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Abstract: When a partially loaded liquid container vibrates along the vertical direction, the liquid inside will oscillate regularly,
which is called Faraday wave. In some cases, the wave form of the Faraday wave is stable and smooth, and sometimes there is
violent wave breaking and liquid splashing. In this paper, the Faraday waves inside the cylindrical tank and the hexagonal tanks are
simulated by the in-house solver MLParticle-SITU base on the moving particle semi-implicit (MPS) method. The surface tension
model is used to better model the free surfaces with large deformations. Phenomena such as wave breaking and liquid splashing are
well captured and simulated. The results show that the waveforms are significantly different at different excitation frequencies. And

the tank shape also has an obvious effect on the waveform.

Key words: Faraday wave, moving particle semi-implicit (MPS) method, wave breaking, liquid splash, surface tension

0. Introduction

Faraday wave refers to the phenomenon that
occurs in a rigid container where the liquid inside
undergoes a violent oscillation when the vibration
frequency of the container meets certain conditions!".
Essentially, this phenomenon is a form of resonance
and parameter instability. Faraday waves are common-
ly observed in the field of naval architecture and ocean
engineering. When liquid cargo ships vibrates verti-
cally, Faraday waves can be easily excited in the
liquid tanks. Similar phenomena can also occur in oil
tanks. The violent liquid sloshing inside the tanks may
bring huge impact and damage the structure. It may
also induce the motion response and affect its stability
and maneuverability. Therefore, it is of great signify-
cance to study the characteristics and the triggering
conditions of Faraday waves. Many researchers have
worked on this problem by theoretical derivation,
experiments and numerical simulations. Batson et al.l*!
studied the threshold of Faraday wave instability in a
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cylinder tank under low-frequency excitation through
experimental methods and theoretical derivation.
Pefia-Polo et al.”! conducted some experiments of the
Faraday instability in some square cells with different
driving frequencies and amplitudes to study the effects
of varying the size of the cells on the surface wave
patterns. It is found that the waveforms and the energy
necessary to excite Faraday waves depends on the cell
size. Jin et al.*! conducted some researches on the
characteristics of the Faraday from mode 1st to 5th by
numerical simulation and experiments respectively. A
fully three-dimensional multimodal Faraday wave was
simulated under the superposition of multiple excita-
tion frequencies. Guedifa et al.”™) studied the triggering
mechanism and the forming process of the faraday
waves by doing a series of experiments. The results
indicated that there are some equilibrium states which
are periodically occurring and spatially symmetry.
There is a certain threshold for this equilibrium state.
Beyond this threshold, the equilibrium state will be
disrupted. Liu and Lin' simulated the Faraday wave
and interface instability of a two-layer liquid with a
free surface by a multiphase fluid model NEWTANK,
which can simultaneously track the movement of free
surface and interface between different immiscible
liquids. Huang et al.”” analyzed the heat transfer
characteristics of Faraday waves under different
excitation conditions, the impact of Faraday wave
oscillation on heat transition is analyzed. The results
indicated that oscillation promotes the transmission.

@ Springer



The moving particle semi-implicit (MPS) method
is a CFD method based on the Lagrangian represen-
tation. The calculation domain of the MPS method is
divided into a set of discrete particles. There is no
fixed topology between the particles, and each particle
carries its own physical information such as pressure
and velocity. There is no problem such as grid break-
down or distortion for the MPS method, making it
ideal for simulating problems with free surfaces large
deformation, such as wave breaking and liquid sloshing.
Many researches have been done using the meshless
particle method, such as dam-break flow™”) water
entry problems''”, the liquid sloshing problems!" %,
wave-ship interaction“”, multiphase ﬂow[l4'16], fluid-
structure interaction! ' and so on.

Our research group has also conducted some
studies on Faraday waves. Zhang et al.”* simulated
the Faraday wave in a rectangular tank by our
in-house solver MLParticle-SITU. The first, second
and fifth order Faraday waves in a rectangular tank are
simu- lated respectively, the influence of excitation
fre- quency and amplitude on the waveform is studied,
and the mechanism of resonance response is analyzed.
In this paper, based on the previous work in our group,
the Faraday waves in a cylindrical tank and in a
six-prism tank are simulated separately. The cylin-
drical and six-prism tanks vibrate periodically in
different frequencies along the vertical direction, and
the first, second and fifth order Faraday waves with
different modes are presented in the tanks. The wave
height is analyzed in time domain and frequency
domain.

1. Numerical methods

Our research group has done a lot of work to
improve the computational efficiency and accuracy of
the MPS method, and the improved MPS method has
been used to simulate and study many complex flow
phenomena. In previous published papers, the nume-
rical method used in this paper has been introduced in
detail™?*). Therefore, the MPS method will be briefly
introduced in the following sections.

1.1 Governing equations
The governing equations for MPS method is
shown as Egs. (1), (2).

1D
—P-vyuy=0 (1)
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where p 1is the fluid density, V is the velocity
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vector, p 1is the pressure, v is kinematic viscosity,
g is gravitational acceleration vector and ¢ indi-
cates time.

1.2 Particle interaction models

In MPS, particles interact with each other by a
kernel function. The kernel function used in this paper
is given in Egs. (3a), 3(b).

.
Wir)=——Te 1, 0<r< 3
)= 85+ 015, Tt (32)
Wr)=0, r<r (3b)

where r is the particle distance, r, is the influence

radius

The following equations are the particle interac-
tion models used to discretize terms in the governing
equations.
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where D is the number of dimensions, r is the

position vector and n° is the particle number density
at the initial time, and the particle number density is
defined as Eq. (8).

1.3 Pressure Poisson equation

In this paper, the pressure is calculated by
solving the mixed source term Pressure Poisson equa-
tion (PPE) proposed by Tanaka and Masunaga[%], Lee
et al”” which can be written as the following
equation.

L<nk>i -’
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where p*"', At and ¥V
step k +1, time step and temporal velocity and y is

are the pressure of the

the weight of the particle number density term
between 0 to 1.

1.4 Free surface detection
The particle number density is used to determine
whether a particle is a free surface particle. If

<”>,- /n” <0.80, the particle will be determined as a

free surface particle. If <”>, /n’>0.97, the particle

will be regarded as an internal fluid particle. If
0.80 <<n> /n® <0.97, an additional function needs

i

to be introduced.
D i
(F), ——oj’%zmln 1) (10)

where (F >,- can be regarded as the asymmetric
arrangements of neighbour particles. |F |0 is the
initial value of |F | for surface particles. If <|F |>, >
0.9|F
particle.

’ , the particle will be regarded as a free surface

1.5 Boundary condition

The multilayer particles boundary condition is
applied to fulfil the support region of the particles near
the boundary, as shown in Fig. 1. The pressure of the
wall particle is calculated by solving the PPE equation,
and ghost particle pressure is obtained by interpo-
lation.

@ Fluid particle
@® Wall particle

Ghost particle

Wall \ !

Fig. 1 (Color online) Schematic of boundary particles

1.6 Free surface boundary condition

Virtual particles are arranged over the free
surface to fulfill the support domain of the free surface
particle, as shown in Fig. 2. And the particle number
density and the pressure Laplacian model is modified
as:

(m) =SW+ > W =+ > Wi (11)

J#i virtual virtual

N 2D
<V2pk 1>. =% Z(pj _pi)Wji +
Ton A
2D
I’lo/l Z (pvittual - pi)Veritual,i (12)
virtual

where n, and W,

vritual, i

denote the particle number

density of actual neighboring particles and virtual
neighboring particles separately.

@ Virtual particle @Surface particle @ Internal particle

Fig. 2 (Color online) Schematic of free surface boundary con-
dition
1.7 Surface tension model
The surface tension is imposed by adding a
source term to the governin% equations, which is
proposed by Brackbill et al®® as the following
equations show.

p%’:=_vp+ﬂv2V+FV+FS (13)

F$=0oxVC (14)

where o is surface tension coefficient, x is inter-
face curvature and C is function to mark the free
surface particles. For free surface particles C =1, and
for internal particles C=0.
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(a) Cylinder tank

Fig. 3 (Color online) Schematic of the computational model

2. Numerical simulation and discussion

In the ;)revious work of our research group,
Zhang et al.”” simulated the Faraday wave in a rec-
tangular liquid tank. The results were compared with
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Fig. 4 (Color online) The wave forms in the cylinder tank when the vibration frequency is 2w,

the published results by Frandsen and Peng[zg]. The
surface shape and the pressure at the measurement
point are in good agreement, which verifying the
accuracy and effectiveness of the solver used in this
paper. Therefore the MLParticle-SJTU solver is not
verified anymore. The Faraday wave in the cylindrical
tank and in the prism tank are simulated respectively
in the following parts.

The calculation model for the cylinder case and
the prism case are show in Fig. 3.

The radius of the cylinder is R=0.5m, and the

diameter of the inscribed circle of the hexagonal prism
is L=1m. The water depth in both models is 4=

0.2 m . The heave frequency of the two tanks is:

o, = \[gk, tanh(k, ) (15)
k="~ (16)

where n denotes the wave order, k, is the wave-

number and B denotes the characteristic length. The
characteristic length of both cylindrical and hexagonal
prism tanks is B=1m. The frequency of the liquid

tank is set as ®w=2w, =14.478rad/s, o=2w,=

18.970rad/s and @=2w,=24.760rad/s . Wave

height measurement points are arranged at the bottom
of the tank as shown in Fig. 3. The initial particle
space is 0.01 m, and the total number of particles is

277 163 for the cylindrical case and 315 187 for the
prism case.

0.30
0.27f

0.21F

Wave heitht/m
I
[

o
o
]

26 28 30 32 34 36 38 40
t/s

Fig. 5 The time history curve of wave height in the cylinder
tank when the vibration frequency is 2@,

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30
w/(rad-s™)

Fig. 6 The wave height curve in frequency domain in the cy-
linder tank when the heave frequency is 2w,

2.1 Numerical simulation for the cylindrical tank case
Figure 4 shows the Faraday wave inside the

cylinder tank when the heave frequency is 2@, . The
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color of the particles represents the height. It can be
seen from the figure that the longer the excitation time,
the more violent the sloshing inside the tank is. At the
moment when the Faraday wave first appears in the
tank, as shown in Figs. 4(a), 4(b), the shape of the
wave surface is very smooth and stable, with a pair of
saddle-shaped wave surfaces alternating perpendicu-
larly to each other. Subsequently, the sloshing be-
comes more intense, and the liquid climbs along the
tank wall much higher, forming two sharp corners, as
shown in Figs. 4(c), 4(d). Two troughs are formed on
either side of the line of two peaks. This can be
regarded as the formation of four standing waves in
the tank. In the next stage, as shown in Figs. 4(e)-4(h),
another standing wave is formed at the bottom center
of the tank with a much smaller wave amplitude than
the other four standing waves.
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I 2.3x10"
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Fig. 7 (Color online) The wave forms in the cylinder tank when
the vibration frequency is 2w,

It can be seen from Fig. 5 that the Faraday waves

begin to appear at an excitation time of about 25 s.
The wave height at the measurement point gradually
increases and reaches a relatively stable state around
28 s. From the frequency domain curve shown in Fig.
6, it can be seen that the spectral peak frequency is
around 14.5 rad/s, which is the same as the excitation
frequency.

When the heave frequency of the cylinder tank is
2w, , the Faraday wave is shown in Fig. 7. As can be

seen from the figures, several different wave motions
appear during the development of Faraday waves. At
the beginning moment as shown in Figs. 7(a), 7(b), a
cone-shaped standing wave appears in the liquid tank.
After that, two X-shaped waveforms with an angle of
45° appears alternately as shown in Figs. 7(c), 7(d),
and the wave surface is smooth and stable. The
sloshing inside the tank became severe in Figs. 7(e),
7(f). The liquid climbs higher along the wall, forming
a sharp corner. The free surface breaks at the highest
point and liquid splashing happens here. At this time,
there are four peaks and four troughs simultaneously,
which can be considered as eight standing waves are
excited in the tank.

As can be seen from Fig. 8, when the heave
frequency of the cylindrical tank is 2w, , the Faraday

wave begins to appear when the excitation time at
about 5 s, and reaches a relatively stable state at
around 10 s. It can be seen from Fig. 9 that the
spectral peak frequency is about 9.5 rad/s, which is
half of the excitation frequency.
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Fig. 8 The time history curve of wave height in the cylinder
tank when the vibration frequency is 2@,
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Fig. 9 The wave height curve in frequency domain in the
cylinder tank when the heave frequency is 2,
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Fig. 10 (Color online) The wave forms in the cylinder tank
when the vibration frequency is 2
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Fig. 11 The time history curve of wave height in the cylinder
tank when the vibration frequency is 2@,
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Fig. 12 The wave height curve in frequency domain in the
cylinder tank when the heave frequency is 2

Figure 10 shows the Faraday wave when the
heave frequency is 2w, . The Faraday wave does not
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Fig. 14 The time history curve of wave height in the prism tank
when the vibration frequency is 2@,
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Fig. 15 The wave height curve in frequency domain in the
prism tank when the heave frequency is 2@,

present a variety of different forms in the development
process under this excitation frequency, but directly
appears as shown in Fig. 10. In Fig. 10(a), a circular
crest region is formed with a trough inside. And 6
troughs are arranged uniformly outside. Alternatively
to Fig. 10(a), there is a wave peak in the center and six
smaller wave peaks uniformly arranged around the
wall in Fig. 10(b).

As can be seen from Fig. 11, Faraday wave
begins to appear when the excitation time is about 4 s,
and reaches a relatively stable state at around 5 s. It
can be seen from Fig. 12 that the spectral peak
frequency is about 12.35 rad/s, which is half of the
excitation frequency.

2.2 Numerical simulation for the prism tank case
Next, the Faraday wave in the prism tank at

(© (@)

Fig. 13 (Color online) The wave forms in the prism tank when the vibration frequency is 2o,
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different excitation frequencies is simulated. Figure 13
shows the wave forms in the prism tank when the
vibration frequency is 2w, . It can be seen that a

two-dimensional Faraday wave is first excited. In
Fig.13(a), the wave climbs along two opposite side
lengths, and in Fig. 13(b), a “1” shaped crest is formed
in the middle region of the tank bottom. With the
development of the wave, as shown in Figs. 13(c),
13(d), the Faraday wave develops from two-
dimensional to three-dimensional. In Fig. 13(c), a
cone-shaped trough appears at the bottom of the tank.
And in Fig. 13(d), a wave peak is formed and violent
liquid splash phenomenon occurs.

As can be seen from Fig. 14, Faraday wave
begins to appear at around 18 s and reaches a
relatively stable state at around 22 s. It can be seen
from Fig. 15 that the spectral peak frequency is about
7.25 rad/s, which is half of the excitation frequency.

When the excitation frequency is 2, , as shown

in Fig. 16(a), an X-shaped crest appears at first, which
can be regarded as the superposition of two “1”
shaped peaks. It is obvious that the two “1” shaped
peaks have different wave heights. This may be
because the length of the crests in the two directions is
different, while the energy of the two peaks is
basically the same. In Fig. 16(b), four wave peaks are
formed and distributed uniformly inside the prism. It
should be noted that these four peaks are not distri-
buted over the vertices of the prism, but over the four
vertices of the largest square embedded within the

regular hexagon. At the next moment as shown in Figs.

16(c), Fig. 16(d), the sloshing becomes severe, and
four peaks and troughs are evenly distributed in the
tank. It can be considered that there are eight standing
waves in the tank.

As can be seen from Fig. 17, Faraday wave
begins to appear when at about 16 s, and reaches a
relatively stable state at around 21 s. The spectral peak
frequency is about 7.2 rad/s as shown in Fig. 18,
which is half of the excitation frequency.

When the excitation frequency 2w;, a relatively

smooth and stable waveform appears in the tank at
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Fig. 17 The time history curve of wave height in the prism tank
when the vibration frequency is 2,
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Fig. 18 The wave height curve in frequency domain in the
prism tank when the heave frequency is 2,

first as shown in Fig. 19(a). There is a small wave
peak at the bottom center of the tank, 4 troughs are
uniformly arranged around it, and 6 wave peaks are
uniformly distributed outwards. The wave peak appears
at the center of each side length of the hexagon. At the
corresponding moment shown in Fig. 19(b), a trough
appeared at the bottom center of the tank, and a
circular crest appears outside, and 6 wave peaks and 6
wave troughs were uniformly arranged outside. At this
time, the trough appears at the edge of the hexagonal
prism. In the next development stage, the tank slo-
shing becomes severe, and nonlinear liquid splashing
phenomenon appears in the tank. There are 7 peaks in
Fig. 19(c) and 10 peaks in Fig. 19(d), so it can be
considered that there are 17 standing waves in the tank
at this excitation frequency.

(© (d)

Fig. 16 (Color online) The wave forms in the prism tank when the vibration frequency is 2w,
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Fig. 19 (Color online) The wave forms in the prism tank when the vibration frequency is 2o

As can be seen from Fig. 20, the wave height
gradually increases at about 1 s, and reaches the
maximum value at 3 s. After that, the wave height

decreases reaches a relatively stable state at around 4 s.

The reason for this phenomenon is that at the initial
moment when the Faraday wave is generated, the
wave height at the bottom center of the liquid tank is
high, and the energy of the Faraday wave is mainly
concentrated here. However, after 4 s, the Faraday
wave develops into the state as shown in Figs. 19(c),
19(d). At this time, the energy of the Faraday wave is
evenly distributed at each standing wave, so the
amplitude of the wave height at the center point is
significantly reduced. Figure 21 shows that the
spectral peak frequency at this time is 12.3 rad/s,
which is half of the excitation frequency.
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Fig. 20 The time history curve of wave height in the prism tank
when the vibration frequency is 2
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Fig. 21 The wave height curve in frequency domain in the
prism tank when the heave frequency is 2

2.3 Comparison and discussions

In the above analysis of the Faraday waveform,
the wave height curve in time and frequency domain
curve, it can be found that the waveform of the
Faraday wave is significantly different under different
excitation frequencies. The higher the excitation
frequency is, the earlier the Faraday wave appears.
And in 5 of the 6 cases simulated in this paper, the
frequency of the Faraday wave is half of the excitation
frequency. For the case of the Faraday wave in a
cylindrical tank with excitation frequency of 2@, , the

frequency of the Faraday wave is the same as the
excitation frequency.

It can be seen from Figs. 4(e)-4(h) that a smaller
standing wave is formed at the bottom center. It can
be found that when the excitation frequency is higher,
the spectrum curve of the Faraday wave is more con-
centrated.

3. Results and discussion

In this paper, Faraday waves in a cylindrical tank
and a prism tank are simulated. At different excitation
frequencies, the wave motion of the Faraday wave is
significantly different. The larger the excitation fre-
quency, the more standing waves in the liquid tank,
the earlier the Faraday wave appears, and the more
concentrated the frequency domain curve is. However,
the research in this paper mainly focuses on the wave-
form of Faraday wave, and the force on the liquid tank
is not recorded. Therefore, in the following research,
the force analysis will be carried out to analyze the
impact of Faraday wave on the structure.
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