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Abstract 

 

This paper presents a three-dimensional numercial simulation of sonochemical degradation 

upon cavitational activity. The model relates the simulation of the acoustic pressure 

distribution to the sonochemical reaction rate. As a case study, the thermal degradation of 

carbon tetrachloride during sonication is studied in a tubular milliscale reactor. The model is 

used to optimize the reactor diameter, ultrasound frequency and power dissipated to the 

ultrasound transducers. The results indicate that multiple transducers at a moderate power 

level are more efficient than one transducer with high power level. Furthermore, the average 

cavity volume fraction is proposed as a reaction independent parameter to estimate the 

optimal reactor design. Within the results obtained in this paper, it appears possible to 

optimise reactor design based on this parameter. 
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1. Introduction 

Acoustic, particularly ultrasound, reactors have been investigated widely to evaluate the 

potential of intensifying chemical processes [1-4]. Ultrasound generates microstreaming and 

implosion of cavities leading to improved micromixing, large shear forces and extremely high 

levels of temperature and pressure. While research on the application of ultrasound reactors 

mainly follows an experimental path, modeling can provide additional insight into 

understanding the effects of ultrasound on chemical processes. In addition, modeling can 

support advances in designing and upscaling reactors using ultrasound. This is clearly shown 

in the work of Keil [5-8], Hoffman [9], Gogate and Pandit [10-12] and more recently in 

Jamshidi [13]. 

Because of the inherent multidisciplinarity of sonochemical processing, COMSOL 

Multiphysics is a promising tool for the evaluation of design parameters. Recent research 

presented simulations of the cavitational activity distribution of chemical batch reactors with 

ultrasonic horns [14, 15]. The COMSOL Multiphysics software was used by the Klima 

research group to optimize the dimensions of such a reactor and simulate the vibrations of the 

solid walls of an existing sonochemical batch reactor [16, 17]. The geometry of the reactor 

has, besides the frequency and ultrasound intensity, a significant impact on the sonochemical 

efficiency [16-19]. The highest cavitational efficiencies are achieved with geometries that 

allow resonance of ultrasound waves inside the reactor. Ultrasound waves from different 

transducers can increase this resonance effect even more and result in higher cavitational 

events than separate waves [18, 20, 21]. 

Besides simulations of the cavitational activity distribution, kinetic models for the simulation 

of sonochemical reactions are presented in several papers [22-26]. Especially the degradation 

of apolar organic compounds by pyrolysis in the cavitation bubble is studied extensively and 

first order kinetic models are reported [27]. These models link the sonochemical reaction rates 

to the obtained acoustic pressures. Although models of the sonochemical reaction kinetics and 

cavitational activity distributions are described; no integrated model, linking both aspects to 

each other, is, to our knowledge, reported in literature.  

In this paper, an attempt was made towards such an integrated model using COMSOL 

Multiphysics. A model was developed to study the effect of the temperature rise caused by 

cavitational activity on the thermal decomposition reaction of CCl4. This reaction is solely 

driven by the temperature increase inside the cavitation bubble [28]. The reaction is modeled 

in a tubular reactor with ultrasound transducers attached to the walls. The tubular reactor type 

seems to be very promising for application of continuous sonochemical reactions [29]. The 

tubular reactor design improves the homogeneity and distribution of reagents and 

temperatures inside the reactor, which results in better control of operations and improved 

reproducibility compared to batch reactors [4, 21, 30, 31]. The effect of specific design 

parameters was studied on the obtained pressure field and the subsequent chemical reaction 

rate. The design parameters studied are the reactor diameter, the power dissipated to the 

ultrasound transducers and the applied ultrasound frequency. Furthermore, the average cavity 

volume fraction is proposed and tested as a reaction independent parameter for optimization 

of the reactor design. It can be used for first estimations of the optimal reactor design without 

knowledge about the chemical reaction. The relation between this average cavity volume 

fraction and the conversion is simulated and discussed for the reactor designs studied in this 

paper. 
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Set up of the simulation model 

 

1.1. Reactor configuration 

The investigated sonochemical reactor consists of a borosilicate glass block with a cylindrical 

reactor channel as shown in Figure 1. The reactor is activated through ultrasound transducers 

positioned at the bottom and top walls of the reactor. These transducers have a diameter (dt) 

of 70 mm and are activated at a frequency of 20 kHz with an input power of 30 W. The 

distance between the reaction channel and top and bottom walls is fixed at 1.5 mm. Table 1 

summarizes the values used in this model. The impact of several design parameters was 

investigated; namely, the diameter of the reaction channel, the power input to the ultrasound 

transducers and the applied frequency of the ultrasound waves. 

 

The COMSOL Multiphysics 4.3a software package is based on the finite element method to 

solve partial differential equations. It was used to couple acoustic waves, transport 

phenomena and chemical reactions into an integrated model. Four modules were applied to 

simulate the sonochemical conversion: the Pressure Acoustic, the Helmholtz Equation, the 

Laminar Flow and the Chemical Reaction Engineering module. The acoustic pressure 

distribution inside the borosilicate glass block was simulated by the Pressure Acoustic 

module. As a result the acoustic pressures at the walls of the reaction channel were calculated. 

These pressures are used in the Helmholtz Equation to simulate the acoustic pressure in the 

liquid medium inside the reaction channel. Subsequently, these acoustic pressures are used 

together with the flow velocities, simulated by the Laminar Flow module, to calculate the 

sonochemical conversion. 

The applied 3D grid for the Pressure Acoustic and Helmholtz Equation modules consists of 

free tetrahedral elements with an average element size of h, such that k.h << 1, with k the 

wavenumber. This criteria was used to avoid a numerical pollution effect [13]. The optimal 

grid size for the Laminar Flow and the Chemical Reaction Engineering modules was 

manually defined starting from a maximum element size of 0.99 mm (extremely fine). Finer 

meshing was then performed until the outlet concentration did not change more than 1% from 

the previous calculation. 

 

 

1.2. Pressure in the reactor 

 

Sound wave propagation through a medium was modeled using equation Eq. 1. In order to use 

this equation, following assumptions are made [15]: the sound waves propagates linearly 

through the medium, the shear stress is negligible, the density and compressibility of the 

liquid medium are constant and the pressure is time harmonic i.e. p(x,t) = p(x)e
iωt

. 

Eq. 1   

with  the acoustic pressure amplitude (Pa), ω the angular frequency (1/s), the density of 

borosilicate glass (kg/m³) and the speed of sound in borosilicate glass (m/s). 
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A Dirichlet-type boundary condition with  is assumed at the outer walls of the reactor 

representing pressure release boundaries. Plane wave radiation is assumed at the walls of the 

reaction channel. An oscillatory pressure boundary condition is introduced at the transducers. 

The pressure at the transducers (Ptrans) was described as a function of the dissipated power 

(Pdiss) [14]: 

Eq. 2  

 

With ρB the bulk density (kg/m³), cB the speed of sound (m/s), Pdiss the power dissipated to the 

transducers (W) and Atrans the irradiating surface of the transducers (m²). 

 

 

1.3. Pressure in the reaction channel 

 

The general Helmholtz equation was adapted, according to the paper of Jamshidi et al., to take 

acoustic wave attenuation caused by the cavitation bubbles into account [13]. 

 

Eq. 3  

 

with  the acoustic pressure amplitude (Pa) and  the complex wave number (1/m²). It is 

assumed that a monodisperse bubble distribution exists with an equilibrium radius R0 (m). 

Jamshidi assumed in his paper a constant bubble radius of 150 µm, corresponding to observed 

values at 20 kHz [13]. In this paper, R0 is estimated by use of the Minnaert's equation  

to allow the use of different frequencies [32]. This equation is valid as long as the radius does 

not exceed 10 µm, which corresponds to a frequency of about 300 kHz [33]. 

 

The complex wave number  can be defined as [13] 

 

Eq. 4  

 

with c the speed of sound of the liquid (m/s),  the angular frequency ( ) and  the 

resonant frequency (rad/s) of the bubbles defined as: 

 

Eq. 5  

 

with  the surface tension of the liquid (N/m) and p0 the undisturbed pressure in the bubble 

(Pa) given by 

 

Eq. 6  
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In Eq. 5, the complex dimensionless parameter  is defined as 

 

Eq. 7  

 

with the dimensionless parameter , given by 

 

Eq. 8  

 

In this expression, D is the thermal diffusivity of the gas (m²/s). The damping factor b in Eq. 4 

is defined as 

Eq. 9  

 

where  is the viscosity of the medium (Pa.s). 

 

In Eq. 4, nb denotes the number of bubbles per unit volume. According to Commander and 

Prosperetti [34], this parameter is related to the cavity volume fraction ( ) by [35]:  

 

Eq. 10  

 

Dähnke has derived a linear relationship between the cavity volume fraction β (-) and the 

average pressure amplitude ( ) needed in a specific volume [36]: 

Eq. 11      

 

The Blake threshold (pG,Blake) is assumed to be 10
5
 Pa [13]. Although Eq. 11 is suggesting that 

β can reach values up to 0.2, this is not unequivocally supported by experimental results. 

Commander and Properetti have shown that an experimentally established value of 0.02 is 

still consistent with their model as long as no resonance develops [35]. In this paper, the 

parameters are chosen so that the maximum cavity volume fraction β will not exceed 0.02 and 

no resonance is developed. 

Sound soft boundaries ( ) are assumed at the in- and outlet of the reactor. The pressure at 

the walls of the reaction channel is set equal to the acoustic pressure calculated in section 1.2. 

 

 

1.4. Flow profile 

 

Collapse of the cavitation bubbles will create shockwaves and turbulences which disturb the 

existing flow profile and create cross-mixing. However, no model was found in literature that 

was able to simulate these disturbances caused by the ultrasound field. Although the relation 

between acoustic pressure profiles and flow patterns can be complex in reality, as a first 
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approximation a laminar flow profile with incompressible flow is assumed in this study. 

Because of this assumption, enhancement of the reaction rate caused by ultrasound mixing is 

ignored, consequently underestimating the possible effect of ultrasound on the sonochemical 

conversion. The Navier-Stokes equations for incompressible flow are used to calculate the 

flow profile. 

 

Eq. 12   

 

with  the flow velocity (m/s), p the pressure (Pa) and  the density (kg/m³). The no-slip 

(u=0) boundary condition is set at the walls. At the inlet of the reactor, the flow velocity is set 

equal to the average laminar flow velocity =- U0, where  is the boundary normal pointing 

out of the domain. At the outlet of the reactor, the Dirichlet condition p=0 is assumed. 

 

In all reactor configurations, water at 293 K is chosen as the liquid solvent inside the reactor. 

At this temperature, the sound velocity through water is 1484 m/s [37]. A water flow 

1.10
-4

 m/s has been chosen so that the sound wave velocity is much higher than the water flow 

velocity and thus no interference has to be taken into account. This assumption is valid until 

the point where the flow velocity reaches a fraction (0.05) of the velocities required for 

supersonic conditions [38]. At a flow velocity of 1.10
-4

 m/s, the Mach number (M) is 6.10
-8

 

which is considerably lower than the value needed for supersonic conditions (M=1). 

 

 

1.5. Sonochemical reaction 

 

The sonochemical decomposition of carbon tetrachloride (CCl4) was used during the 

simulations. CCl4 is a chlorinated aliphatic hydrocarbon with a high volatility and low 

solubility in water. Therefore it will concentrate in the cavitation bubbles and allow rapid 

decomposition by the high temperatures [28]. 

To relate the acoustic pressure with the rate and conversion of chemical reactions, it is 

assumed that the formed cavitations implode when the cavitational threshold (Blake 

threshold) is exceeded by the local acoustic pressure. As a result the local temperature 

increases and chemical reactions can occur. Only the thermal effect of the implosion of the 

cavitation bubble is simulated. Other effects like sonoluminescence, pressure shockwaves or 

the formation of radicals are not taken into account. This simplification can be justified for the 

sonochemical decomposition of CCl4 because experiments show that the main reactions 

during the sonochemical decomposition of CCl4 are thermal decomposition or pyrolysis in the 

cavitation bubble [28]. 

Pseudo first order reaction kinetics were observed during the sonochemical degradation of 

several components in literature [39]. Therefore, the reaction rate is assumed to be first-order 

in this model. The equation for reaction rate can be described as follows:  

Eq. 13   

 

where Rrx is the reaction rate (mol/m³s), pG,Blake is the Blake threshold for cavitation (Pa), β is 

the cavity volume fraction as simulated in Eq. 11,  and  are resp. the sonochemical 
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reaction rate constant and the reaction rate constant without ultrasound (1/s) and c is the 

concentration at steady state (mol/m³). 

The first term of Eq. 13 expresses the sonochemical reaction rate whereas the second term 

stands for the reaction in the bulk liquid. is a logical expression with a value of 1 

when the pressure amplitude exceeds the Blake threshold and 0 when it is not. As the 

sonochemical reaction takes only place inside the cavitation bubbles, the reaction volume is 

assumed to be equal to β. The sonochemical reaction rate constant  is described by the 

Arrhenius equation: 

Eq. 14   

 

with A the pre-exponential factor (  s
-1

), Ea the activation energy (230.54 kJ/mol) 

and R the universal gas constant (J/mol.K) and Tmax the maximum temperature in the point of 

cavitational collapse (K) [40]. 

Implosion of a cavity will form a hot-spot with the maximum temperature in the center of the 

implosion and decreasing towards the outside. To simplify the model however, a constant 

temperature is assumed in the initial volume of the cavity (Figure 2), obviously 

overestimating the volume of reaction. The maximum temperature inside the cavitation 

bubble is calculated by [28]: 

 

Eq. 15   

 

with Tliq the temperature of the liquid (293 K),  the acoustic pressure (Pa) and Pv the vapour 

pressure of the solvent (Pa). 

The second term of Eq. 13 gives the chemical reaction rate under silent conditions. This 

reaction occurs outside the cavitation bubbles. The reaction rate constant  is also described 

by the Arrhenius equation: 

Eq. 16   

 

The concentration profile was determined by applying the material-balance partial equation 

for steady state: 

Eq. 17   

 

where D is the diffusion coefficient (m²/s),  is convective velocity (m/s) and c the 

concentration (mol/m³). 

The conditions at the inlet of the reactor are set equal to the inlet concentration c= C0, where 

C0 is the initial concentration (mol/m³). At the outlet of the reactor the diffusive flux -D c is 
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set to 0. No flux is assumed as the boundary condition at all the other walls of the reaction 

channel. 

 

The total conversion (XT) in each reactor configuration can be defined as follows: 

Eq. 18   

 

where Qout is the molar flux at the outlet (mol/m²s) and Qin is the molar flux at the inlet 

(mol/m²s). To study the effect of the ultrasound waves on the conversion, the improvement 

factor (Xi) is calculated. 

Eq. 19   

 

with Xs the conversion under silent conditions. 

To investigate whether the highest volume of bubbles corresponds to the highest yields, the 

average cavity volume (βav) was calculated by Eq. 20. The effect of the different design 

parameters on this βav as well as Xi will be evaluated in the results section. 

Eq. 20  

 

 

2. Results and discussion 

 

2.1. Power input 

 

Two reactor configurations were studied, one with 2 ultrasound transducers attached to the 

walls and opposite to each other, and another with only 1 transducer. In the former, each 

transducer will receive half of the total input power. Figure 3 shows the conversion, the 

average bubble volume and the temperature inside the cavitation bubble in the setup with 2 

transducers. Cavitation bubbles were observed above 24 W. Below this value, the Blake 

threshold (0.1 MPa) was not exceeded and consequently no cavitation bubbles are present. 

Above this threshold, augmentation of βav was observed with increasing ultrasound intensity. 

The conversion, however, did not improve significantly until the power exceeds 38 W. At this 

point the temperature inside the cavitation bubbles exceeds 1000 K, which allows significant 

reaction rates. 

Figure 4 shows the improvement factor (Xi) as well as the average cavity volume fraction 

(βav) as function of the total power dissipated to the transducers in the range of 0 to 200 W for 

both reactor setups. When 100 W is dissipated to the ultrasound transducers, Xi reaches 

coincidental the maximum achievable improvement of 100. At this point, the conversion is 

about 99%, as can be seen in Figure 3. The observed values are similar to the 98% reduction 

observed during ultrasonic destruction experiments of CCl4 [28]. In these experiments the 

destruction rate was also significantly affected by the intensity of ultrasonic radiation. It was 
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observed that the conversion rate increases proportional with the ultrasound intensity. A plot 

of the cavitation bubble temperature distribution at 200 W is given in Figure 5. The maximum 

observed temperature inside the cavitation bubble is 2343 K, comparable to observed values 

of 2000-5000 K reported in literature [28, 41]. 

A plot of the conversion achieved by each power unit consumed by the reactor is given in 

Figure 7. Starting from 10 W, the efficiency diminishes up to 38 W because the conversion 

did not change with increase of the power as observed in Figure 3. The highest efficiency is 

reached at 64 W where 1.28 % conversion is achieved for each Watt of power applied to the 

system. This result indicates that moderate power levels are more efficient compared to high 

power levels. 

Significant lower conversions were observed in the reactor configuration with only 1 

transducer. The improvement factor and average cavity volume fraction are about 50 % lower 

for similar power levels. In both reactor configurations, similar improvement factors are 

observed for the same value of βav as can be seen in Figure 6. However, the total power 

needed to obtain a certain value of βav is considerably lower in the configuration with 2 

transducers. 

These results indicate that it is more efficient to use multiple transducers and modest 

ultrasound intensities than to dissipate very high power to a reactor with only one transducer. 

Improvement of the cavitational activity by use of multiple transducers is also observed in 

other papers [18, 20, 21]. 

 

 

2.2.  Frequency 

The reactor design with 2 ultrasound transducers and 30 W dissipated to each of them is used 

to study the effect of the frequency on the sonochemical conversion. Figure 8 shows the 

conversion within the range of 5 to 60 kHz. Starting from 5 kHz, improvement factors 

become larger by augmentation of the frequency; up to a maximum of 50 at a frequency of 

18 kHz. Further rise of the frequency leads to reduced conversions. These results correspond 

to the ones found in the paper of Jamshidi et al. [13]. This author reported more favorable 

acoustic dampening during both simulations and experiments at a frequency of 20 kHz 

compared to 10 or 30 kHz. At a frequency of 20 kHz, the efficiency in creating bubbles was 

optimized. At higher frequencies, the dampening effect of the bubbles is dominant. Similar 

observations were made in Figure 9, showing the cavity volume fraction (β) inside the reactor 

at frequencies of 10, 20 and 30 kHz. From this picture, it becomes clear that a frequency of 

20 kHz resulted in higher cavity volume fractions compared to 10 or 30 kHz. 

The trend of the average cavity volume fraction (βav) in Figure 8 is comparable to the plot of 

the conversion. Within an error of 1 % it seems possible to estimate the optimal frequency 

based on βav. This error is caused by the tolerance (10
-3

) used during simulations, which 

allows variation in the calculated results. The results obtained in Figures 4 and 8 suggest that 

there is a strong relation between βav and the conversion. 
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2.3. Diameter 

 

Xi and βav are plotted as function of the reactor diameter in Figure 10 . Starting from 2 mm, 

the improvement factor increases up to a maximum of 80 at a diameter of 4.9 mm. Xi 

diminishes with further increase of the diameter to reach zero at a diameter of 11 mm. A 

graphical representation of the acoustic pressure profiles inside a reactor with diameters of 2, 

4.9 and 11 mm is given in Figure 11. The highest acoustic pressures are observed in the 

reactor with a diameter 4.9 mm. βav follows the same pattern and maximizes also at 4.9 mm. 

These results further support the suggestion to use the parameter βav as a quick estimate for 

the reactor design. This parameter can be used as long as the reaction is driven by the 

temperature increase inside the cavitation bubble and the reaction rate is first order. The 

advantage is that knowledge of the sonochemical reaction is not needed for the calculation of 

βav. 

 

 

3. Conclusion 

The COMSOL Multiphysics software package was used to simulate the effect of design 

parameters on a sonochemical reaction within a tubular reactor. The simulations were carried 

out in 3D and consisted of modeling of the dampened acoustic field and relating the resulting 

pressure field with a first-order chemical reaction. The effect of the input power, frequency 

and diameter was studied on the sonochemical degradation of CCl4. The obtained results 

suggest using multiple transducers and modest ultrasound intensities rather than dissipating 

very high power to a reactor via only one transducer. The optimal frequency and diameter 

were defined and compared with the average cavity volume fraction. The presented model 

allows optimization of the reactor diameter at a given frequency or vice versa. 

The relation between the average cavity volume fraction and the improvement factor was , for 

the first time, investigated in this paper. Within this study, there seems to be a good 

correlation between the average cavity volume fraction and the sonochemical conversion. 

This average cavity volume fraction allows optimization of the design parameters without 

knowledge about the chemical reaction. Therefore it is useful to use this parameter as a first 

estimate for the optimal reactor design. 

Further improvement of the presented model can be achieved by including turbulences and 

micromixing generated by the ultrasound in the model and incorporating other sonochemical 

effects such as the formation of radicals and sonoluminescence. 
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Table 1. Summary of applied parameters in the model with their selected values for this case-

study. 

Parameter Symbol Value Unit Comment 

Acoustic frequency f 20 kHz  

Activation energy Ea 2.305.10
5 

J/mol [40] 

Adiabatic coefficient γ 1.327 - [42] 

Ambient liquid pressure 
 

1.10
5 

Pa [13] 

Ambient liquid temperature T0 293 K  

Average laminar flow 

velocity 

U 1.10
-4 m/s  

Blake threshold PBlake 1.10
5 

Pa [13] 

Bulk liquid density ρB 1000 kg/m³ [42] 

Density borosilicate glass  2320 kg/m³ [43] 

Density of air  1.183 g/L [42] 

Diameter of the transducers dt 70 mm  

Dynamic viscosity µ 0.001 Pa.s [13] 

Initial concentration C0 1.95.10
-4 

mol/L [28] 

Molecular heat capacity of 

air 

Cv 758.92 J/kg K [42] 

Power applied at the 

transducers  

Pdiss 30 W  

Pre-exponential factor A 2.16.10
12 

(1/s) [40] 

Reactor diameter d 5 mm  

Reactor length and width L, W 80 mm  

Speed of sound in 

borosilicate glass 
 

5640 m/s [43] 

Speed of sound in water c 1484 m/s Average value measured by 
[37] 

Surface tension of the liquid  σ 7.28.10
-2 

N/m [42] 

Thermal diffusivity of the 

gas 

D 1.910
-5

 m/s [13] 

Universal gas constant R 8.31441 J/mol.K [42] 

Vapor pressure of the liquid pv,l 1.9946.10
4
 Pa [42] 
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80 mm

80 mm

dt

Inlet

Outlet

Ultrasound transducers (bottom and top)

 

Figure 1. Configuration of the investigated reactor system 

 

Figure 2. Temperature profile in cavitation bubble 
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Figure 3. Conversion, average bubble volume (βav) and temperature inside the cavitation 

bubble (Tcav) as function of the input power for the reactor with 2 transducers. 
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Figure 4. Improved factor (Xi) and average bubble volume (βav) as function of the input power 

for the reactor with 1 and 2 transducers. 
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Figure 5 Cavitation bubble temperature distribution (K) in a reactor with two transducers at 

200 W and 20 kHz. 
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Figure 6. Improvement factor (Xi) as function of the average cavity volume fraction (βav) for 

the reactor with 1 and 2 transducers. 
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Figure 7 Conversion per power unit for the reactor with 2 transducers 

0.000%

0.002%

0.004%

0.006%

0.008%

0.010%

0.012%

0.014%

0.016%

0.018%

0

10

20

30

40

50

60

70

80

90

100

110

0 10 20 30 40 50 60 A
ve

ra
ge

 c
av

it
y 

vo
lu

m
e

 fr
ac

ti
o

n
 [
β

av
]

Im
p

ro
ve

m
e

n
t 

fa
ct

o
r 

[X
i]

Frequency (kHz)

Xi

βav

 
Figure 8. Improvement factor (Xi) and average cavity volume fraction (βav) as function of the 

applied ultrasound frequency 
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Figure 9 Bubble volume inside the reactor at a frequency of 10 kHz (left), 20 kHz (center) and 

30 kHz (right). 
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Figure 10. Improvement factor (Xi) and average cavity volume fraction (βav) as function of the 

reactor diameter 
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Figure 11. Graphical representation of acoustic pressure amplitude in the reactors with 

diameters of 2 mm (left), 4.9 mm (centre) and 11 mm (right). 
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