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Cavitation is the determining mechanism
for the atomization of high-viscosity liquid

Zhenzhen Gui,1 Yaohua Zeng,1 Tang Xie,1 Bochuan Chen,1 Jialong Wang,1 Yuxin Wen,1 Tian Tan,1 Tao Zou,1,2,*

Fan Zhang,1,* and Jianhui Zhang1,3,*

SUMMARY

Piezoelectric atomization is becoming mainstream in the field of inhalation therapy due to its significant
advantages.With the rapid development of high-viscosity gene therapy drugs, the demand for piezoelec-
tric atomization devices is increasing. However, conventional piezoelectric atomizers with a single-dimen-
sional energy supply are unable to provide the energy required to atomize high-viscosity liquids. To
address this problem, our team has designed a flow tube internal cavitation atomizer (FTICA). This study
focuses on dissecting the atomization mechanism of FTICA. In contrast to the widely supported capillary
wave hypothesis, our study provides evidence in favor of the cavitation hypothesis, proving that cavita-
tion is the key to atomizing high-viscosity liquids with FTICA. In order to prove that the cavitation is the
key to atomizing in the structure of FTICA, the performance of atomization is experimented after chang-
ing the cavitation conditions by heating and stirring of the liquids.

INTRODUCTION

Atomization is the physical process of breaking the continuity of a liquid by applying energy, which causes the original continuous liquid to

split into enclosed tiny liquid particles (droplets). This process changes single-phase flow into multiphase flow. The common atomization

methods are pure pressure atomization,1–3 combined pressure and thermal atomization,4–6 and piezoelectric ultrasonic atomization.7,8 In

the medical field, pure pressure pneumatic atomization and piezoelectric ultrasonic atomization are the typical methods because heating

can easily damage the properties of medications. However, given that pure pressure pneumatic atomization has difficulty controlling the

droplet size distribution, it cannot be applied in situations with high requirements for particle size. Piezoelectric ultrasonic atomization

has a high energy conversion rate and utilization, controllable and small particle size distribution of atomized particles, low outlet rate of

droplets, a simple structure, and low cost9–14 and has become mainstream in the medical field. Meanwhile, piezoelectric ultrasonic atomiza-

tion has also been widely used in biomedicine,15–17 advancedmechanical engineering,18–21 advanced nanomaterials,22–25 and environmental

protection.26–28

The piezoelectric ultrasonic atomizer is the key device in the medical field for inhalation medication delivery treatment. Compared with

traditional oral, intramuscular, and intravenous medication delivery methods, inhalation medication delivery can be directly applied to the

affected area, and the dosage and side effects are greatly reduced. It is often used in the treatment of respiratory diseases such as chronic

obstructive pulmonary disease,29,30 asthma,31,32 and pneumonia.33,34 In recent years, it has also been reported to be used for the treatment of

lung cancer.35–37 Transnasal mucosal passage through the blood‒brain barrier for treating epilepsy has also been reported.38 In particular,

the increasingmaturity of genetic engineering and gene therapywill make inhalationmedication delivery an importantmodality in addition to

oral, intramuscular injection, and vascular traditional medication delivery. Accordingly, the piezoelectric ultrasonic atomizer will also be the

most important device for inhalation medication delivery.

In recent years, the introduction of exogenous normal genes into target cells by gene transfer technology to treat diseases caused by

genetic abnormalities has been called gene therapy technology, which can treat difficult diseases such as cancer, thalassemia, and auto-

immune diseases. Gene therapy has become the development trend of modern medicine,39–43 and inhaled gene therapy is the current

research area in the field of inhaled medication delivery.44–46 Under the single-dimensional energy supply, achieving a high energy

supply that is necessary for the atomization of high-viscosity liquids is difficult. Therefore, the currently used piezoelectric ultrasonic

atomizer cannot atomize the liquid with a viscosity higher than 10 cP, which results in that most medications used for inhaled therapy

are primarily aqueous.47–49 In addition, gene therapy medications are DNA and mRNA molecules wrapped with polymers, peptide

chains, and lipids in the outer layer; therefore, the viscosity of the medication is higher than 10 cP. Currently, the viscosity for the at-

omization of high-viscosity liquids is usually reduced by heating,50 but the high temperature tends to denature the medication and
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is therefore unsuitable for biomedical applications.51 our team has proposed a two-dimensional vibration-coupled structure to supply

high energy input to the liquid.52 This study discusses the existing ultrasonic atomization mechanism to explore the atomization mech-

anism of the abovementioned atomizer.

Ultrasonic cavitation is the process in whichminuscule bubbles implode upon experiencing rapid pressure changes, resulting in a force-

ful impact.53,54 In previous studies, researchers generally agreed on two hypotheses for the mechanism of ultrasonic atomization55: the

capillary wave hypothesis and the cavitation hypothesis. The capillary wave hypothesis is based on Taylor instability,56 which suggests

that the capillary wave of liquid consists of wave peaks and valleys. When the liquid is excited by ultrasonic vibration, the capillary wave

peaks on the surface of the liquid will overcome their surface tension and escape into the air to form droplets. However, the cavitation

hypothesis is usually applied to systems of high-frequency vibration and high-energy density. When the liquid is excited by high-frequency

vibrations, the liquid close to the free liquid surface generates a powerful impact due to the collapse and explosion of cavitation nuclei (tiny

bubbles) to spray droplets into the air. Researchers have developed various arguments regarding the two atomization mechanisms. In

summary, most studies consider capillary waves as an important basis for ultrasonic atomization, and cavitation is considered an auxiliary

effect or concomitant phenomenon.57–59

However, the atomization mechanism of such atomizers can no longer be explained using the two mechanisms discussed above because

of the increasing variety of ultrasonic atomizers, such as mesh ultrasonic atomizers. Therefore, Friend et al. classified ultrasonic atomizers into

two types based on the relationship between the meniscus and the wavelength of the capillary wave.60 When the length of the meniscus is

larger than half of the surface capillary wave length, the size of the atomized droplet is determined by the wavelength of the surface capillary

wave. Otherwise, the size of the atomized droplet is determined by the mesh size. Thereafter, Zhang et al. further explained the atomization

mechanism of a dynamic mesh ultrasonic atomizer using the dynamic cone angle principle.61–63 Consequently, ultrasonic atomizers can be

divided into surface acoustic wave atomizers and mesh ultrasonic atomizers (static mesh and dynamic mesh).

Our research team has proposed the FTICA, which uses two-dimensional vibration synthesis to achieve the atomization of high-viscosity

liquids, but the atomization mechanism is different from the existing atomizers. The present study suggests that vibration leads to cavitation,

which results in liquid atomization, and cavitation is the determining mechanism in the atomization of high-viscosity liquids, rather than a

concomitant phenomenon in the atomization process. This study explores causal relationships between cavitation and atomization by facil-

itating cavitation by heating or stirring the liquid to prove the abovementioned point. The two treatments impact cavitationwhile not affecting

vibration. Specifically, we explore the effect of changes in the cavitation threshold and the collapse pressure of the cavitation nucleus on the

atomization efficiency by increasing the temperature and the liquid stirring rate.

First, the relationship between the atomization rate and liquid temperature is studied by heating the liquid, where the bidirectional effects

of the cavitation threshold and cavitation nucleus collapse pressure on atomization are proposed. The experimental results prove that the

cavitation threshold decreases with the increase in temperature, which makes cavitation more likely to occur. However, increasing temper-

ature will also lead to a decrease in vapor pressure, which results in lower collapse pressure, such a reduction makes cavitation less likely

to occur. The cavitation intensity first increases with the rise in temperature and then decreases, which is consistent with the experimental

results of the atomization rate. Therefore, cavitation is the determining factor of atomization for FTICA. Meanwhile, the optimal atomization

temperature for the FTICA is 40�C. Thereafter, the air content in the liquid is increased by raising the stirring rate. Then, the relationship be-

tween the atomization rate and the air content of the liquid is studied. The experimental results prove that the effect of the cavitation

threshold is greater than the influence of the collapse pressure of the cavitation nucleus at stirring rates lower than 1500 r/min. The cavitation

intensity increases with the stirring rate. This finding is consistent with the experimental results of the atomization rate, which is additional

evidence that cavitation is the determining factor of atomization for FTICA. Moreover, the atomization rate reaches its maximum at a stirring

rate of 1500 r/min.

In this study, experiments prove that cavitation is the determining mechanism for the atomization of high-viscosity liquids, and the atom-

ization temperature of 40�C is close to the body temperature of living organisms. Furthermore, the Raman spectroscopy experiments proved

that the chemical properties of FTICA did not change before and after atomization at the optimal temperature (40�C) and optimal stirring rate

(1500 r/min), which determined the safety of FTICA. Therefore, the two optimal parameters are suitable for inhalation therapy of medicine.

In summary, this study attempts to find other dimensions of energy beyond the vibrational dimension to promote cavitation, where more

energy is supplied to the FTICA by increasing the liquid temperature and stirring rate. From the experimental results, two pieces of evidence

are found to prove that the change in the atomization rate is consistent with the change in the cavitation intensity. Therefore, cavitation is

proven to be the determining mechanism for the atomization of high-viscosity liquids in FTICA and proved the correctness of the cavitation

hypothesis. In this study, two optimal atomization conditions, 40�C and 1500 r/min, were identified. These conditions provide a theoretical

basis for the application of FTICA in inhalation gene therapy and other fields.

RESULTS

Results of impedance measurements

The relationship between impedance and frequency at different temperatures is shown in Figure 1A, where the frequency range is from

300 kHz to 800 kHz. The experimental results show that the impedance does not change under different temperature conditions, and the

minimum impedance frequency is 742 kHz. The relationship between impedance and frequency at different stirring rates is shown in Figure 1B.

The experimental results show that the impedance does not change at different stirring rates, and the minimum impedance frequency is

742 kHz. The impedance analysis experiments indicate that changes in the properties of the liquid do not affect the impedance of the FTICA.
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Results of viscosity analysis

The relationship between liquid viscosity and temperature is shown in Figure 2A, the measured objects are four different viscosity liquids, the

dynamic viscosity of 50 cP, 100 cP, 150 cP, 200 cP, the temperature range is 30�C–90�C, respectively. The experimental results show that the

liquid viscosity decreases with the increase in temperature. When the liquid temperature is below 50�C, the viscosity decreases sharply, and

after the liquid viscosity is above 50�C, the decreasing trend of viscosity becomes slower, the experimental results of liquid viscosity variation

with temperature are consistent with Equation 19. The relationship between liquid viscosity and stirring rate is shown in Figure 2B, the

measured objects are four different viscosity liquids, the dynamic viscosity of 50 cP, 100 cP, 150 cP, 200 cP, the stirring rate of the range of

250 r/min-1500 r/min. The experimental results show that there is no significant change in the fluid viscosity when the stirring rate is increased,

which indicates that the viscosity of the liquid is not affected by the stirring rate.

Effect of temperature on atomization rate

The relationship between temperature and atomization rate at different dynamic viscosities is shown in Figure 3. The experimental results

show that the atomization rate increases with temperature for the same viscosity and driving voltage. When the dynamic viscosity is 50 cP

and the temperature is 40�C, the maximum atomization rate is 82.8 mg/min. As shown in Figure 3A, the temperature has the greatest effect

on atomization. However, the effect of temperature change on the atomization rate decreases with the increase in viscosity. As shown in Fig-

ure 3D, when the dynamic viscosity of the liquid is 200 cP, the temperature has the minimum effect on the atomization rate, and the atom-

ization rate is 0 for temperatures of 25�Cand 30�C. Ultimately, the relationship between theAC signal drive voltage and the atomization rate is

shown in Figure 3. The drive voltage affects the vibration amplitude of the FTICA, which in turn influences the cavitation intensity and achieves

a higher atomization rate.

The abovementioned experimental results are consistent with Equations 1 and 21. Therefore, the viscosity and surface tension coefficient

decrease with the increase in temperature. Such a decrease contributes to a lower cavitation threshold andmakes cavitationmore likely to occur.

However, continuous heating causes a tendency for the atomization rate to increase and then decrease, and the change in atomization rate

during continuous heating is shown in Figure 4.

Figure 1. Results of impedance measurements of the FTICA

(A) results of impedance measurements of the FTICA after the passage of liquids with different temperatures.

(B) results of impedance measurements of the FTICA after the passage of liquid with different stirring rates.
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Figure 2. Results of viscosity analysis

(A) relationship between liquid viscosity and temperature.

(B) relationship between liquid viscosity and stirring rate.
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As shown in Figure 4, the atomization rate of liquids with different viscosities shows a trend of increasing and then decreasing when the

temperature changes from 30�C to 90�C, and it peaks at 40�C. The atomization rate decreases when the temperature is higher than 40�C, and
the atomization rate drops to 0 when the temperature reaches 70�C. The experiment successfully proved the relationship between temper-

ature and atomization rate. Meanwhile, according to Equation 21, it is known that the increase in the liquid temperature causes the decrease

in the cavitation threshold, which in turn increases the cavitation intensity, resulting in the increase in the atomization rate. According to Equa-

tion 22, due to the increase in temperature, the cavitation nucleus collapses at a lower pressure, which causes the cavitation intensity to

decrease, resulting in the decrease of the atomization rate.

The experiments showed that the lower cavitation thresholds increase the atomization rates, and lower collapse pressure reduces the at-

omization rate. At 40�C, the two factors of cavitation threshold and collapse pressure overlap each other to obtain the maximum atomization

rate. Before the temperature reaches 40�C, the effect of a lower cavitation threshold is greater than that of a lower collapse pressure.
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Figure 3. Relationship between temperature and atomization rate

(A) dynamic viscosity of 50 cP liquid.

(B) dynamic viscosity of 100 cP liquid.

(C) dynamic viscosity of 150 cP liquid.

(D) dynamic viscosity of 200 cP liquid.
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Therefore, the atomization rate shows an increasing trend. After the temperature reaches 40�C, the effect of a lower cavitation threshold is

weaker than that of a lower collapse pressure. Therefore, the atomization rate shows a decreasing trend. In conclusion, cavitation changes

with temperature, which affects the atomization rate, and the atomization rate is positively correlated with cavitation. This experiment proves

that cavitation is the determining mechanism of atomization.

Effect of stirring rate on atomization rate

The relationship between the stirring rate and atomization rate is shown in Figure 5, which shows the effect of the stirring rate on the atom-

ization rate.

The trend of atomization rate with stirring rate is shown in Figure 5, and the change in atomization rate at different stirring rates for four

different viscosity liquids is shown in Figures 5A–5D. The atomization rate increases with the rise in the stirring rate. Themaximumatomization

rate is 105 mg/min when the dynamic viscosity is 50 cP and the stirring rate is 1500 r/min. Analysis of temperature and stirring rate suggests

that the number of bubbles increases with the rise in stirring rate. On the one hand, the cavitation threshold is lowered and cavitation is

increased with the rise in the number of bubbles, and these phenomena achieve an increase in the atomization rate. On the other hand,

the increase in the number of bubbles reduces the collapse pressure, which decreases cavitation to achieve a declined atomization rate.

The changes in atomization rate caused by the cavitation threshold and the collapse pressure will intersect at a certain stirring rate. Similar

to the temperature experiments, the atomization rate will tend to increase and then decrease in experiments where the stirring rate is the

independent variable. However, the data in Figure 5 do not show a trend similar to the temperature experiment. Instead, the atomization

rate continues to increase with the rise in the stirring rate. At stirring rates below 1500 r/min, the effect of the cavitation threshold change

is greater than that of the cavitation intensity change. Therefore, the atomization rate shows an increasing trend after the two influencing fac-

tors are superimposed. This experimental result does not indicate a contradiction to theory, instead, the atomization rate will inflect at higher

stirring rates. In conclusion, increasing the stirring rate to improve the gas content of the liquid and alter cavitation under the existing exper-

imental conditions can change the atomization rate, and the atomization rate is positively correlated with cavitation. This experiment proves

that cavitation is the determining mechanism of atomization.

The bubble density of the liquid at different stirring rates is shown in Figure 6, which shows the bubble distribution under the four groups of

different stirring rates.

As shown in Figure 6, the observations from an ultradepth-of-field microscope were photographed, and the bubble density in the visual

range was recorded. As shown in Figure 6A, no bubbles are observed in the visual range when the stirring rate is 0 r/min. As shown in
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Figure 5. Relationship between stirring rate and atomization rate at different dynamic viscosities

(A) dynamic viscosity of 50 cP liquid.

(B) dynamic viscosity of 100 cP liquid.

(C) dynamic viscosity of 150 cP liquid.

(D) dynamic viscosity of 200 cP liquid.
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Figures 6B and 6C, bubbles appear in the visible range when stirring rates are 500 and 1000 r/min, and the bubble density increases with the

rise in stirring rate. As shown in Figure 6D, the number of bubbles in the visible range increases when the stirring rate is 1500 r/min compared

with the three other stirring rates. Therefore, observing the bubble density at different stirring rates in Figure 6 shows that the density of bub-

bles in the liquid increases with the rise in stirring rate, which proves that the probability of cavitationwill becomegreater due to the increment

in the number of bubbles. Thus, the atomization rate increases with the rise in stirring rate.

Results of Raman spectral analysis

The Raman spectral analysis of the liquids before and after atomization is shown in Figure 7, the position of the peak indicates the type of

functional group and the height of the peak indicates the concentration of that functional group. The Raman spectra of the liquids before

and after atomization at different temperatures are shown in Figures 7A‒7B, the positions of the peaks of the Raman spectra for each tem-

perature before and after atomization are at the same position, while the spectral peaks change in intensity, which shows that the chemical

properties of the liquids before and after atomization at 30�C–45�C did not change, but the concentration of functional groups changes,

which is due to the evaporation of water molecules in the liquids caused by heating, resulting in changes in the concentration of functional

groups.

The Raman spectra of the liquids before and after atomization at different stirring rates are shown in Figures 7C and 7D, the positions of the

peaks in the Raman spectra of the fluid at each stirring rate before and after atomization do not change, while the intensities of the peaks

changes, it shows that the chemical properties of the liquids do not change before and after atomization at 0 r/min-1500 r/min, but rather

the concentration of functional groups change, which is due to the incorporation of air during the mixing process, resulting in a change in

the concentration of functional groups.

In conclusion, the experiments of Raman spectroscopy proved that the chemical properties of the liquids before and after

atomization do not change because of the change of temperature at room temperature up to 45�C. Moreover, the chemical properties

of the liquids before and after atomization do not change at a stirring rate of 1500 r/min. This demonstrates the safety of FTICA

atomized products at optimal temperature (40�C) and optimal stirring rate (1500 r/min), and make FTICA better for biomedical

applications.

Effect of temperature on atomized particles

The experimental results of the atomized particles test after the liquid has been heated are shown in Figure 8. The atomized particles of the

fluids with a dynamic viscosity of 100 cP are normally distributed at the atomization temperatures of 25�C, 30�C, 35�C and 40�C, the average
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Figure 6. Bubble density of the liquid at different stirring rates
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(B) 500 r/min.

(C) 1000 r/min.

(D) 1500 r/min.
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diameters of the atomized particles were 13.742 mm, 12.879 mm, 13.338 mm, and 12.135 mm, respectively. The experimental results indicate

that the average diameter of FTICA atomized particles varies between 12 mm and 14 mm at temperatures below 40�C, with no pattern of

change observed as the temperature increases.

Effect of stirring rate on atomized particles

The experimental results of atomized particle testing after the liquid stirring treatment are shown in Figure 9. The atomized particles of

the liquid with a dynamic viscosity of 100 cP were normally distributed at stirring rates of 0 r/min, 500 r/min, 1000 r/min, and 1500 r/min,

the average diameters of the atomized particles were 12.485 mm, 12.095 mm, 12.803 mm, and 13.761 mm, respectively. From the exper-

imental results, it can be obtained that the average diameter of the atomized particles of FTICA fluctuates in the range of 12 mm–14 mm

below the stirring rate of 1500 r/min. There is no significant trend in the diameter of the atomized particles of FTICA as the stirring rate

increases, which indicates that the change in stirring rate does not affect the atomized particles of FTICA below the stirring rate of

1500 r/min.

DISCUSSION

Theory of cavitation threshold

Cavitation theory suggests that any untreated liquid contains bubble nuclei (tiny bubbles). Liquid cavitation occurs after being excited by the

force due to the existence of cavitation nuclei. The cavitation threshold for nucleated cavitation can be expressed as:64

PB = P0 � PV +
2
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where P0 is the environmental pressure, PV is the saturated vapor pressure in the gas, s is the surface tension coefficient, and R0 is the radius of

the cavitation nucleus.

The longitudinal and bending forces on the particle of the inner wall of the flow tube can be defined as follows52:
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Figure 7. Results of Raman spectral analysis

(A) Raman spectra of the liquids before atomization at different temperatures.

(B) Raman spectra of the liquids after atomization at different temperatures.

(C) Raman spectra of liquids before atomization with different stirring rates.

(D) Raman spectra of liquids before atomization with different stirring rates.
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8>>>>>>>>><
>>>>>>>>>:

fu1 = � u2
0m

F cos qeiðu0t�4n1 ÞWn1 ðx0ÞWn1 ðxÞ"
Kn1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 � u2

n1

�2
+
�
2xn1un1

�2r #

fu2 = � u2
0m

F sin qeiðu0t�4n2ÞWn2 ðx0ÞWn2 ðxÞ"
u2

n2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1 � u2

n2

�2
+
�
2xn2un2

�2r #
; (Equation 2)

where fu1 is the longitudinal force, fu2 is the bending force, u0 is the excitation frequency, m is the mass of the particle, F is the amplitude of

excitation force, q is the tilt angle of the excitation force,4n1 is the phase of the longitudinal vibration, 4n2 is the phase of the bending vibration,

Wn1 ðxÞ is the longitudinal vibration mode at the horizontal coordinate point x, Wn2 ðxÞ is the bending vibration mode at the horizontal coor-

dinate point x, x0 is the action point of the excitation force in the horizontal coordinate,un1 = u0

un1
is the ratio of longitudinal vibration excitation

frequency to natural frequency, un2 = u0

un2
is the ratio of longitudinal vibration excitation frequency to natural frequency bending vibration, Kn1

is the modal stiffness of longitudinal vibration, xn1 is the relative damping coefficient of longitudinal vibration, and xn2 is the relative damping

coefficient of bending vibration.

The longitudinal and bending forces on the interior wall particle of the flow tube can be simplified as follows:

fu1 = � u2
0mAn1e

iðu0t�4n1 Þ (Equation 3)

fu2 = � u2
0mAn2e

iðu0t�4n2 Þ (Equation 4)

Cavitation nuclei aregenerated in the contact areabetween the innerwall of the flow tubeand the liquidwhen the innerwall of the flow tube

is vibratedby force. Therefore, the forceon the single particle on the innerwall of the flow tube is approximated as the forceon thebubble, that

is, Pu1 = fu1 , Pu2 = fu2 . Then, combining the longitudinal and bending forces of Equation 2, the pressure on the cavitation nucleus can be ex-

pressed as:
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Figure 8. Results of atomized particles test after heating the liquid

(A) 25�C.
(B) 30�C.
(C) 35�C.
(D) 40�C.
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Pu = Pu1 cos

�
arctan

Pu2

Pu1

�
= f 2u1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f 2u1+f

2
u2

q ; (Equation 5)

Therefore, combining Equations 3, 4, and 5, the cavitation nucleus force can be simplified as:

Pu =
u3

0mA2
n1
e2iðu0t�4n1 Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
n1
e2iðu0t�4n1 Þ+A2

n2
e2iðu0t�4n2 Þ

q (Equation 6)

where An1 is the longitudinal vibration amplitude of the excitation point at x0, and An2 is the bending vibration amplitude of the excitation

point at x0. When the cavitation nucleus inside the liquid is excited by the above mentioned pressure Pu and pressure Pu is higher than

the cavitation threshold PB, cavitation occurs, and atomization is eventually achieved due to cavitation.

Multidimensional energy supply is the key to atomizing high-viscosity liquids. In this study, the liquid temperature and the liquid stirring

rate (varying the number of bubbles) were varied to affect the cavitation from two different energy dimensions, and the atomization charac-

teristic parameters were compared to study the relationship between cavitation and atomization.

Effect of cavitation

We analyzed the parameters that affect the cavitation threshold PB and collapse pressure Pmax, such as liquid viscosity h, surface tension co-

efficient s, vapor pressure PV, and the number of cavitation nucleiN, which will be beneficial in analyzing the effect of liquid temperature T and

stirring rate n on cavitation.

The liquid viscosity h is a characterization of the interaction forces between molecules within the liquid. Therefore, for the cavitation effect

inside the liquid, the internal molecular interaction forces are higher when the liquid viscosity h is higher, and therefore, the cavitation

threshold PB is higher. In the current study, an empirical equation was used to characterize the relationship between the liquid viscosity

and the cavitation threshold:52

PB = 0:8ðlg h + 5Þ: (Equation 7)

Therefore, the cavitation threshold PB can be reduced by reducing the liquid viscosity h.
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Figure 9. Results of atomized particles test after stirring the liquid

(A) 0 r/min.

(B) 500 r/min.

(C) 1000 r/min.

(D) 1500 r/min.
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For the surface tension coefficient s, transient cavitation theory65 posits that the walls of the cavitation nucleus are excited by the force Pu,

and the equation of motion can be expressed as:

R

 
d2R

dt2

!
+
3

2

�
dR

dt

�2

=
1

r

�
Ps � Pu � 2s

R

�
; (Equation 8)

where Ps is the expansion pressure in a cavitation nucleus of radius R, and Ps can be expressed as:

Ps = PV +Pg

�
Rg

R

�3

; (Equation 9)

where Pg is the pressure in the cavitation nucleus with initial radius Rg. By ignoring the surface tension of the cavitation nucleus and the vapor

pressure inside the cavitation nucleus, Rg is replaced by Rm, that is,
2s
R = 0, PV = 0, Rm = Rg, and the cavitation nuclear collapse is considered

to be an adiabatic process. Consequently, Equation 8 can be expressed as:

R

 
d2R

dt2

!
+
3

2

�
dR

dt

�2

=
1

r

"
Pg

�
Rm

R

�3g

� Pu

#
; (Equation 10)

where Rm is the radius at which the cavitation nucleus starts to collapse, and g = CP

CV
is the ratio of specific heat at constant pressure to specific

heat at constant volume.

The radius of the cavitation nucleus is compressed to a minimum value Rmin when the acoustic pressure is positive, and the radius of the

cavitation nucleus begins to expand to the collapse radius Rm when the acoustic pressure is negative. The size of the bubble varies between

Rmin and Rm. When the cavitation nucleus wall moves to the two extreme points of Rmin and Rm, the velocity is 0, that is, dRdt = 0. To determine

the radius of the cavitation nucleus, the integral of Equation 7 needs to be determined by

PuðZ � 1Þðg � 1Þ = PgðZg � ZÞ; (Equation 11)

where
�
Rm

R

�3
= Z and dR

dt = 0. Given that (Z-1) is approximated by Z when R is quite small, Equation 11 can be expressed as

Z =

	
Puðg � 1Þ

Pg


 1
g� 1

: (Equation 12)

When the cavitation nucleus takes the minimum volume Vmin, the pressure in the cavitation nucleus reaches a collapse value Pmax, and the

following relationship can be expressed as66:

PmaxV
g
min = PgV

g
max; (Equation 13)

where Pg = Pmin and g = CP

CV
is the ratio of specific heat at constant pressure to specific heat at constant volume.

Given that the relationship between the volume V of the cavitation nucleus and the radius R of the cavitation nucleus is V = 4
3pR

3, the

following can be obtained

Vmax

Vmin
=

�
Rm

Rmin

�3

= Z ; (Equation 14)

according to Equations 12 and 13, the following can be obtained�
Vmax

Vmin

�g

=
Pmax

Pg
= Zg; (Equation 15)

according to Equations 12 and 15, the collapse pressure Pmax of the cavitation nucleus can be expressed as

Pmax = Pg

	
Puðg � 1Þ

Pg


 g

g� 1

: (Equation 16)

The specific heat capacity ratio g is assumed to be constant at 1.33 to study the effect of vapor pressure PV on cavitation. Therefore, the

collapse pressure Pmax in the cavitation nucleus is proportional to:65

Pmax � P4
uP

� 3
g : (Equation 17)

In acoustic chemistry applications, the bubble pressure Pg is taken as the liquid vapor pressure PV, and thus the relationship between the

cavitation nucleus collapse pressure and the liquid vapor pressure can be expressed as:

Pmax � P4
uP

� 3
V : (Equation 18)

The liquid viscosity and vapor pressure as a function of temperature can be expressed as follows67,68:
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h = h0½1 + BðT � T0Þ� (Equation 19)

lg PV = A � B

C+T
(Equation 20)

Where h0 is the viscosity of the fluid at the reference temperature T0. B is the temperature coefficient, T is the absolute temperature of the

liquid. A, B, and C are the coefficients of the regression.

Combining Equations 7 and 19, the relationship between cavitation threshold and liquid temperature can be expressed as:

PB = 0:8 lg½h0 + h0BðT � T0Þ�+ 4 (Equation 21)

Combining Equations 18 and 20, the relationship between the collapse pressure of the cavitation nucleus and the liquid temperature can

be expressed as:

Pmax � 10
� 3

�
A� B

C+T

�
P4
u : (Equation 22)

The flow tube of FTICA generates periodic vibration when subjected to an excitation force, and when the cavitation nucleus is subjected to

an external force Pu larger than the cavitation threshold PB under the steady state response, the cavitation effect occurs in the liquid of the

inner wall of the flow tube. The cavitation nucleus absorbs energy in an extremely short period of time, contracting and expanding in response

to positive and negative changes in pressure amplitude. The cavitation nucleus volume contraction to a minimum when the collapse, and in

the collapse of the instantaneous generation of a strong instantaneous collapse pressure Pmax effect on the liquid to achieve atomization. The

cavitation nucleus collapse pressure Pmax is the directly responsible for the atomization of high-viscosity liquids in this study. Therefore, the

lower the cavitation threshold PB, the more likely cavitation occurs, and the greater the atomization rate, the higher the cavitation core

collapse pressure Pmax, the higher the atomization rate. It can be obtained from Equation 21 that the cavitation threshold decreases with

increasing liquid temperature. From Equation 22, it can be obtained that the collapse pressure of the cavitation nucleus decreases with

increasing liquid temperature.

In studying the effect of the bubble numberN on cavitation, Equation 1 shows that the increase in the number of bubblesN causes more

weak points inside the liquid, the cavitation threshold PB also decreases, and then cavitation is more likely to occur. However, the continuous

increase in the number of bubblesN causes an increase in vapor pressure PV and cavitation nucleus pressure Pg. Eventually, the collapse pres-

sure Pmax decreases and the cavitation intensity decreases.

Analysis of temperature and stirring rate

In this study, the abovementioned parameters were varied by changing two conditions, namely, the temperature and the stirring rate, to

change the cavitation. Finally, the relationship between cavitation and atomization rate was discussed. If the cavitation is positively correlated

with the atomization rate, then cavitation is the determiningmechanism for the atomization of high-viscosity liquid.Otherwise, cavitation does

not determine atomization. The atomization of high-viscosity liquid is caused by the energy provided by multidimensional vibrations, and

cavitation is a concomitant phenomenon in the atomization process. The effect of cavitation parameters on cavitation is shown in Figure 10.

First, the temperature has an effect on several cavitation parameters. According to Equations 21 and 22, with the temperature increases, on

the one hand, the cavitation threshold is lowered, which increases the cavitation; on the other hand, with the increase of temperature, the

collapse pressure decreases, which leads to the decrease of cavitation. The study by Niemczewski showed that the increase in temperature

causes a bidirectional change in cavitation, and the cavitation intensity shows a trend of increasing and then decreasing with the continuous
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Figure 10. Effect of cavitation parameters on cavitation

(A) relationship between temperature and cavitation.

(B) relationship between stirring rate and cavitation.
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rise in temperature.69 On this basis, we will explore the effect of temperature-induced changes in cavitation on atomization efficiency. There-

fore, the bidirectional effects of cavitation threshold and collapse pressure on atomization need to be considered to discuss the relationship

between cavitation and atomization rate.

Second, the stirring ratemainly affects the number of bubbles. During the process of stirring the liquid, the shear force of the rotor rotation

disperses the liquid into numerous liquid clusters of different sizes. These liquid clusters increase the chance of contact with air under the

action of a vortex, which raises the total contact area between the liquid and air. This condition allows more bubbles to be dissolved in

the liquid. Consequently, the stirring rate is proportional to the number of bubbles. The abovementioned study shows that, with the rise

in the number of cavitation nuclei, the probability of cavitation will increase, which will lead to a lower cavitation threshold and thus increase

cavitation.Meanwhile, someof the defective bubbles cavitate first in the process of high-frequency vibration because of the excessive number

of bubbles. Part of the energy generated by the cavitation of these bubbles will also be absorbed by other bubbles that have not cavitated. In

this way, the collapse pressure is reduced, which leads to lower cavitation. On this basis, we investigate the effect of cavitation changes

caused by air content on atomization efficiency. Similar to the effect of temperature, we need to consider the bidirectional effects of the cavi-

tation threshold and collapse pressure on atomization at the liquid stirring rate to discuss the relationship between cavitation and atomiza-

tion rate.

Conclusion

Cavitation is proven to be a decisivemechanism for the atomization of high-viscosity liquids, in contrast to thewidely supported capillary wave

hypothesis, our study provides evidence in favor of the cavitation hypothesis. At the same time, the optimal atomization conditions of the

FTICA were studied to explore the possibility of application in the field of biotherapeutics. First, the effects of liquid viscosity, surface tension

of gas inside the liquid, saturated vapor pressure, and the number of bubbles on the cavitation threshold and collapse pressure were analyzed

theoretically. Then, the effect of the change in cavitation on the atomization rate was obtained. On the basis of the theoretical analysis, tem-

perature and stirring experiments were next conducted to verify the effect of cavitation on the atomization rate. The following conclusions

were obtained.

(1) The atomization rate is proven to be positively correlatedwith cavitation, and cavitation is the determining factor for the atomization of

high-viscosity liquids, which verifies the correctness of the cavitation hypothesis.

(2) The optimal atomization temperature of the liquids is about 40�C, which is suitable for the effective atomization of biological proteins

and other medicinal liquids.

(3) The Raman spectroscopy experiments proved that the chemical properties of the products before and after atomization did not

change when the liquid was at a temperature of 40�C and a stirring rate of 1500 r/min, indicating the safety of FTICA for biomedical

applications.

(4) Experiments have shown that an appropriate increase in temperature and stirring rate can increase the atomization rate of a liquid with

the same viscosity, and it raises the liquid dynamic viscosity of atomization to 200 cP.

In this study, we prove that cavitation is the decisive mechanism for the atomization of high-viscosity liquid by changing the physical prop-

erties of the liquid. Therefore, FTICA can respond to applications in genetic engineering, fuel supply, and microfabrication technology. This

study provides an important reference for future research on the ultrasonic atomization of high-viscosity liquids and is beneficial to explore the

range of applications for the atomization of high-viscosity liquid.

Limitations of the study

While this study indirectly verifies the cavitation effect of FTICA, it is limited by the cavitation effect detection method, and due to the small

inner diameter of the flow tube, it is difficult for existing techniques to directly detect the cavitation effect inside the atomized flow tube.

Therefore, in the subsequent research, we can try to design the experimental method to directly detect the cavitation effect of the flow

tube type atomizer.
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METHOD DETAILS

Structure of the FTICA

The structure of this study is shown in the figure below, which consists of three parts: a drive source, a connecting block, and a liquid carrier.

The vibration source includes a metal base and a piezoelectric ceramic, which is made by sintering PbTiO3 series materials and is shown in

baby blue in the figure below (A). The metal base, the connection block, and the liquid carrier are machined of 304 stainless steel. The

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

50 cP liquid Xilong Scientific Co.,Ltd. N/A

100 cP liquid Xilong Scientific Co.,Ltd. N/A

150 cP liquid Xilong Scientific Co.,Ltd. N/A

200 cP liquid Xilong Scientific Co.,Ltd. N/A

Other

NDJ-1 Rotational Viscometer Shanghai Lichen Instrument

Technology Co., Ltd.

N/A

AFG Signal generator Tektronix, Inc. N/A

HSA4051 Power amplifier Negative Feedback, Inc. N/A

DSO-X2004A Oscillograph Keysight Technologies, Inc. N/A

GPC3060D DC power supply Guwei Electronics Co., Ltd N/A

LabRAM HR Evolution HORIBA Jobin Yvon, Inc. N/A

VHX-5000 Ultradepth-of-field microscope Keysight Technologies, Inc. N/A

Winner311XP Laser particle size analyser Jinan Winner Particle Instruments

Stock Co., Ltd.

N/A

BHS-1 Water bath heater JOANLAB Scientific Instrument Co., Ltd. N/A

85-2 Magnetic stirrer Shanghai Lichen Instrument

Technology Co., Ltd.

N/A

FA2204 High-precision balance Shanghai Lichen Instrument

Technology Co., Ltd.

N/A
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piezoelectric ceramic is bonded to themetal base with 3MDP460 epoxy resin, and the connection block is laser welded to themetal base and

the liquid carrier. The main dimensions of the FTICA are shown in the table below.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Impedance measurement experiment

Before conducting experiments on the effect of temperature and stirring rate on the atomization rate, experiments were conducted using an

impedance analyzer (LCRMeter 6630,MICROTEST, Taiwan, China) for the same viscosity liquid at different temperatures and different stirring

rates and measuring the impedance of the FTICA after passing different types of liquid. For example, the change in the temperature affects

the liquidity of the liquid. However, determining whether flowability affects the stiffness of the FTICA, which results in a change in the resonant

frequency of the FTICA, is the main purpose of the impedance analysis experiment. The experimental setup for impedance measurement is

shown in the figure below.

Welding line Welding line

h2

t2b2

t0
h1 d0

d11
d1

ol3 l31
d3 D3

Vibration source

Connecting block

Liquid carrier

Front view Side view

Vibration source

Connecting block

Liquid carrier

Vibration
source

Connecting
block

Liquid carrier

FTICA

Structure of the FTICA

(A) schematic of the FTICA.

(B) photograph of the FTICA in front view.

(C) photograph of the FTICA in side view.

(D) welding area between the rectangular block and the metal base.

(E) welding area between the rectangular block and the liquid carrier.

Table Main dimensional values of the FTICA.

Parameters Values

Diameter/d0 (mm) 18.00

Thickness/t0 (mm) 1.00

Diameter/d1 (mm) 30.00

Diameter/d11 (mm) 24.00

Height/h1 (mm) 8.00

Width/b2 (mm) 9.00

Height/h2 (mm) 36.00

Thickness/t2 (mm) 2.00

Diameter/D3 (mm) 1.00

Diameter/d3 (mm) 0.80

Distance/l3 (mm) 45.00

Distance/l31 (mm) 10.00
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As shown in the figure above, the stirred and heated liquid was passed into the liquid carrier, and the FTICA impedance was measured

using an impedance analyzer.

Experiments of viscosity analysis

In order to study the relationship between viscosity with temperature and gas content. First, the liquid is heated and stirred for 5 min, and

them, a rotary viscometer (NDJ-1, LICHEN, Shanghai, China) was used to conduct experiments on the same viscosity liquid at different tem-

peratures and different stirring rates, and to analyze the change of viscosity of the liquid in different environments. The experimental setup for

viscosity measurement is shown in the figure below.

Experiment of temperature and atomization rate

A water bath was used to heat the liquid to explore the relationship between temperature and atomization rate. Then, the atomization exper-

iment was conducted. The experimental setup for heating atomization is shown in the figure below. In this study, a water bath heater (BHS-1,

Liquid

Liquid

Heating

Stirring Viscosity testing

Waterbath heating

Magnetic stirring Viscometer

Viscosity testing

Experimental setup of viscosity measurement

Stirring liquid

Heating liquid

Impedance analyzer

FTICA

Bubble

Air

Liquid

Magnetic
rotor

Vibration source

Connecting block

Liquid carrier

Inlet OutletLiquid

Experimental setup of impedance measurements
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JOANLAB, Zhejiang, China) was used to heat liquids with different viscosities and heat them for the same amount of time. Subsequently, a

peristaltic pumpwas used to pump the liquid into the FTICA for atomization rate experiments. The drive signal of the FTICAwas generatedby

a signal generator (AFG1022, Tektronix, Beaverton,WA, USA) and amplified and transmitted to the FTICAby a power amplifier (HAS4051,NF,

Yokohama, Japan). An oscilloscope (DSOX2004A, Keysight, Santa Rosa, CA, USA) was used for simultaneous display to observe the changes

in the input signal in real time. A high-precision balance (FA2204, LICHEN, Shanghai, China) was used to record the pumping volume at the

maximum drive voltage of the peristaltic pump, which was the final atomization rate.

The experimental setup for liquid heating and atomization is shown in the figure above, and this setup was used to perform atomization

rate experiments at different temperatures. The atomization experiments were conducted at different temperatures with liquids of dynamic

viscosities of 50, 100, 150, and 200 cP, and the atomization rates weremeasured at four temperatures of 25, 30, 35, and 40�C. For liquids of the
same viscosity at the same temperature, the drive voltage of the AC signal was increased from 70 V to 80 V, and six sets of atomization rate

measurements were completed at an interval of 2 V.

Experiment of temperature and stirring rate

The effect of the bubble number on the atomization rate was explored. First, a magnetic stirrer was used to stir liquids of different viscosities

for the same time at room temperature. Then, the atomization experiment was performed on the stirred liquid, and the change in the

Liquid

Peristaltic pump

Water-bath heater

DC power supply

Liquid heating and supply

FTICA

Inlet Outlet

Vibration source

Connecting block

Liquid carrier

Signal generator

Power amplifier

Oscilloscope

Experimental setup for liquid heating and atomization

Magnetic stirrer

DC power supply Peristaltic pump

FTICA

Inlet Outlet

Vibration source

Connecting block

Liquid carrier

Air

Liquid
Bubble

Rotor

Stirring

Experimental setup of stirring atomization
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atomization rate was studied. The experimental setup of stirring atomization is shown in the figure below. This setup used a DC power supply

(GPC-3060, GWINSTEK, Taiwan, China) to drive the peristaltic pump. Then, the stirred liquid was pumped to the FTICA to achieve

atomization.

The experimental setup shown in the figure above was used to conduct the atomization experiments at different stirring rates. The stirring

experiment was similar to the temperature experiment, which was divided into three groups of experiments according to the different stirring

rates of 500, 1000, and 1500 r/min, respectively. The atomization experiments were conducted at different stirring rates for different viscosity

liquids. Finally, the atomization rate was recorded.

This experiment was conducted to observe the stirred liquid with an ultradepth-of-field microscope (VHX-5000, KEYENCE, Osaka,

Japan) and compare the changes in the number of bubbles at different stirring rates for better demonstrating the relationship be-

tween the stirring rate and the number of bubbles. The bubble observation setup of the ultradepth-of-field microscope is shown in

the figure below.

As shown in the figure above, the liquid with a dynamic viscosity of 50 cP was divided into four groups with the stirring rate as the inde-

pendent variable: 0, 500, 1000, and 1500 r/min, respectively. The four groups of liquids were stirred for 5 min using a magnetic stirring device,

and the stirred liquids were allowed to stand for 1 min before being placed on slides to observe the bubble density using an ultradepth-of-

field microscope.

The diameter of the bubbles in the liquid is approximately 3 mm. Thus, an ultradepth-of-field microscope magnification was set to 25003,

after which fine adjustments were made to observe the bubble density inside the liquid. The liquid is difficult to focus directly at high flow

speeds. Therefore, the lens was focused on the boundary between the liquid and the slide, and the bubble density could be observed within

the visual range.

Experiment of Raman spectral analysis

In order to verify the chemical properties of the liquids after heating and stirring, and the safety of the FTICA atomization products after

the heating and stirring treatment, a Laser Raman Spectrometer (LabRAM HR Evolution, HORIBA FRANCE SAS, France) was selected as

the experimental setup for this study, and the wavelength of the laser light source was 532 nm. Firstly, Raman spectroscopy was performed

to observe the chemical properties of the liquids after the heating and stirring treatment. Later, the products of FTICA atomization of the

heated and stirred liquids are subjected to Raman spectroscopy. The experimental setup for Raman spectral analysis is shown in the figure

below.

Inner groove

Out of groove

Ultradepth-of-field microscopeDisplater

Partial enlargement

Stirring

Bubble
Liquid

Air

500 r/min

1000 r/min 1500 r/min

0 r/min

After stirring the liquid

Bubble

Bubble

Rotor

Diagram of the bubble observation setup of an ultradepth-of-field microscope
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Experiments on the relationship between temperature and atomized particles

In order to explore the relationship between temperature and atomized particles of FTICA, a laser particle size analyzer (Winner311XP,Winner

Particle, Jinan, China) was used to test the atomized particles, and the experimental setup is shown in the figure below. Experiments were

conducted at temperatures of 25�C, 30�C, 35�C and 40�C with a dynamic viscosity of 100 cP, and the diameter of atomized particles of

FTICA was measured at four sets of different temperatures. The FTICA drive voltage is set to 76 V and the drive frequency to 507 kHz, the

liquid is heated in a water bath and transported to the FTICA for atomization. A signal generator is used to output the AC signal, a power

amplifier is used to amplify the AC signal, an oscilloscope is used to monitor the signal in real time, and the atomization outlet of the

FTICA is aligned with the inlet of the laser particle sizer.
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r

LabRAM HR EvolutionComputer

Experimental setup for Raman spectral analysis
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Experiments on the relationship between stirring and atomized particles

In order to explore the relationship between stirring and atomized particles of FTICA, a laser particle size analyzer (Winner311XP, Winner Par-

ticle, Jinan, China) was used to test the atomized particles, and the experimental setup is shown in the figure below. Experiments were con-

ducted at stirring of 0 r/min, 500 r/min, 1000 r/min and 1500 r/min with a dynamic viscosity of 100 cP, and the diameter of atomized particles of

FTICAwasmeasured at four sets of different temperatures. The FTICAdrive voltage is set to 76 V and the drive frequency to 507 kHz, the liquid

is stirred in amagnetic stirrer and transported to the FTICA for atomization. A signal generator is used to output the AC signal, a power ampli-

fier is used to amplify the AC signal, an oscilloscope is used to monitor the signal in real time, and the atomization outlet of the FTICA is

aligned with the inlet of the laser particle sizer.
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