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A B S T R A C T   

In a sono-reactor, complex ultrasound pressure wave signal can be detected, containing multiple information 
related to acoustic cavitation. In this present study, acoustic cavitation in a cylinder is investigated numerically. 
Via Fast Fourier Transfer (FFT), the sound pressure signals from sonotrode emitting surface are separated into 
harmonics, sub/ultra-harmonics and cavitation white noise: (1) the appearance of harmonics proved the non- 
linear propagation of ultrasound, (2) at the vibratory amplitude from 5~20μm, only harmonics exists in the 
frequency spectra, corresponding to expansion and compression of non-condensable gas (NCG), (3) at the 
vibratory amplitude range of 30~50μm, the occurrence of sub/ultra-harmonics demonstrated gaseous cavitation 
occurred, and (4) at the vibratory amplitude higher than 55μm, cavitation white noise arose, pointing out the 
initiation of vaporous cavitation. Based on the combination of frequency spectra and cavitation zones distri
bution, the acoustic cavitation state in water liquid is determined.   

1. Introduction 

Ultrasound is a kind of mechanical wave, when propagating in 
Newtonian material, it travels in the longitudinal wave form, causing 
fluid particles oscillate in the propagating direction of sound wave. The 
vibration of particles leads to the variation of fluid density in the 
spreading path with intervalic distribution of rarefaction and concen
tration phase. Because the velocity of sound in the fluid is dependent on 
the momentary value of density of local fluid media, the finite volume of 
fluid in the positive phase of sound will oscillate quicker than those 
located in the negative phase. Hence, when the sound energy is high 
enough to transmit high amplitude pressure wave into fluid, the 
displacement of finite volume of fluid in the concentration phase is 
larger than that in the rarefaction phase [1]. This results in the non-zero 
displacement of particles in an oscillation period of ultrasound, which is 
the fundamental reason for the various frequency response except 
excitation frequency in the spectrum. The non-zero phenomenon in
troduces the investigation of linear sound propagation into non-linear 
acoustic problem. 

Research of non-linearity during ultrasound propagation can be 
traced back to Nonlinear Acoustic of Hamilton and Blacks [2]. The 
various factors influence non-linearity finally settled by three most 

widely accepted equations developed by Burgers, Westervelt and the trio 
of Khokhlov, Zabolotskaya and Kuznetsov (KZK). The non-linearity is 
described by a non-linear parameter β, with its increase the fluid media 
is more likely to be influenced by non-linear effect. Research of Lighthill 
[3] evaluated the ultrasound power needed to generate non-linear 
phenomena is above 10-6W in liquid, which means most ultrasonic 
application in experiment or industry is in non-linear category. Hence 
the utilization of ultrasound is facing a straight forward question, how 
the ultrasound waves propagate and cavitation zones distribute with the 
increase of non-linearity caused by increasing ultrasound power. 

Commonly, the working fluid imposed with ultrasound contains non- 
condensable gas (NCG) or gas cavities inside the defects of container 
surface. These gas nuclei act as the cores of cavitation bubbles, reducing 
the sound pressure amplitude to generate cavitation bubbles [4,5]. 
Because of the existence of these gas nuclei, when the local fluid zones 
are covered by the rarefaction phase of ultrasound, expansion of NCG or 
gas cavities happens, leading to gaseous cavitation. According to the 
research of Briggs [6], a cylindrical crystal sound wave projector and a 
receiver are installed at both end of a cylinder chamber filled with 
impedance matching rubber and testing liquid. When testing unde
gassed kerosene, the open circuit voltage received is proportional to the 
voltage input in the projector before the occurrence of gaseous cavita
tion. The corresponding acoustic pressure is roughly atmospheric 
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pressure, indicating the undegassed liquid is primarily held together by 
atmospheric pressure. While degassed kerosene can stand an acoustic 
pressure equals to the sum of cohesive pressure and the atmospheric 
pressure. Moreover, liquid has experienced cavitation will cavitate more 
easily than static liquid, and it requires some time to return to its quiet 
state. The experiment illustrated that the existence of cavitation nuclei 
will help to generate cavitation bubble. Lee et al. [7] investigated the 
gaseous cavitation under relatively low intensity of ultrasound through 
CO2 saturated water. In the rarefaction phase of ultrasound wave, dis
solved CO2 becomes supersaturated, lowering the cavitation threshold, 
resulting in gaseous cavitation, and turbulence are induced by cavitation 
in fluid field. 

With the increase of ultrasound intensity, the cavitation will trans
form into vaporous cavitation, where a series of expansion and subse
quent violent collapse processes will happen. The mechanism of 
vaporous cavitation is different from gaseous cavitation, in the latter 
type, fluid media consist of homogenous mixture of NCG and liquid, 
hence the sound wave can propagate with slight attenuation and scat
tering. However, liquid vaporized and surrounded the sonotrode when 
vaporous cavitation occurs, this results in the sever attenuation and 
scattering of sound energy during propagation. Research of Briggs [6] 
also demonstrates that after vaporous cavitation occurred, the slope of 
received signal against input voltage bends off and raises slowly, 
meaning the cavitation bubble will attenuate and scatter the sound en
ergy, blocking sound wave in propagation. 

According to the foregoing demonstration, cavitation process has 
different type related to the ultrasound power level, which will affect the 
distribution and pattern of cavitation zones. Too weak ultrasound will 
not propagate far, and has no enough strength to induce vaporous 
cavitation. Proper intensity ultrasound can help in the cleaning process, 
synthetic chemistry and other resonate processing. Violent acoustic 
cavitation phenomenon produced by strong ultrasound will release 
radicals with the collapse of cavitation bubble, which is an excellent way 
in biotechnological applications and organic processing [8–10]. Hence 
the cavitation type should be treated and studied separately on the basis 
of utilization situation. And the experimental investigation approaches 
can roughly be divided into two categories, observation or signal pro
cessing. The observation ways are achieved through adding tracers or 
chemical additive into fluid, using high speed camera or CMOS camera 
to capture images respectively. Tiong et al. [11] uses Luminol solution to 
identify the distribution of cavitation activity zones. Bulliard-Sauret and 
Ferrouillat et al. [12,13] studied the heat transfer enhancement induced 
by acoustic cavitation through particle image velocimetry (PIV) tech
nology. The observation approach is very straightforward but estab
lished on the average effect or appearance of ultrasound. Therefore, the 

photos are usually based on a relatively larger time scale than the ex
plosion time scale of cavitation bubble, the images are unable to identify 
the characteristics during transient cavitation. 

In order to have a more elaborate analysis of ultrasound, and 
considering the ultrasound emitting source is excited by sinusoidal 
signal, cavitometer is fabricated to capture ultrasound pressure signal in 
fluid media. Treat the pressure signal with FFT, the cavitation infor
mation can be processed in the frequency domain, and extract some 
unique frequency response to characterize the cavitation type. The 
research of Frohly et al. [14] demonstrated that the frequency distri
bution of the oscillating signal from a ultrasonic radiated field contains 
harmonics and sub/ultra-harmonics of the excitation frequency, besides 
the complicated white noise. The harmonic is usually referred to the 
fundamental frequency f0 and its integer multiple frequencies, which are 
produced by the non-linear propagation of ultrasound wave in the me
dium. The sub-harmonics f0/n (n is integer) and the ultra-harmonics 
mf0/n (m∕=n, m and n are integer) are believed to be caused by forced 
radial oscillation of bubbles that are resonant at the subharmonic fre
quencies [15,16]. The investigation into white noise delivered that the 
cavitation bubbles explosion will release strong micro jet and shock 
waves, which are responsible to the complicated noise [17]. Based on 
the unique frequency response for different cavitation phenomena, 
Tzanakis et al. [18] uses cavitometer investigated the different fre
quency responses from transparent liquid (e.g. water, ethanol and 
glycerine) and opaque liquid (e.g. aluminium). Comparing the fre
quency spectra of transparent liquid with the spectrum of aluminium, 
the cavitation character of aluminium is determined to be similar to 
water. Hence the ultrasonic field in opaque liquid is considered equiv
alent to transparent liquids with similar frequency response. Except that, 
Yamamoto et al. [19] uses a different acoustic signal capture approach, 
which is capturing the Karman vortex street induced by ultrasound. This 
research also found identical feature between water and aluminium 
during ultrasonic waves propagation. The utilization of signal analysing 
approach can derive high resolution results and is capable of charac
terizing fluid cavitation feature. 

Although utilizing signal processing approach to identify the unique 
frequency response occurred during cavitation is indeed a method with 
high resolution accuracy and convenience, but the signal capture pro
cess needs to introduce cavitometer or other pressure signal detection 
device, which will influence the structure of sonoreactor, interfere the 
propagation of ultrasound wave. 

With the development of numerical simulation method and cavita
tion bubble dynamics, investigating ultrasound propagation process and 
acoustic phenomena through numerical method has attracted great 
attention. The numerical method is featured for observing the 

Nomenclature 

Latin letters 
A vibratory amplitude [μm] 
C constant 
c sound speed [m/s] 
f vibratory frequency [kHz] 
g gravitational acceleration [m/s2] 
k turbulence kinetic energy [m2/s2] 
Psound sound power in fluid [W] 
p gauge pressure [Pa] 
psat saturated vapor pressure [Pa] 
psound sound pressure [Pa] 
S area of emitting surface [m2] 
T numerical computation time step [s] 
t sampling time [s] 
v flow velocity [m/s] 

vus emitting surface vibrating speed [m/s] 

Greek letters 
α volume fraction 
λ sound wave length [m] 
ξ mass fraction 
ρ density [kg/m3] 
σ surface tension [N/m] 

Subscript 
0 fundamental frequency 
c condensation 
e evaporation 
g non-condensable gas 
l liquid phase 
m mixture 
v vapor phase  

W. Lin et al.                                                                                                                                                                                                                                      



Ultrasonics Sonochemistry 90 (2022) 106182

3

ultrasound propagation process, locating the distribution of cavitation 
zones and has great advantage in capturing pressure signal in the fluid 
field. With the combination of observation and signal analysing exper
imental approach, numerical method becomes a vital method in study
ing cavitation bubble behaviour and streaming. Tudela et al. has made a 
summary of these different approaches including linear based, non- 
linear based and direct transducer simulation method [20]. Initially, 
acoustic is studied based on the linear Helmholtz equation in frequency 
domain, which is a simplification of Navier-Stokes equation. With the 
development of fabrication and material, the sono-equipment can 
release higher sound energy, generating non-linear effect that attracted 
a group of researchers to develop a non-linear Helmholtz equation to 
deal with the non-linear propagation of ultrasound [21,22]. The limi
tation of solving acoustic problem through Helmholtz equation is the 
single way of the interaction from the sound field to fluid field, the fluid 
field will not feed back to the sound field. Therefore, the both way 
coupling between sound field and fluid field should be solved directly 
via the N-S equation. By applying solid boundary vibration, ultrasound 
can be imposed to the fluid field, and generate non-linear effect. Rahimi 
et al. [23] using a realistic vibratory boundary condition to simulate the 
ultrasound propagation, investigated the acoustic streaming and 
acoustic cavitation phenomena. The mixing effect and velocity profile at 
the axis of sonotrode from the numerical simulation result is validated 
by PIV experiment data with good coincidence. The author has previ
ously studied the heat transfer enhancement effect induced by ultra
sound in an immersed coil heat exchanger by moving boundary, the 
pressure and vapor volume fraction distribution was compared with the 
experimental results, delivering good consistency [24]. 

Since the vibratory boundary condition is an appropriate and accu
rate approach to impose ultrasound, and transient numerical simulation 
has the advantage of acquiring the fluid flow field information i.e. 
pressure, velocity, vapor volume fraction, etc. Moreover, the propaga
tion progress of sound wave can be observed directly. In this work, we 
applied the ultrasound with different intensity through varying the 
vibratory amplitude with an immersed sonotrode in a cylindrical vessel. 
The effects of ultrasound power on the intensity, pattern and distribu
tion of acoustic cavitation are investigated. A detailed analysis of 
average pressure signal from the sonotrode emitting surface was con
ducted by observing the cavitation development and analysing the fre
quency spectra. The pressure signal is interpreted by FFT approach to 
identify the characteristic frequencies appear during different stages of 
cavitation. And the acoustic cavitation type is categorized by the dis
tribution of cavitation zones and signal response. The results of this 
study may be useful for the selection of ultrasound parameter in a son
ication process. 

2. Numerical methods description 

2.1. Conservation equations 

The existence of cavitation nuclei is concerned as dissolved NCG in 
liquid. The working fluid consists of NCG, water liquid and water vapor 
(when vaporous cavitation happens), hence the continuity conservation 
should be considered in the mixture form as follow [25,26]: 

Mixture: 

∂(ρm)

∂t
+∇⋅(ρm v→m) = 0 (1) 

Liquid phase: 

∂((1 − αv − αg)ρl)

∂t
+∇⋅((1 − αv − αg)ρl v→m) = − R = Rc − Re (2) 

Vapor phase: 

∂(αvρv)

∂t
+∇⋅(αvρv v→m) = R = Re − Rc (3)  

where, v→m is the mass-average velocity and ρ is the density, αk is the 
volume fraction for phase k and k represents liquid, vapor or NCG. In the 
transport equation, the existence of NCG is evaluated by mass fraction 
which is a constant (1.5×10-5) in this work. The density of NCG is 
described as: 

ρg =
WP
RT

(4)  

where W represents molecular weight of NCG (represented by air, 28g/ 
mol). And the volume fraction of NCG is calculated as: 

αg = fg
ρm

ρg
(5) 

In this cavitation model, in order to consider the bubble radius 
oscillation during ambient pressure fluctuation, a physical correlation is 
built through the Rayleigh-Plesset (RP) equation as follow: 

RB
D2RB

Dt2 +
3
2
(
DRB

Dt
)

2
= (

psat − p
ρl

) −
4νl

RB

DRB

Dt
−

2σ
ρlRB

(6)  

where RB is the bubble radius, psat is the saturation vapor pressure. To 
relate the vapor volume fraction α with bubble radius RB and bubble 
number density “n”, the following equation is derived as: 

α = n
4
3

πR3
B (7) 

By combining Eqs. (1)~(3) and Eqs. (6)~(7), the phase change rate R 
can be derived without the second-order derivation term of bubble 
radius, the viscous damping and surface tension terms in Eq. (6), the 
final form of phase change rates Re and Rc are described as follow 
[27–29]: 

Re = Ce

̅̅̅
k

√
(1 − ξv − ξg)

σ ρlρv

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
3

p′

sat − p
ρl

√

; p⩽p′

sat

Rc = Cc

̅̅̅
k

√
ξv

σ ρlρl

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
3

p − p
′

sat

ρl

√

; p > p′

sat

(8) 

The phase change rates Re and Rc respectively represent the mass 
transfer between vapor and liquid phases in the evaporation or 
condensation process. When the local pressure is lower than the satu
rated vapor pressure, water vapor is generated. These obtained mass 
source term derived from RP equation takes effects of shock waves and 
jets into account inherently. In the equation, Ce and Cc are constants of 
0.02 and 0.01 respectively, σ is the surface tension, ξg and ξv are mass 
fraction of NCG and vapor respectively. p′

sat represents the saturated 
vapor pressure corrected by simply raising the phase-change threshold 
with a local value of the turbulent pressure fulctuation which is 
described in Eq. (9): 

p′

sat = psat +
1
2
(0.39ρmk) (9) 

Besides the above simplifications, the existence of NCG only effects 
density, velocity and pressure distribution, but not effect phase-change 
threshold due to lack of general correlation. The momentum equation 
for the mixture can be obtained by summing the individual momentum 
equations for all phases. It can be expressed as [30]: 

∂
∂t
(ρm v→m)+∇⋅(ρm v→m v→m) = − ∇p+∇⋅[μm(∇ v→m +∇ v→T

m)] + ρm g→+ F→

(10)  

where, F→ is a body force, and μm is sum of the viscosity of the mixture. 
The conservation of energy for the mixture takes the following form 
[23]: 
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∂
∂t

∑n

k
αkρkEk +∇⋅

∑n

k
αk v→k(ρkEk + p) = ∇⋅((

∑n

k
αk(Kk + Kt))∇T) (11)  

Ek = hk −
ps

ρk
+

v2
k

2
(12) 

The first term on the right-hand side of Eq. (11) represents energy 
transfer due to the conduction, where Kt is the turbulent thermal con
ductivity. The non-linear propagation of ultrasound will generate tur
bulent circulation flow called acoustic streaming, the turbulence flow 
characteristics is simulated by the Standard k-ε turbulent model [31,32] 
as follow: 

∂
∂t
(ρmk)+∇⋅(ρm v→mk) = ∇⋅[(μm +

μt,m

σk
)∇⋅k] +Gk,m − ρmε (13)  

∂
∂t
(ρmε)+∇⋅(ρm v→mε) = ∇⋅[(μm +

μt,m

σε
)∇⋅ε] + ε

k
(C1εGk,m − C2ερmε) (14)  

2.2. Transient ultrasound simulation 

Fig. 1(A) exhibits the numerical simulation geometry in this 
research, which is consist of a sonotrode (as shown in Fig. 1(B)) and a 
cylinder. This 80mm high cylinder is 40mm in diameter and filled with 
water at 300K containing non-condensable gas of a mass fraction of 
1.5×10-5. The emitting surface of sonotrode is 12mm in diameter and 
immersed 10mm under water surface. The water surface at the top of the 
cylinder vessel is defined as pressure outlet (gauge pressure = 0Pa); the 
other surfaces are applied with no-slip wall and adiabatic conditions. For 
the emitting surface treated as a rigid body, a detailed displacement is 
specified according to the excitation amplitude and frequency by 
equation (15): 

vus = 2πfAmaxcos(2πft) (15)  

where, Amax is the vibratory amplitude at maximum displacement, and 
vus is the vibratory velocity of sonotrode tip. The sonotrode wall is a 
deforming side wall elongating or shortening according to the position 
of emitting surface. 

The computational grid is generated following three constrain con
ditions: 1. the largest mesh size should be small enough to resolve the 
sound wave length λ; 2. the high-order harmonic frequency should be 
resolved. To accomplish the above requirements, the mesh size Δxmax 
ought to be smaller than λ/20. And 3. another basic requirement is ac
curate to resolve the fluid field. According to the conditions above, the 
mesh size is constrained under 2mm in the global size (grey zone) and 
1mm in the near field (yellow zone). 

In numerical solving progress, the motion of sonotrode tip is realized 
by updating computation nodes at the beginning of every time step. 
Then, the solvation of partial differential equation for scalars is initiated 
with segregated solver as shown in Fig. 2. The momentum equation is 
solved to obtain the velocity field, where in the equation, velocity vector 

term v→m is modified as v→m- v→grid, where v→grid represents the moving 
velocity of nodes. In this way, the motion of sonotrode tip is implanted to 
generated ultrasound waves. Then using the new acquired velocity field, 
the pressure and velocity coupling is solved via SIMPLE algorithm. 
Finally, the energy equation, turbulent equation and vapor volume 
fraction are solved. The transient simulation is performed with a time 
step able to resolve the sinusoidal curve, so the vibration of sonotrode 
emitting surface can release actual alternating sound pressure wave. 
Hence, the simulation time step T is 1.25×10-6s, which corresponding to 
1/40 of the excitation frequency. The numerical simulation is performed 
in HPC Platform of Xi’an Jiaotong University with Intel® Xeon® Pro
cessors 6258R (2.7GHz, 2×28 core and distributed shared memory of 
192GB for each node). The system is running on CentOS Linux 7.7.1908, 
with the above settings, it takes about 7 hours to calculate 0.01s using 56 
cores. 

3. Numerical method verification 

The computational geometry used in this research is identical with 
the geometry of Ref. [23] in vessel and sonotrode diameter, and sono
trode immersed depth, but twice deeper in vessel height. Comparing the 
numerical simulation results in this research with the PIV experimental 
results from Ref. [23] as shown in Fig. 3(A), the velocity profile against 
dimensionless distance from emitting surface to the bottom wall of 
cylinder has good agreement. Also as exhibited in Fig. 3(B), at the same 
depth of axis position, the pressure and vapor volume fraction distri
bution of the simulation results in this research is approximate to the 
simulation results from Ref. [23] in variation trend and magnitude. 
Hence the simulation approach and results in this research is validated 
with good accuracy in the simulation of ultrasound propagation and 
acoustic effects. 

4. Numerical simulation results analysis 

4.1. Development of cavitation zones 

The pressure distribution along the axis of sonotrode is exhibited in 
Fig. 1. (A) Numerical simulation geometry and grid, (B) Sonotrode type ul
trasonic device. 

Fig. 2. Solution procedure of fluid flow imposed with ultrasound.  
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Fig. 4, during the ultrasound radiation, sound waves propagated 
through the fluid field. Fig. 4 (A) and (B) each corresponds to the near 
and far field of ultrasonic radiation field respectively. In the near field, 
pressure fluctuation reaches a relatively steady state since 0.02s, while 
in the far field, it takes about 0.06s to become stable. Moreover, the 
powerful ultrasound wave pressure dropped about one order from 
0~5mm beneath the sonotrode, and kept almost constant oscillating 
amplitude to the bottom of the cylinder wall. Based on the above 
description, the analysis of sound pressure signal begins from 0.1s to 
0.2s. 

In Fig. 5 (I)~(XII) the cavitation zone distribution generated by each 
vibratory amplitude studied in this research is exhibited. From Fig. 5 (I) 
~(III) the expansion zones and compression zones regularly spreaded at 
interval from the emitting surface to the bottom of cylinder. And with 
the increase of sound power, the expansion zone in front of emitting 
surface grows and coalescences into larger bubbles. From Fig. 5 (Ⅳ)~ 
(Ⅵ), with the vibratory amplitude increasing, the non-linear 

propagation of ultrasound wave became more obvious, but in this 
progress only gaseous cavitation has happened, the cavitation zones do 
not have large vapor volume fraction value. The distribution of cavita
tion zones and compression zones become non-symmetric, the two zones 
pass through each other from emitting surface downward. From Fig. 5 
(VII)~(XII), water vapor is generated and the cavitation intensity con
tinues increase, the color becomes brighter and covers larger area 
gradually. In this vaporous cavitation, large cavitation zones occupy the 
area in front of emitting surface, acting as a shield absorbs the sound 
energy from sonotrode. The shielding effect of cavitation bubble 
severely damping the sound wave energy, blocking it from propagating 
to the bottom of the cylinder. It is clear from Fig. 5 that when the 
cavitation is limited in the intensity of expansion and compression of 
NCG, the cavitation zones will not spread to the bottom of cylinder, 
forming regular stationary field in front of emitting surface. While in the 
region of gaseous cavitation, cavitation zones propagate far away from 
emitting surface, forming non-regular stationary field. Eventually, with 

Fig. 3. (A) Velocity distribution at the axis of sonotrode under emitting surface, (B) Pressure and vapor volume fraction distribution at the axis of sonotrode under 
emitting surface. 

Fig. 4. Simulation results of sound pressure distribution along the axis beneath sonotrode emitting surface at the vibratory amplitude of 30 μm, (A) near field and (B) 
far field. 

Fig. 5. Simulation results of cavitation zone distribution in ultrasonic field  
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vaporous cavitation begins, sound energy delivery is blocked, forming 
concentrated cavitation zone in front of emitting surface. 

The propagation of cavitation zone at NCG expansion state is rep
resented by the vibratory amplitude of 10μm, in Fig. 6(A) displays the 
progress of an ultrasound oscillation period. The cavitation zone 
generated and separated in front of emitting surface at the frequency of 
ultrasound excitation source, then moved toward the bottom of cylinder 
under the push of sound wave. The cavitation zone gradually faded away 
with the attenuation of sound energy. Fig. 6(B) exhibits the propagation 
progress of cavitation zones at the frequency of f/2 under the vibratory 
amplitude of 40μm. With the sound energy evidentally augmented, the 
cavitation zones are maintained to the bottom of the cylinder. Although 
this cavitation is in a non-linear state, it can be found deep down in the 
cylinder, the cavitation zones still distributed in a symmetrical pattern, 
which demonstrated the sound energy far away from emitting surface 
only able to maintain expansion and compression of NCG. The vaporous 
cavitation with phase transition is represented by the case at the 
vibratory amplitude of 70μm. With the increase of vibratory amplitude, 

the negative phase pressure covers larger area. The generated cavitation 
zone in front of emitting surface in different time contacted with each 
other and coalescence, showing large and concentrated cavitation zone 
in Fig. 6(C). And due to the existence of cavitation energy shield, the 
sound energy is blocked within cavitation bubble, hard to propagate to 
the bottom of cylinder, the bubble separation frequency is reduced to f/ 
8. Until the cavitation zones be pushed forward and away from the 
emitting surface, another cavitation zone is forming in front, gradually 
accumulating and coalescence into large bubble. The vapor volume 
fraction distribution comparison between NCG expansion, gaseous 
cavitation and vaporous cavitation clearly explained the mechanism of 
non-linear propagation of ultrasound. The longitudinal propagation of 
high intensity ultrasound wave leads to the variation of water liquid 
density. Hence the ultrasound waves propagate at high and low speed in 
concentration and rarefaction phase respectively, exhibiting non- 
linearity. 

Fig. 6. Simulation results of cavitation zones propagation in (A) expansion and condensation state, starting from 0.2s with the time interval of 1.25×10-5s, (B) 
gaseous cavitation state, starting from 0.2s with the time interval of 1.25×10-5s, (C) vaporous cavitation state, starting from 0.2s with the time interval of 5×10-5s. 
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4.2. Sound pressure signal analysis 

In order to clearly identify the variation trend of sound pressure 
against sonication time, the sound pressure signals correspond to each 
vibratory amplitude from 0.199s~0.2s are exhibited in Fig. 7. It is 
obvious that the upper limit of sound pressure raised with the increase of 
vibratory amplitude and lower limit decreased accordingly, but with a 
minimum value at the saturation pressure corresponding to -96891.6Pa 
under 300K. It can be easily distinguished when the vibratory amplitude 
is 5~10μm, the lower limit of sound pressure cannot reach the satura
tion pressure, but with the amplitude increases from 20μm to 75μm the 
saturation pressure is reached and the saturation state time last longer 
with the increase of amplitude. The upper limit of sound pressure with 
the amplitude of 5μm to 20μm show a consistent maximum value, 
meanwhile, the amplitude from30μm to 50μm have two different peak 
value in the interval period. Moreover, at the amplitude from 55μm to 
75μm, the peak value becomes oscillating at the frequency of f/8 which 
corresponding to the cavitation bubble generation and separation period 
in Fig. 6(C), these trends are marked out with different markers and 
dashed lines. These different characteristics in local maximum sound 
pressure is caused by cavitation phenomenon, when the amplitude is 
5~20μm, the ultrasound wave is relatively gentle, the expansion of NCG 
is the primary acoustic effect. The further increase of amplitude from 
30~50μm leads to gaseous cavitation, NCG expands and coalesces, 
forming large cavitation bubbles. At this state, the cavitation threshold is 
reached in the negative phase of ultrasound but no water liquid evap
oration has happened. With the further increase of amplitude in the 
range of 55~75μm, the sound power energy is high enough and generate 
water liquid phase transition. The appearance of evaporation and 
condensation between water liquid and vapor greatly enhanced the non- 
linear effect created by ultrasound. In the oscillation period reaches 
absolute maximum sound pressure, large cavitation zone is generated in 
front of the emitting surface, which acted as a shielding layer blocking 
the propagation of ultrasound into fluid. Hence, with the augment of 
vibratory amplitude, in the next few periods of sound emitting, the local 
maximum sound pressure is relatively lower with weaker acoustic 
cavitation phenomenon and more sound power energy transmitted to 
the fluid field soon afterwards, forming an oscillation of local maximum 
sound pressure eventually. 

From Fig. 7, the sound pressure is evidently increasing with the in
crease of vibratory amplitude. Since the simulation of imposing ultra
sound into fluid flow field through wall motion is employed by 
designating the vibratory frequency and amplitude, the actual power of 
ultrasound input is not a direct setup parameter. In order to determine 
how much sound power input will induce each cavitation state, Eq. (16) 

is applied first to acquire an average value of the accumulated maximum 
sound pressure corresponding to each vibratory amplitude from 
0.1~0.2s. 

psound =
1
n

∑n

i=1
pi

max (16)  

where psound is the average sound pressure, and pmax is the peak pressure 
at each oscillating period. Then using Eq. (17)~(18) [33], the ultra
sound power is delivered, and the sound pressure and power is shown in 
Fig. 8. 

I =
psoundvus

2
(17)  

Psound = IS (18)  

where I and Psound are sound pressure and sound power at sonotrode 
emitting surface respectively, and S is the surface area of sonotrode tip. 
Error bar is applied in each vibratory amplitude to represent the varia
tion range of the maximal and minimal value of sound pressure and 
sound power. The sound wave pressure shows a relatively steady, almost 
linear increase against amplitude up to 50μm vibratory amplitude, while 
the slope of corresponding sound power keeps increasing. This trend is 
explained via Fig. 5(I)~(Ⅵ), during raising the vibratory amplitude, the 
cavitation zones grow into gaseous cavitation state but still distribute 
separately. Therefore, sound power keeps increasing quicker while 
slight scattering and attenuating cause the sound pressure growing 

Fig. 7. Simulation results of sound pressure fluctuation with radiation time. (The peak values in each oscillation period are marked out and connected with 
dashed line.) 

Fig. 8. Simulation results of ultrasound pressure and power against the 
amplitude of sonotrode. 
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linearly. As the vibratory amplitude raised higher than 50μm, the slope 
of sound pressure decreases and the magnitude has a drop at 60μm but 
continue increase until 80μm in this research. In Fig. 5(VII)~(XII), the 
cavitation zones coalescence in front of emitting surface and break away 
periodically, which is the reason for the decrease of sound pressure slope 
from 50μm to 55μm. This severe damping of sound energy is called 
‘cavitation shielding’, especially at high sound power output levels, an 
intense cloud of cavitation is produced very close to the emitting surface 
of sonotrode, which then through scattering and attenuation, blocking 
acoustic energy reaching any deeper into the medium than a few mili
meter [34]. With the vibratory amplitude increases, larger cavitation 
zone surrounds the sonotrode, making the sound energy difficult to 
transmit into fluid but causing phase change (vaporous cavitation), 
hence the sound pressure magnitude even drops slightly at 60μm. But 
continue raising the vibratory amplitude, the cavitation bubbles consist 
of NCG and water vapor have reached the limited size, therefore the 
sound pressure transmitted to fluid keeps on increasing at a constant 
slope with the increase of vibratory amplitude. 

4.3. Frequency spectrum analysis 

By utilizing FFT to the pressure signal, the frequency response of 
harmonics, sub/ultra-harmonics and cavitation white noise is separated 
to describe the unique characteristics in different cavitation regions as 
exhibited in Fig. 9. The upper limit of the spectrum is determined by the 
sampling frequency which is corresponding to 1/(2T), and the frequency 
resolution is 1/t, in this research they are 4×105Hz and 10Hz respec
tively. In the frequency spectrum, the linear component at f=0Hz, the 
fundamental harmonic frequency corresponds to the excitation fre
quency f0=20kHz and other harmonics of f0 at f=mf0 (m is integer) 
obviously have stronger magnitude than other frequency, corresponding 
to stronger sound energy in these frequency components [35]. Among 
all these harmonics, the fundamental harmonic has the highest peak 
value, and the magnitude of high order harmonics mf0 is decreasing with 
increasing m. The appearance of high order harmonics is because of non- 
linear propagation of ultrasound, their intensity is part of excitation 
source energy component, hence the magnitude decreases with 
increasing order m. Besides the significant frequency response in Fig. 9, 
the sub-harmonic frequency at f0/n (n is integer), and the ultra- 
harmonics beyond fundamental frequency at mf0/n except for har
monics can also be identified. These sub/ultra-harmonics have signifi
cant weaker magnitude of sound pressure compared with harmonics and 
linear component, but they are very important feature of acoustic 
cavitation frequency response [36,37]. The sub-harmonics marked out 
in blue and green boxes represents for cavitation zone separation fre
quency, at vibratory amplitude of 30~50μm and 55~80μm the corre
sponding frequencies are decreasing and are approximately f0/2 and f0/ 
8 respectively. 

To further investigate the frequency characteristics, the linear 
component, harmonics and sub/ultra-harmonics are extracted from the 
frequency spectra and plotted against the vibratory amplitude as shown 
in Fig. 10. With the increase in excitation signal amplitude, the sound 
wave strength gradually increases and the negative phase pressure 
reaches the cavitation threshold at most, hence the linear component 
gradually became prominent among harmonics. The magnitude of linear 
component is positively correlated to the excitation amplitude. The 
fundamental harmonic is the direct reflection of excitation source in
tensity, hence sound pressure against amplitude at f0 is positively 
correlated. And the sound energy contained in fundamental harmonic 
part is always higher than the high order harmonics. With the increase in 
excitation amplitude, the propagation of ultrasound wave becomes more 
non-linear. The increase trend at other harmonics maintained until 
A=50μm, then the magnitude did not change much. Because when a in 
the range of 5~50μm, there is no vaporous cavitation, so the attenuation 
and scattering effect of cavitation zone are not strong. After A raised up 
to 55μm, phase change of water liquid appeared, the existence of water 
vapor forming vaporous cavitation, which diminished sound energy 
from harmonics and stored inside the bubbles, later released by jet flow 
and shock wave when explode, generating white noise. The shielding 
effect of vaporous cavitation zone prevents the magnitude of high order 
harmonics from growing. 

The appearance of sub/ultra-harmonics are due to cavitation bubble 
oscillation, the bubbles will oscillate in their radial direction forced by 
the primary Bjerknes force which results from the excitation sound field, 
or oscillate randomly in the fluid field forced by the secondary Bjerknes 
force which results from the sound field from bubbles self-oscillation 
[38]. In Fig. 10(B) the first-harmonic and ultra-harmonics are nearly 
zero at amplitude from 5~20μm, indicating the ultrasound is relatively 
gentle at this vibratory amplitude range, the dissolved NCG only ex
pands or compresses in the fluid but not grows into bubbles. With the 
increase of vibratory amplitude to the range of 30~50μm, NCG expands, 
coalescence into larger bubbles and oscillates radially, presenting an 
oscillating component at the f0/2 sub-harmonic, this is an indicator for 
identification of gaseous cavitation [14,34]. With the amplitude in
creases to 55μm, the vaporous cavitation happens, the same as har
monics, the energy of sub/ultra-harmonics is taken by generated 
bubbles. However, the further increase of vibratory amplitude imposes 
higher ultrasound power into fluid field that the cavitation bubbles can 
no longer taking in, hence the lower order sub/ultra-harmonics 
(10~70kHz) raises significantly and high order ultra-harmonics 
(90~kHz) raises slightly. 

The harmonics and sub/ultra-harmonics in the frequency spectra is 
eliminated and delivered Fig. 11 (A) and (B), exhibiting the signal from 
5~50μm representing gaseous cavitation and 55~80μm representing 
vaporous cavitation respectively. It is to be noticed that in both Fig. 11 
(A) and (B) exhibits broadband signals through all frequency spectra, in 
gaseous cavitation these signals mostly distributed around harmonics 
and sub/ultra-harmonics, while in vaporous cavitation these signals 
densely distributed all over the frequency band. Moreover, the fre
quency components magnitude in vaporous cavitation is generally 
hundred times higher than gaseous cavitation. These broadband signals 
in the vibratory amplitude range of 5~50μm is primarily caused by the 
non-uniform radial distribution of acoustic velocity and secondarily 
resulted from insufficient frequency resolution. And in the vibratory 
range of 55~80μm, the broadband signal is generated by the jet flow 
and shock wave, which are released with the occurrence of vaporous 
cavitation bubble explosion, and is defined as cavitation noise in the 
frequency spectra. From the comparison of noise in Fig. 11 (A) and (B), 
the significance of phase change cavitation in white noise releasing is 
elucidated, and can be validated by Ref. [39] which derived similar 
results. However, the already made simplification of cavitation model 
should be noticed, which might cause the delayed appearance of white 
noise at flow vibratory amplitude according to Ref. [40,41]. Fig. 9. Simulation results of frequency spectrum at different amplitude from 

FFT. (Axes in red is zoomed sub-harmonic frequency spectra) 
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5. Discussion about cavitation threshold amplitude 

From the above analysis about cavitation zone distribution and fre
quency spectrum, cavitation first occurred at the 30μm vibratory 
amplitude, corresponding to 100W ultrasound power. However, it is 
known that an ultrasonic cleaning bath usually consumes 50W for each 
transducer commonly with a diameter of 30~70mm, generating cavi
tation at the vibratory amplitude about 5μm[42,43]. The following ex
periments were conducted to discuss the delay of cavitation in numerical 
simulation. 

Firstly, the vibratory amplitude of two sonotrode type ultrasonic 

devices was measured with the apparatus shown in Fig. 12 (A) and listed 
in Table. 1. Sonotrode #1 has a diameter of 12mm, 1000W maximum 
power input (30~100% adjustable) and works at 20kHz, and sonotrode 
#2 has a diameter of 22mm, 400W maximum power input (30~100% 
adjustable) and works at 20kHz. Comparing the vibratory amplitude 
generated by 400W power input, the Φ12mm sonotrode has a 28μm 
displacement while the Φ22mm sonotrode generates a 19μm displace
ment. Moreover, sonoluminescence experiment was conducted with a 
luminal solution containing 0.1mol/L luminal (3-amino
phthalhydrazide) and 1mol/L NaOH in distilled water. The experiment 
apparatus is shown in Fig. 12 (B), a Single Lens Reflex (SLR) camera was 

Fig. 10. Simulation results of sound pressure magnitude (A) At part of harmonics, (B) At part of sub/ultra-harmonics.  

Fig. 11. Simulation results of cavitation noise, (A) Gaseous cavitation noise at the amplitude range of 5~50μm, (B) Vaporous cavitation noise at the amplitude range 
of 55~80μm. (Highest peak value of white noise corresponding to each vibratory amplitude is marked out.) 

Fig. 12. (A) Sonotrode tip vibratory amplitude measurement apparatus (sonotrode #1), (B) Sonoluminescence experiment apparatus, sonoluminescence generated 
with 400W power input by (C) Sonotrode #1, (D) Sonotrode #2. (Sonoluminescence photo were shot by Canon 80D equipped with an EFS 18~135mm lens, using the 
settings ISO3200, f3.5 and a 60s exposure time.) 
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installed in a 3D-platform, a PMMA vessel filled with luminal solution of 
100mm height, and sonotrode tip was immersed 10mm under solution 
surface. Fig. 12 (C) and (D) were both shot at ultrasound power input of 
400W, it is evident that the thicker sonotrode #2 generated larger area 
of fluid field covered by blue light. Both vibratory amplitude measure
ment and sonoluminescence reflect that at the same power input, though 
a thicker sonotrode with larger emitting surface area generates lesser 
vibratory amplitude than a slender one, the cavitation effect is more 
extensive. This explains why a cleaning bath can easily induce large 
scale cavitation. 

Also from Table. 1, the vibratory amplitude generated with mini
mum power input (300W) by sonotrode #1 is 20μm, while in numerical 
simulation, the corresponding vibratory amplitude to 300W is about 
45μm by linear interpolation (in Fig. 8). This difference is ascribed to the 
existence of NCG, which reduces the mixture fluid density. Simply 
evaluating the force acting on fluid from sonotrode tip by Eq. (19): 

Fus = ρmVa  

where, Fus represents ultrasonic force acting on fluid, V represents finite 
volume of mixture fluid receiving momentum transmitted from sono
trode tip, and a is acceleration of sonotrode tip. From Eq. (19) we can 
find that with the decrease of ρm, at the same vibratory amplitude of 
sonotrode tip, a finite fluid volume will receive less sound power. 
Therefore, in numerical simulation with NCG, less ultrasound power 
transmits from sonotrode to fluid field at the same vibratory amplitude. 
This explains why in numerical simulation larger amplitude is needed to 
generate the same amount of ultrasound power as measured in 
experiment. 

In addition to the above influence from ultrasound power, simplifi
cation in numerical simulation model has impact on cavitation. the mass 
source term described by Eqs. (8)~(9) also give explanations. The 
evaporation source term Re representing phase transition of water liquid 
to water vapor is negatively correlated to NCG mass fraction. Therefore, 
the occurrence of cavitation is delayed. Furthermore, the saturated 
pressure should be higher with NCG existence. But due to the correlation 
between NCG mass fraction and saturated pressure is not described 
clearly yet, in this work the correction of saturated pressure by NCG 
mass fraction is not conducted. 

6. Conclusions 

In the present research, the effects of ultrasound excitation source 
vibratory amplitude (power level) on cavitation state is investigated 
through frequency spectra of sound pressure signals and distribution of 
cavitation zones. The characteristic signals in NCG expansion/ 
compression, gaseous cavitation and vaporous cavitation are identified, 
and the cavitation zone development is visually studied with vapor 
volume fraction distribution. The findings of this present research are 
summarized as follow: 

1. According to the power input of sonotrode in water liquid, ultra
sound power higher than 100W or 350W will generate gaseous or 

vaporous cavitation respectively, inducing cavitation shielding ef
fect. The cavitation shielding is a progress of bubble generation and 
separation progress beneath sonotrode tip, which has a sub- 
harmonic frequency f0/m corresponding to the oscillation of ultra
sound pressure peak value. Moreover, m is proportional to vibrating 
amplitude. 

2. Harmonics are generated due to the non-linear propagation of ul
trasound, sub/ultra-harmonics are results from bubbles radial oscil
lation or self-oscillation in the fluid field and white noise all over the 
spectra is released by jet flow and shock wave from implosion of 
cavitation bubble.  

3. The sub/ultra-harmonics are indicator for gaseous cavitation, and 
white noise is indicator for vaporous cavitation.  

4. Cavitation zone development is regular at the ultrasound power 
below 60W (corresponding to vibratory amplitude of 20μm) with a 
symmetric distribution pattern but can only maintain in front of 
emitting surface. The power range between 120~360W (corre
sponding to vibratory amplitude of 30~50μm) generate gaseous 
cavitation which can spread far and show an asymmetric distribution 
pattern in front of emitting surface and a symmetric distribution 
pattern deep down the vessel. At the power range of 400~750W 
(corresponding to vibratory amplitude of 55~80μm) vaporous 
cavitation phenomenon is generated, causing cavitation zones coa
lescence with each other in front of emitting surface and break away 
periodically.  

5. A thicker sonotrode with larger emitting surface area is able to 
generate more extensive cavitation than a slender one, and the ex
istence of NCG delays the occurrence of cavitation in numerical 
simulation. 
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