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Abstract 

Combination of ultrasound and microreactor is an emerging and promising area, but the 

report of designing high-power ultrasonic microreactor (USMR) is still limited. This work 

presents a robust, high-power and highly efficient USMR by directly coupling a microreactor 

plate with a Langevin-type transducer. The USMR is designed as a longitudinal half 

wavelength resonator, for which the antinode plane of the highest sound intensity is located at 

the microreactor. According to one dimension design theory, numerical simulation and 

impedance analysis, a USMR with maximum power of 100 W and resonance frequency of 20 

kHz was built. The strong and uniform sound field in the USMR was then applied to intensify 

gas-liquid mass transfer of slug flow in a microfluidic channel. Non-inertial cavitation with 

multiple surface wave oscillation was excited on the slug bubbles, enhancing the overall mass 

transfer coefficient by 3.3-5.7 times.                                                                                  

 

Keywords: Ultrasound; Microchnnel; Microfluidic; Taylor flow; Sonochemistry; Acoustic 

cavitation 

 

Introduction 

Intensification of chemical and biological processes by ultrasound has a long history1 and 

has become a popular area named sonochemistry since the early 1980s
2-4

. It was at about the 

same time that microfluidics emerged 5 , 6  and since then gained wide applications in 

biomedical analysis and chemical synthesis7-9. Until the beginning of this century ultrasound 

was gradually applied in microreactors
10-14

, which was recently recognized as a very 
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promising area15-18. Due to non-invasive nature10,19 and strong acoustic effects like radiation 

force20 and streaming21,22, ultrasound can be widely used to manipulate samples23-27, enhance 

mixing28-31/mass transfer17,32 and prevent clogging in microreactors33,34. On the other hand, 

with well-defined inner micro-structure, microreactor provides an ideal environment to 

investigate and control the acoustic cavitation processes15,35-40, which is the main mechanism 

for most power ultrasound applications41-43. 

To introduce ultrasound into microfluidic channels, various types of USMR have been 

reported in literature. In the early stage, microreactors integrated with piezoelectric films were 

used11-13,22. These devices need sophisticated micro-fabrication process and lack generality in 

operation15. Currently, the most common USMR is composed of piezoelectric pieces directly 

glued to the outer surface of microreactor
 19,25

or compressed between the microreactor plates
34

. 

This kind of USMR is widely used in acoustophoresis18, 44  and acoustic bubble 

transducers23,27,30, since it is easy to fabricate and operate. However, as limited by low tensile 

strength and heat generation of the piezoelectric ceramic
15

, the power load of the piezoelectric 

piece is usually very low (from milliwatts to a few Watts), which limits its application in area 

where high power is needed. 

In the field of power ultrasound and sonochemistry, Langevin-type ultrasonic transducer 

(LUT) is often used to generate high-power ultrasound45-47. The most convenient way to 

combine LUT and microreactor is directly immersing the microreactor in a ultrasonic 

cleaning bath
32,48

. But the water in the bath would also be cavitated, which dissipates a large 

portion of the input energy34. To overcome this issue, Hubner et al.17 designed a vessel filled 

with pressured water (ca 4.5 bar, the cavitation of the water was suppressed) to transmit the 

ultrasound from a LUT to the microreactor. This indirect energy input methods has 

advantages of modularity and temperature control15,17,49, while the energy transfer efficiency 

is relatively low, due to the attenuation in the transmission medium and reflection at the 

liquid/solid interface. Directly coupling LUT with microreactor is the most efficient way to 

deliver ultrasound into microreactors. For this type of USMR, the key is to design the 

structure of the LUT and microreactor to ensure a robust, strong and uniform sound field in 

the microreactor. Tseng et al.50 recently built a USMR by using a glass plate to connect the 

LUT and a PDMS microfluidic chip. The acoustic field was coupled into the microfluidic 

channel via the glass plate’s flexural Lamb wave vibration, which is highly sensitive to the 

thickness and surface structure of the plate. So, the acoustic vibration pattern was altered and 

vibration amplitude was damped at the region where the PDMS chip is bonded50. In this paper, 

we present a novel high-power USMR with microreactor plate directly coupled with LUT. 
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 3

The USMR is designed as a longitudinal half wavelength resonator, in which the antinode 

plane of the highest sound intensity is located at the microreactor plate. Compared to flexural 

vibration mode, such longitudinal standing wave is more robust, energy efficient45 and could 

achieve a quite uniform sound field in the microreactor.  

The USMR was then used to intensify the gas-liquid mass transfer in a microfluidic channel. 

Many research results have shown that mass transfer rate in microreactors is largely imporved 

compared with conventional equipments51-54. As a result, many reactions can be operated in 

microreactors under much more harsh conditions to increase reaction rate55. However, the 

improvement of mass transfer in microreactors is mainly due to the large specific surface area. 

The increase of mass transfer coefficient (kL) is relatively not significant51-53. For some 

reactions of faster kinetics, the mass transfer needs to be further intensified
55,56

. As being able 

to create turbulence and streaming in the liquid, ultrasound has been used as an effective way 

in conventional equipments to enhance the gas-liquid mass transfer coefficient4,57-60. In this 

paper, microreactor is combined with ultrasound to intensify gas-liquid mass transfer. Surface 

wave oscillation and microstreaming was excited on the slug bubbles, enhancing the overall 

mass transfer coefficient by 3.3-5.7 times. 

 

Building the ultrasonic microreactor 

Design of the USMR 

LUT is composed of piezoelectric ceramic pieces clamped between the front mass and the 

back mass, which serve both to protect the piezoelectric ceramic and prevent it from 

overheating by acting as a heat sink45,46,61 (see ESI). When operated at resonance frequency, 

LUT vibrates as a half wavelength resonator44 at the longitudinal direction, with the antinode 

plane located at the two ends. As the front mass is usually made of light metal and the back 

mass heavy metal, the vibration amplitude in the front surface of the transducer is the highest. 

If we directly couple the microreactor to the front surface of the LUT and let them vibrate as a 

similar longitudinal half wavelength resonator, the ultrasound would transmit into the 

microreactor efficiently, where the antinode plane with the highest and uniformly distributed 

ultrasound intensity is located (Fig. 1a).  
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Fig. 1 (a) Design diagram of the ultrasonic microreactor. The dashed lines represent the half 

wavelength standing wave (or resonator). (b) Photo of the fabricated ultrasonic microreactor. 

The scale bar in the figure is 10 mm. (c) The simulated vibration displacement distribution of 

the ultrasonic microreactor at resonance frequency of 20.4 kHz. (d) The simulated vibration 

displacement distribution (USUM) along the diagonal line on the surface of the microreactor 

(as indicated by the dashed line in Fig.1(c)). 

 

To obtain this ideal state, the following aspects have to be emphasized when designing the 

USMR. 1) The structure of the microreactor needs to match the transducer to ensure pure 

longitudinal standing wave. The size of the microreactor in the longitudinal direction should 

be uniform, which means a flat plate is preferred. The size in the transverse direction 

shouldn’t be too much larger than the front surface of the LUT. Otherwise, flexural vibration 
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mode of the microreactor will be excited and coupled with the longitudinal vibration, 

reducing the efficiency of the resonator45,61. 2) The sizes of each part of the USMR should be 

designed to keep the vibration node located at the piezoelectric pieces, in order to maximize 

the energy efficiency and lifespan of the piezoelectric element47. The node location and the 

resonance frequency can be predicted by the one dimension design theory45,61(see ESI), which 

can be used to guide the size design. 3) The coupling of the microreactor with the front mass 

should be rigid and without obvious transmission attenuation or reflection. Therefore, the 

microreactor and the front mass should be made of materials with similar acoustic impedance 

and coupled with robust method.  

 

Fabrication of the USMR  

Considering our application, we designed and fabricated an USMR with maximum power 

of 100 W and resonance frequency around 20 kHz (Fig. 1b). A commercial LUT 

(ZFHN-100-21.5, Baoding Zhengjie Electric, China) was purchased (see ESI for more details). 

The Aluminum alloy (LY12) front mass has a shape of circular truncated cone, which could 

ensure large radiation area (diameter of the front surface 66 mm). A square microreactor plate 

(made of LY12) with length of 74 mm was used. Under the guidance of one dimension design 

theory, the thickness of the plate was chosen to be 3 mm, when the resonance frequency was 

calculated to be 20.38 kHz and the vibration node located at the upper piezoelectric piece (see 

ESI for the calculating details). The microreactor plate was then directly attached to the front 

surface of the LUT by an ultrasonic transmission gel (THD-383, Taiheda, China). To enhance 

the bonding strength, the two contact surfaces were sandblasted with corundum sand (36 

mesh) at first. The connection was further reinforced by four long stainless steel screws 

(diameter 5 mm).  

 

Characterization of the USMR 

The vibration mode of this USMR was then checked by numerical simulation with the 

ANSYS software. The vibration displacement distribution (Fig. 1c) showed that most part of 

the USMR is vibrating as a longitudinal half wavelength standing wave at its resonance state. 

The vibration node of lowest displacement locates in the piezoelectric pieces and the antinode 

of highest displacement in the microreactor. Only the four corners of the microreactor plate 

undergo flexural vibration, with the vibration amplitude first dropping near to zero and then 

rising to a high value near the four vertexes (see Fig.1(d)). This dramatic vibration 

displacement variation is caused by the uneven excitation at the back of the microreactor, as 
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 6

the four corners are not covered by the transducer’s front surface. Besides these corners, the 

vibration displacement amplitude in center of the microreactor plate is almost the same, which 

means a quite uniform sound field (see Fig.1(d)). 

The resonance state of the USMR was also characterized by an impedance analyzer 

(PV70A, Beijing Band Era, China). No obvious flexural vibration peak was observed near the 

high longitudinal resonance peak in the measured admittance curves (Fig. 2). It indicates that 

the coupling of flexural vibration with longitudinal vibration is very weak and a pure 

longitudinal resonator is obtained. When the microreactor was coupled to the transducer, the 

resonance peak shifted from 21.66 kHz to 20.21 kHz, which was close to the theoretical value 

above. The measured resonance frequency, dynamic impedance and the quality factor were 

displayed in Table 1. For a piezoelectric acoustic device, typically the lower is the dynamic 

impedance, the higher is the quality factor, which means higher electroacoustic transforming 

efficiency. As showed in Table 1, due to the loading of the microreactor, the dynamic 

impedance of the USMR increased while the quality factor decreased. During experimental 

operation, the USMR needed to be sealed by a cover plate and connected to the inlet and 

outlet tubes, which would further increases the dynamic impedance and decreases the 

electroacoustic efficiency. To minimize these influences, the microreactor was sealed by a 

thin transparent polycarbonate film (0.2 mm in thickness) with epoxy glue, and connected 

with small stainless steel capillaries at the inlet and outlet (Fig. 1(b)). Even though those 

attempts were made, the resonance frequency of the USMR connected to the experiment 

system still shifted to 20.08 kHz and the quality factor decreased to 503.0 (Table 1).  
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Fig.2 The measured admittance (Y) of the LUT, USMR and USMR connected to system at 

different frequency. 
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 7

Table 1 the resonance frequency (fR), dynamic impedance (R1) and quality factor (Qm) 

measured by the impedance analyzer. 

Parameter LUT USMR USMR-system 

fR (kHz) 21.66 20.21 20.08 

R1 (Ω) 11.67 22.53 35.31 

Qm 1250.3 748.9 503.0 

 

Intensification of the gas-liquid mass transfer 

Experimental setup 

The efficiency of the USMR was then tested by a gas-liquid mass transfer process. The 

experimental system consisted of electrical, acoustic, flow and optical subsystems (Fig. 3(a)). 

In the electrical subsystem, the electrical signal generated by the ultrasonic generator 

(ZFDY-600FS, Baoding Zhengjie Electric, China) was used to drive the transducer. The 

effective input power and output wave form were recorded by a power meter and a digital 

oscilloscope (DS1052E, Rigol, China) respectively. In the acoustic subsystem, the electrical 

energy was converted into ultrasound wave by the LUT, which was then transmitted into the 

microchannels (see Fig.3(b) ) on the microreactor plate. A sponge bed at the bottom of the 

transducer was used to support the USMR and isolate the vibration. The ultrasound in the 

microchannel was then used to intensify the gas-liquid two phase flow, which was supplied 

by the flow subsystem. Physical absorption of pure CO2 into deionized water was used. The 

mass transfer process was monitored by the optical subsystem. It consisted of a light source, 

two optical fiber for concentrated illumination, a macro lens and a high speed camera 

(Phantom M310, Vision Research, USA). Other details about the experimental setup can be 

found in ESI. 

Before the mass transfer experiment, the actual working frequency of the system was first 

determined by sweeping the driving frequency of ultrasonic generator around the designed 

resonance frequency. The frequency corresponding to the maximum input power was chosen 

as the working frequency. The value determined by this method was 19.70 kHz, which was 

then fixed in the following experiment. To alleviate the thermal effect of ultrasound, an air fan 

with power of 20 W was put against the USMR to cool the system. Besides, to avoid 

significant temperature rise, the ultrasonic generator was only turned on for a few minutes for 

each operating condition, during which the video of the gas-liquid two phase flow was 

recorded and then used for mass transfer measurement. When one experiment was completed, 

the ultrasonic generator was then turned off, while the air fan still on to cool the system. Next 
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 8

experiment was conducted only when the temperature of the system was reduced to room 

temperature. The temperature rise at each operating condition was kept under 3 oC. The effect 

of this small temperature rise on the mass transfer measurement can be neglected at the 

present experiments, as was discussed in detail in ESI.  
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(b) 

Fig. 3(a) Schematic of the experimental setup. (b) The structure of the microchannel in the 

microreactor. The width of the inlet channels is 500 µm. The width of the main channel is 1 

mm. The depth of all the channels is 1 mm. 

 

Slug bubble oscillation in USMR 

Before turning on the ultrasonic generator, a stable gas-liquid slug flow (or Taylor flow)62,63 

was formed in the microfluidic channel. Due to the absorption of CO2, the size of the gas 

bubbles decreased while moving downstream in the channel. When the ultrasound was 

exerted, the flowing slug bubbles oscillated vigorously (see ESI). The detail of the bubble 

oscillation was recorded by the high speed camera at frame rate of 100 000 fps (see video1 in 
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 9

ESI). Since the electrical signal supplied to the LUT changed periodically (see ESI), the 

oscillation of the gas bubbles also had a periodical behavior.  

 

   

0                 2.43 ms                 2.53 ms   

   

2.75 ms               3.27 ms                4.77 ms 

Fig. 4 Bubble oscillation at increasing ultrasound intensity from left to right. The six pictures 

were captured from video1 at different time, as indicated by the tags. As the input voltage 

increases with time at this period, the ultrasound intensity also increases with the time. The 

scale bar in all the figures is 500 µm. 

 

As shown in Fig. 4 and video1, the slug bubble’s surface vibrated fiercely without collapse, 

indicating that it undergoes non-inertial cavitation. Compared to the wild inertial cavitation, 

bubble oscillation in non-inertial cavitation is more stable. It includes various oscillation 

modes depending on the acoustic pressure41,42,64. When the applied acoustic pressure is low, 

the bubble undergoes breathing oscillation mode with pulsation of the bubble volume. When 

the acoustic pressure exceeds a threshold, shape oscillation with many surface wave modes is 

excited. The surface wave mode with the lowest threshold is the Faraday wave mode, which 

appears as symmetrical peaks and valleys on the bubble surface. At higher acoustic pressure, 

many surface wave modes are superimposed, which leads to chaotic motion of the bubble 

surface15,65,66. The bubble in our experiment was confined by the microchannel and had a slug 

shape, but the cavitation behavior still corresponded to the above fact. As shown in video S1 

and Fig. 3, with the increasing of the input electrical voltage, the bubble oscillation changed 

from volume pulsation to regular surface wave oscillation, and finally to chaotic surface 

distortion. Meanwhile, the area of significant surface distortion is increased. It started from 

the free bubble tips, and then gradually invaded the bubble waist confined by the microfluidic 

channel wall, and finally expanded to the entire bubble surface. It indicated that for confined 
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 10

bubble surface, higher acoustic intensity was required to excite the surface wave modes than 

the free bubble surface.  

 

Gas-liquid mass transfer intensification results                                                                                                                                        

Due to the mass transfer of CO2 from gas into water, the length of the slug bubbles 

decreases while moving downstream the channel. The faster is the mass transfer process, the 

higher is the decreasing rate of the bubble length. We have developed a unit cell model to 

analysis this mass transfer process67,68. An exponential type equation was obtained to describe 

the relationship between the bubble length and its location 

 
1 2
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k a
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BL m m e
−

= +                                  (1) 

where jL is the superficial velocity of liquid. Parameter m1 and m2 depend only on the 

experiment condition and the channel size. So, the overall volumetric mass transfer 

coefficient kLa can be determined by curve fitting the bubble length at different locations.  
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(a)                                          (b) 

Fig. 5 (a) The length of a CO2 slug bubble at different locations in the channel under different 

ultrasound power (QL=4 ml/min, QG=8 ml/min). The dashed lines are fitting curves according 

to Eq. (1). (b) Mass transfer coefficient of the gas-liquid flow at different gas flow rate with 

ultrasound power 0 W, 40 W and 70 W (QL=4 ml/min). Each point was measured at least for 

two times. For each power level, the maximum deviation was chosen for all points. 

 

The bubble lengths at different locations in the channel were recorded and measured by a 

high speed camera. As shown in Fig. 5(a), without ultrasound irradiation, the bubble length 

decreases at a very slow rate. When ultrasound is introduced, the bubble length decreases 
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 11

faster and quickly approaches the equilibrium length when the water is almost saturated. 

Higher ultrasound intensity leads to larger decrease rate of bubble length. The overall 

volumetric mass transfer coefficients were calculated by fitting the experiment data with Eq. 

(1). As shown in Fig. 5(b), when ultrasound is not introduced, the overall volumetric mass 

transfer coefficient ranges from 0.29 to 0.39 s
-1, which is in consistent with results in 

literature69,70,71 for similar channel size and flow rates. With increasing in gas flow rate, the 

mass transfer coefficient increases slightly, since larger bubble length is not beneficial for 

mass transfer. This phenomena have also been observed before51,67,72. Fig. 5(b) also shows 

that mass transfer can be greatly enhanced when ultrasound is present and mass transfer 

coefficient increases with increase of ultrasound power. In our experiments, the mass transfer 

coefficient ranges from 1.2 to 1.8 s
-1

, which is about 3.3-5.7 times larger than the conditions 

without ultrasound. This significant mass transfer coefficient improvement is mainly caused 

by the fierce bubble oscillation phenomenon described in the last section. Surface wave 

oscillation of the slug bubble can dramatically increase the gas-liquid contact area. Besides, 

the fierce bubble oscillation could also create turbulence and streaming in the liquid near the 

interface, which further enhance the mass transfer coefficient. In fact, as a steady flow formed 

by the viscous dissipation of acoustic energy in the boundary layer of an oscillating bubble, 

cavitaion microstreaming is always accompanied with surface wave oscillation 15,21,31,41,73. It 

has been widely used to pump fluid30,74 and enhance mixing19,21,27,29,31,40. It can be expected 

that this kind of microstreaming is also present near the oscillating slug bubbles in our 

experiment, which would significantly accelerate the gas-liquid mass transfer process. 

This enhancement of mass transfer coefficient in our USMR is much higher than that in 

conventional ultrasonic reactors, which is usually between 10% and 110%4,57,59,60. There are 

two possible reasons. Firstly, the ultrasound power density in our USMR (0.13-1.4 W/ml, see 

ESI for more details) is higher than that in conventional reactors (usually between 0.05-0.6 

W/ml), due to the relatively small volume of the microreactor and high energy efficiency of 

the USMR design. Secondly, the intensification mechanism in our USMR—non-inertial 

cavitation with fierce surface wave oscillation and microstreaming is more stable and 

uniformly distributed than in conventional reactors. As the sound field in the microreactor 

plate is quite uniform, all the bubbles in the microreactor are in fierce oscillation (see Fig. 

S3(b) in ESI), which is difficult to achieve in conventional large ultrasonic reactors
4,16,58,59

.  

 

Conclusion  

A robust USMR vibrating as a half wavelength resonator was designed and fabricated, 
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according to one dimension design theory, numerically simulation and impedance analysis. A 

strong and uniform sound field is generated in the microreactor. As the USMR is built by 

directly coupling a microreactor plate to a commercial available LUT (~US$15), the 

fabrication process is relatively simple and low cost. The design concept and method can be 

used to fabricate USMR with higher power, larger volume and higher throughput. The 

gas-liquid mass transfer was significantly enhanced in our USMR, due to the high ultrasound 

power density, stable and uniformly distributed intensification mechanism—fierce surface 

wave oscillation of the slug bubble. If the electronic subsystem (especially the wave form of 

the ultrasonic generator) is further optimized, the mass transfer enhancement would be larger. 

This USMR can be an efficient and versatile tool for the microfluidic communities, which 

could be applied to intensify mixing and chemical reactions, prevent clogging, handle 

biomaterials, study acoustic cavitation processes and so on.  
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