Fs is the

@

surface tension (modeled by the CSF (Continuum Surface
Force) model [1]), f, represents the body forces obtained by
the immersed boundary method, and D is the strain rate tensor.
The aforementioned equations were solved by the fractional
step method, and the time integration was performed by the
Euler explicit method. The fifth-order WENO (Weighted
Essentially Non-Oscillatory) method and the central
difference method were applied to the advection and viscous
terms, respectively. The interface between the two fluids was
defined by the level set method [2]. The level set function ¢
was computed by the following advection equation:

op/0t+V-(pv)=0 (3)

The moving body in the Cartesian grid was modeled by the
body force-type immersed boundary method [3].

3. Analysis of relation between connected floats and
wave dissipation

As shown in Fig. 1, a lane rope formed from the connected
floats was set in the pool. How the wave was influenced by
the motion of the connected floats was investigated in a
three-dimensional analysis. The waves were generated by a
flat plate (hereafter referred to as the wave source) immersed
in the pool.
The shapes of the float were varied as shown in Fig. 2. The
floats were shifted and rotated by the waves. During the
rotation, the blade reciprocated at each contact with the water
surface. The angle at which one blade contacted the water
surface (i.e., the stable angle) is shown in Fig. 3. We also
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varied the size of the wave by selecting three sizes of wave
sources. Hereafter, the wave sources with depth lengths of 15,
30, and 50 cm are called the small, medium-sized, and large
wave sources, respectively.

1.0m

Fig. 1 Top view of the computational model
(orange: wave source,
blue and yellow: connected floats,
pale yellow: measurement area)

Float 5 Float 4
Fig. 2 Float models

Float 5’

Fig. 3 Stable angle of Float 5

First, the water motions were compared in the presence and
absence of the connected floats. Fig. 4 shows the state of the
float, the water surface, and the second invariant of the
velocity gradient tensor Q (Q > 10) in the system with the
small wave source and connections of Float 5. Observe that
the wave generated at the left side of the region reached the
connected floats and was propagated to the right side of the
region.

Fig. 4 Vortex structure and interaction between the waves and
moving floats (time: 2.00 s)
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The kinetic energy of the water in the measurement areas
was smaller in the system with the connected floats than in the
system without the floats. It was found that the connected
floats, regardless of their size, contributed to the wave
dissipation.

We next examined the effect of the number of float blades
on the rotational motion, and the relation between the
rotational motion and the kinetic energy of water. The results
are presented in Figs. 5 and 6, respectively.

Fig. 5 shows the time histories of the rotation angles of the
first float in the chains of Float 5, Float 4, and Float 5. Here
the waves were generated by the small wave source. The three
floats rotated around different stable angles, and Float 5
rotated more easily than the other floats. As shown in Fig. 6,
the kinetic energy of the water at 10 s was lower in the case of
Float 5 than in the other cases. Thus, for the small wave
source, Float 5 rotated more easily than the other floats, and
exerted the highest wave-dissipation effect.

0.2n
0.1z
g
g 0N,
< \
S \
© 0.1 \ AV SNV N
%;D ) v 7 ‘ Float 5
Float 4
<_0.2n ; ; ; - Float 5
0 2 4 6 8 10
Times [s]
Fig. 5 Time histories of the float angles
under the effect of the small wave source
0.016

Float §
Float 4
Float 5°

0.01

Kinetic energy of water [J]

0 2 4 6 8 10
Times [s]

Fig. 6 Time histories of kinetic energy of water
under the effect of the small wave source

Finally, to investigate the effect of the float’s rotation on the
wave dissipation, we compared the behaviors of the rotating
and non-rotating Float 5. Fig. 7 shows the time histories of the
kinetic energy of water in the measurement area, when the
waves were generated by the small wave source. In the small
wave case, rotating the float reduced the kinetic energy of the
water (relative to that of the water around the non-rotating
float), and enhanced the wave dissipation. It was suggested
that the float’s rotation largely affects the wave dissipation.
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Fig.7 Time histories of kinetic energy of water
for the rotating and non-rotating Float 5
under the effect of the small wave source

4. Simulation of swimming fish model

This section investigates a fish model with a deformed
spine. During propulsion, the spinal deformation takes the
form of a traveling wave, and during turning, the body
performs a bending operation (hereafter called a bending
motion). This model simulates the jumping and escape from
horizontal swimming by the fish body.

Fig. 8 shows the vorticity around the fish model at 0.32 s,
and the movements of the fish model at 0.06-s intervals before
and after the vorticity at 0.32 s in the jumping simulation. At
the time of the direction change, a bending motion occurred
and the vortex was emitted backward and accelerated.

Fig. 8 Motions and vorticity in the jumping fish model
(yellow: £=0.32 s, red lines: motions at 0.06-s intervals)

5. Conclusions

In a three-dimensional analysis of the gas-liquid
multiphase flow in a system with moving bodies, we
investigated the relationship between a lane rope composed of
connected floats and the wave dissipation in the system.
Various comparisons revealed that the connected floats
contributed to the wave dissipation, and suggested that the
float’s rotation largely affects the wave dissipation.

We also performed numerical simulations of jumping and
turning of a fish model in which the fish propels by spinal
deformation.
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