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ABSTRACT: "Suikinkutsu" is an unique musical instrument which has been installed in Japanese
traditional garden since the Edo period. Sound produced from Suikinkutsu has a combined sequential
mechanism as droplet release from upper hole, impact at water surface, bubble emission in water,
resonance oscillation in inside space, then sound radiation from hole of pot. In this mechanism, the
surface tension plays an important role to droplet in air and bubble in water. Bubble released from
nozzle in water generates sound emission and it is very interesting to know this mechanism how makes
sound. Many observations and numerical estimations have been carried out on both bubble deformation
and sound emission. In this report, deformation process and emitted sound from bubble were measured
at detaching from a nozzle in water. In addition, CFD simulation with VOF algorithm was used to
reproduce sound emission. Consequently, not only deformation but also sound pressure level agreed well
with experimental data and knowledge on emitted sound and flow characteristics around bubble were
obtained.

1 General Introduction
Many industrial products have been conventionally developed to achieve their goals for low noise and
low vibration. Ultimately, those were made for safety ones with no sound emission and no hazard
vibration. On the other hand, alternative activity as to add premier sound or vibration to create
additional values in products have being carried out gradually. In such case, it is very difficult to
make what kind of sound or vibration is “pleasant or favorite”. As one example, “Suikinkutsu” is an
acoustical instrument for Japanese gardens developed since the Edo-period. (Fig.1) This uses
several physical phenomena to create “good and static deep sound”. In “Suikinkutsu”, water
droplets from upper hole make bubbles and they generate sound in water and the principle of sound
generation and radiation has been studied [1]. In industrial products, cavitation and streaming sound
from multiphase flows have the same sources of sound. In the case of a gas-liquid two-phase flow,
it is well known that the sound source is generated from air bubble. Studies on sound and vibration
of submerged air bubble began with Rayleigh's collapse of cavitation bubble [2] and Minnaert’s
experiment of running water with air bubbles [3]. Rayleigh defined the time until the collapse of
vacuum spherical cavity in the incompressible liquid by the surrounding liquid using Energy
conservation law. Afterwards, the model expanded to the case where cavity was filled with real gas
(ex. bubbles) was called ‘Rayleigh model’. This equation of motion derived from ‘Rayleigh model’
was developed as ‘Rayleigh equation’ taking into consideration various effects of existent
properties such as viscosity, compressibility, surface tension and evaporation / condensation. It is
now well known as the equation of motion describing the behavior of underwater bubble as
‘Rayleigh Plesset equation’ [4]. On the other hand, Minnaert experimented to mix air into the
flowing water. The bubbles detached from the nozzle into water constantly vibrated in a state of
spherical body and were treated as a single resonance system with added mass of the surrounding
fluid. This formula is called ‘Minnaert's equation’ and it is still used as a practical expression that
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can calculate the fundamental frequency of the radiated sound called ‘breathing mode’ if the
diameter of bubble in water is known. Strasberg [5] and Longuet-Higgins [6] also conducted
experimental and theoretical studies on bubble shapes and sound wave generation. In addition, as an
applied research on air bubble sound, a lot of experiments and analyzes were carried out not only
droplet dropping, but also sound of breaking waves on sea surface, sound generated by jumping
from dam and so on. In recent research, CFD simulations have also been performed using the VOF
(Volume of Fluid) method [7] which was one of the interface capture method. In these reports, only
the shape and deformation behavior of rising bubbles in water were predicted and classified and
compared with experimental data. Sound pressure level in water from bubble oscillation was not yet
directly reproduced from CFD simulation.
In this report, experimental data of sound pressure level radiated by a single bubble detached from
an underwater nozzle was a target to be reproduced exactly by CFD. Using VOF method and with
repeating improvement of calculation models, the influence of bubble shapes and velocity field
inside and outside bubble on sound emission, which were difficult to measure and visualize with
experiment, was investigated. Especially, by optimizing various parameters in CFD simulation, it
was possible to simultaneously secure the accuracy of calculation result and shorten the calculation
time.
① droplet release from upper hole
② impact at water surface
③ bubble emission in water
④ resonance oscillation in inside space
⑤ sound radiation from hole of pot

⑤
①

④
②
③

Fig.1 Typical landscape and sectional structure with sequential mechanism in Suikinkutsu [1]

2 Experiment and Result
2.1 Experimental device
The bubbles were generated from a nozzle immersed in water. The behavior and sound of release
were recorded with a camera and hydrophone. Figure 2 shows the experimental apparatus used in
the present experiment. Using a glass nozzle, bubbles of different size were generated by changing
the inner diameter of nozzle (1,2,4,6,10mm) and the flow rate of supplying air into nozzle. The
hydrophone (B&K 8103) was installed near nozzle center at 15 and 15 mm apart in horizontal and
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vertical direction. Sound emission was recorded with 40kHz sampling rate and vibration modes
were at 1k to 4k fps with a high-speed camera. This experiment was conducted at 300 ° K under
atmospheric pressure and ion-exchange water was used.
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Fig.2 Experimental device

2.2 Experimental result
At first, preliminary experiment was conducted by changing the feed speed of syringe pump for
each inner diameter of nozzles in order to find a condition to generate a single bubble stably and
gently into water. Finally, the feed speed of syringe pump was adjusted around the range where 1 to
3 bubbles were generated per second. Through this preliminary experiment, the following findings
were obtained.
(1) At the detachment from nozzle, bubble was elongated in ellipsoid shape undergoing buoyancy
force
(2) The maximum sound pressure in water at the moment of detachment is from several hundreds to
one thousand Pa.
(3) The duration of the sound emitted from a single bubble was about 60 milli sec (msec), which
was almost the same trend regardless of the initial sound pressure level. Fig.3 shows an example
of a sound pressure wave form with a nozzle inner diameter of 6mm and an air flow rate of
0.186ml / s.
(4) The vibration energy of bubble was stored when the lower cusp shape was pulled into bubble at
the detachment from nozzle.
(5) Water penetrated into nozzle due to surface tension wave (vibration) when bubble was detached.
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Fig.3 Experimental data from Hydorphone (60 msec)

Fig.4 Camera images of bubble shapes

Fig.4 shows an example of measured images of bubble shape which was generated with wave form
Fig.3 and the suffix numbers from 1 to 8 correspond to the numbers in Fig.4. At the detachment,
bubble shape became a vertically elongated spheroid one due to buoyancy and changed to spherical
cap one. For the frequency of sound radiated from bubble in water, the short and long diameter of
bubble were measured from high speed video images just after detachment from a nozzle.
Equivalent diameter d where air bubbles were regarded as spheres was determined and compared
with the frequency (fundamental frequency or Breathing mode frequency) obtained from the
Minnaert equation shown in Eq. (1). For example, the equivalent diameter of bubble in Fig.5
generated from Fig.3 wave form is 6.74 mm, and the fundamental frequency calculated from
equation (1) is 966 Hz. The experimental frequency is shown in Fig.6 for different nozzle exit
diameter. As shown in this figure, the frequency agrees well with the value calculated by breathing
mode of Minnaert’s equation.
f 

1
d

3 p



(1)

where f is primary frequency of bubble in breathing mode. κ=1.4, p, ρand d are specific heat
ratio of air, atmospheric pressure, water density, and equivalent diameter of bubble, respectively.
The shape of a rising bubble was divided into sphere, ellipsoidal and spherical-cap region according
to the study by Grace [8]. Bubble shape depends on Reynolds and Eötvös numbers.
 dU
Re 
(2)


g  d 2
Eo 


(3)

In the present experiment, Re = 690 and Eo = 134.
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3 Theoretical calculation and additional experiment
3.1 Vibration amplitude of bubble
Before CFD simulation, in order to investigate the vibration amplitude of bubble, Rayleigh-Plesset
equation (4), which is the governing equation of motion of submerged bubble, was calculated and
vibration amplitude, velocity and others were obtained.
 2
1 
R
 R0 
 4 
(4)
 pi ,eq    p  
 
R
 R
 R
where, R0 : initial bubble radius (m). R, R, R are radius, velocity, and acceleration, respectively.
RR  32 R 2 

pi ,eq is pressure inside bubble and p ambient pressure.  ,  , and  are water density, surface
tension, and viscosity coefficient. Depending on bubble condition shown in Fig.4 and 5, Eq. (4) was
solved by fourth order Runge-Kutta method. Table 1 shows the data specifications used for the
calculation. The pressure difference between the inside and the outside of the bubble which is the
first term in right hand side bracket of Eq. (4) was 200 Pa from the measured sound pressure
waveform Fig.3. Fig.7 shows the vibration amplitude of the calculation result with initial
acceleration and velocity set to zero. From this figure, the vibration amplitude (one side) of bubble
was about 2 micro meter (μm) and the frequency was 917 Hz, which was lower than 966 Hz
calculated from Minnaert's Eq. (1) using the equivalent diameter of 6.74 mm. In order to visualize
the vibration behavior (breathing mode) of 2 μm by CFD simulation, for example, based on mesh
(cell) length divided by 20, the bubble diameter 6.74 mm shown in Fig.5 would be divided by about
6740 mesh in one dimension, and 3 dimensionally, calculation of 67403 ≈ 1011 mesh was needed
only for one bubble shape. In an actual simulation, if modeling up to a water tank around bubble,
the mesh number became enormous and it was difficult to solve this simulation problem in the
current computing environment.
Physical properties for calculation
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Fig.7 Vibration amplitude of bubble from equation
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If α is liquid phase volume fraction in a gas(air)-liquid two-phase flow, could gas-liquid
interface be captured for shape changes of bubble with α = 0.5?
2) Did sound pressure come from interface behavior (oscillation) of bubble?
In the experiment, radiated sound from bubble was measured at the position of hydrophone
installed in water. Could this sound pressure waveform be reproduced by VOF simulation?
4.1 Setting the physical model
STAR-CCM + was adopted in the simulation with three-dimensional Euler multiphase model and
implicit unsteady algorithm. For the water state, IAPWS - IF 97 was used. The air was treated as
ideal gas. An laminar flow was assumed through the simulation. The surface tension of water was
0.072 N / m. The time increment Δ t was 2.5 × 10-5 sec, which corresponds to 40 kHz of pressure
measurement in the experiment.
4.1 Confirmation of bubble shape accuracy due to mesh density
In order to confirm the reproducibility of bubble shape by VOF method, a simple calculation model
with a circular air supply inlet on the bottom of cylindrical water tank was tested. This model size
was a cylindrical water tank with a diameter of 30 mm and a height of 50 mm, the circular hole on
the bottom was 6 mm in diameter. Mass flow rate of air flowing in from the bottom inlet was
defined as same value as the experiment. Mesh size was changed from 8x10-4 mm to 1x10-4 mm.
Bubble shape and pressure waveform at measuring point same as the experimental measuring point
were confirmed.
Viewing plots of Mesh density are shown in Fig.10. Fig.11 shows bubble shape from bottom inlet
and pressure waveform at hydrophone position with mesh size of 2x10-4 mm. From this trial,
density of mesh size from 1x10-4 to 2x10-4 mm was found to be good for reproducing bubble shape.
The other hand, pressure waveform at hydrophone location differed from experimental one in
Fig.11.

1000

Cliynder model with mesh size 2x10-4m

2x10 -4 m

SPL (Pa)

800
8x10 -4 m

600
400
200

4x10 -4 m

1x10 -4 m

Fig. 10. Mesh density around hole

0
0.00

0.05

0.10
0.15
time (sec)

0.20

Fig. 11. Pressure waveform at hydrophone position

The nozzle with inner diameter of 6 mm was allocated to the above model, and the calculation area
was expanded corresponding to water depth of 250 mm same as the experiment. Since the mech
size affects the results, we examined the maximum mesh size in the preliminary bench mark test.
Mesh density of nozzle inner and exit area was set to custom size 1.5x10-4 m and basic mesh size
0.0025 m. Furthermore, models were made by changing conditions of the presence or absence of air
area above water surface and detailed shape of nozzle outlet. Other conditions such as mass flow
rate, time step was the same as far. Major simulation models are shown in Fig.12.
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Fig. 12. Example of setting physical model.

4.2 Comparison of bubble shapes and pressure waveform
Mesh density set to size 1.5x10-4 m and basic mesh size 0.0025 m around nozzle outlet are is in
Fig.13. As can be seen from Fig.13, a fillet was made at the outlet of nozzle with same dimensions
as the actual size. Fig.14 shows bubble shape detaching from nozzle outlet in simulation with
comparison to experiment one. From this figure, not only bubble shape but also dimensions of the
two cases matched very well.

Fig. 13. Mesh pattern around nozzle outlet

Fig. 14. Shape comparison between CFD and experiment

The pressure waveform, results of FFT analysis of both experiment (Fig.3) and simulation data are
shown in Fig.15 and 16. Although the calculated frequency of ‘Breathing mode’ is about 15%
lower than one predicted by Minnaert’s equation, sound pressure level can reproduce the
characteristics of the measured value.
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Fig.15 Comparison of pressure waveform

Fig.16 Frequency spectrum of emitted sound

5 Conclusion
In this study, CFD simulation using VOF method carried out on bubble release and accompanied
sound emission directly. Following conclusions were obtained.
1) Using the VOF method with fine meshing, it is possible to simulate deformation at the
detachment in real shape with sufficient accuracy. At that time, the relative ratio of the mesh size
around the bubble is necessary to set to about 2.5% or less, the nozzle shape, contact angle and
outlet boundary condition, etc., must be satisfied appropriately.
2) By using the above condition, the amplitude of emitted sound pressure level becomes the same
order as the experiment. Simulated frequencies also agree with experimental results.
3) Breathing mode of bubble can be simulated accurately.
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