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Abstract 

The application of ultrasonic irradiation has been proven as a clean and effi-

cient approach for biomass pretreatment process. However, the effects of son-

ication parameters on the performance of biomass pretreatment are not well 

discussed due to its physical complexity. The current work aims to model 

Rayleigh-Plesset equation (RPE) to investigate how the fluid property of bio-

mass-water (surface tension and dynamic viscosity) and sonication parame-

ters (sonication frequency and power) influence the growth and bounce of 

microbubbles. The collapsing temperature, collapsing pressure, and shock 

pressure are computed. Moving Least Squares and Multivariable Power Least 

Squares Method are applied for multivariate investigation. The results re-

vealed that fluid properties are more significant than sonication parameters. 

Copyright © 2021 PENERBIT AKADEMIA BARU - All rights reserved 

Article Info 

Received 13 December 2020 

Received in revised form 21 
January 2021 

Accepted 21 January 2021 

Available online 22 January 
2021 

Keywords 

Ultrasonic irradiation 

Biomass energy 

Rayleigh-Plesset equation 

Moving least squares method 

Multivariable power least 
squares method 

 

1 Introduction 

Lignocellulosic biomass is one of the promising renewable feedstocks for production of biofuels and 

biomaterials. Lignocellulosic biomass comprises of lignin, cellulose, and hemicellulose, while these 

macromolecules are strongly bind together to form a highly crystalline biomass structure, making the 

biomass recalcitrant to bioprocessing. Destruction of the biomass structure is necessary to expose the 

cellulosic materials. There are many pretreatment methods available and they can be categorised into 

physical, chemical, physicochemical, biological and any combination of these pretreatments.   

A green and efficient pretreatment method with low cost and easy-to-operate is of great interest in 

biomass conversion. Recently, ultrasound has applied in biomass pretreatment [1–4]. Ultrasound is me-

chanical acoustic wave with frequency ranging from 20 kHz to 20 MHz [5]. Ultrasound works based 

on the principle of acoustically induced cavitation of micro-sized bubbles. When ultrasonic wave passes 

through a liquid medium, the liquid atoms will oscillate locally in tandem with periodic rarefaction of 

propagating wave, allowing the formation of transient and stable cavitational bubbles. These bubbles 

will grow and become unstable and collapse. During the implosion, a high speed microjet of greater 

than 200 ms-1 [5,6] is produced and a strong shockwave of pressure up to 103 MPa [6–8] is formed.  

The pressure and temperature hike of the collapsing of microbubble could break the chemical bonds 

of polymeric biomass structure via two mechanisms: sonoluminescence and mechano-acoustical shear-

ing. Sonoluminescence is dominated by the temperature hike, in which the collapsing bubbles will dis-

integrate the biomass-water atoms into free radicals. These free radicals will further induce micro-com-

bustion reaction which would chemically disrupt the biomass cellulosic walls. Meanwhile, mechano-
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acoustical shearing is generated from the sharp increase of pressure, which generate a very strong shear 

force to mechanically destroy the cell walls. Occasionally, both mechanisms might couple within each 

other, bolstering the shockwave emission. Some relevant studies on these can be found in the work of 

Brennen [9], Merouani et al. [10], and Yasui [11]. 

There are many works reported to incorporate ultrasound in chemical pretreatments such as acid, 

alkaline, organsolv, ionic liquid and deep eutectic solvent (DES) [3,12–15] in view of their better reac-

tion rate. For instance, cellulose saccharification rate was greatly improved for ultrasound-assisted ionic 

liquid pretreatment compared to traditional heating at 110°C [16]. There are several factors influencing 

the performance of biomass pretreatment in ultrasound-assisted pretreatment. They might include reac-

tion temperature, sonication power, sonication frequency, irradiation distance, ultrasonic amplitude, 

probe diameter, vibration pulse, and physical properties of the reaction medium such as dynamic vis-

cosity and surface tension.  

The investigation on the effects of various factors on the efficiency of ultrasonic pretreatment is 

seminal in optimising the cleaner production. There have been a lot of experimental works reported on 

the optimisation of ultrasonic pretreatment of biomass, in which most of the experimental works deploy 

the well-known Response Surface Methodology [17]. The optimised operating conditions are different 

according to the types of biomass compounds to be pretreated. For instance, Martínez-Patiño et al. [18] 

investigated the optimisation for extraction of biomass from olive tree based on factors of ethanol con-

centration, ultrasonic power, and time, and they discovered that the best phenolic compound extraction 

can be observed at around 55% concentration with 280 W in 15 minutes. Meanwhile Fakayode et al. 

[19] included ultrasonic solid-to-liquid ratio, power, temperature, frequency, and time in their study, 

and optimal delignification is obtained at the condition of 180 W and 60 kHz within 40 mins, with 

ignorable effects from solid-to-liquid ratio. 

There are some computational works reporting on the investigation of how these factors influence 

the pretreatment efficiency. For example, Merouani et al. [20] conducted a preliminary simulation on 

the effects of ultrasound frequency and acoustic amplitude on ultrasonic pretreatment. Another related 

work was reported by Sajjadi et al. [21] who numerically analysed the effects of various ultrasonic 

operating conditions on the chemical reactions for biodiesel synthesis. Meanwhile, Tey et al. [22] sim-

ulated how the sound interference could affect the growth and collapse of microbubble. Nonetheless, 

most of the simulation studies are limited to one-factor mathematical analysis and excluding parametric 

optimisation. 

The purpose of the study is to simulate and optimise the effect of pretreatment factors on ultrasonic 

cavitation. Four main factors to be included in current study are: (a) surface tension of biomass-water; 

(b) dynamic viscosity of biomass-water; (c) sonication frequency; and (d) sonication power. The simu-

lation can be conducted based on the well-known Rayleigh-Plesset Equation, while its parametric opti-

misation is performed using a combination scheme of Moving Least Squares (MLS) and Multivariable 

Power Least Squares (MPLS) Method. 
 

2 Numerical Methodology 

2.1 Mathematical and Numerical Models 

The ultrasonic cavitation is governed by Rayleigh-Plesset Equation (RPE), which can be derived from 

the Continuity and Navier-Stokes Equation [22]. RPE can be mathematically expressed as in Eq. (1): 

3
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where R, ρ∞, Pv, Pg, R0, η, σs, and μ is the bubble radius, density of biomass-water, vapour pressure, gas 

pressure, initial bubble radius, ratio of thermal constants (CP/CV), surface tension of biomass-water, and 

dynamic viscosity of biomass-water, respectively. Ṙ refers to the first derivatives of bubble radius in 

terms of time, and it can be perceived as velocity of bubble growth/collapse.  Meanwhile, P(t) is the 

acoustical pressure fluctuation generated by the source of ultrasound, which can be represented by a 

sinusoidal equation: 

( ) ( )sin 2AP t P P ft= +   (2) 
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where P∞, PA, f and t are atmospheric pressure, amplitude of acoustical pressure emitted, ultrasonic 

frequency, and time, respectively. The amplitude of acoustical pressure can be related with the ultra-

sonic power W using Eq. (3): 

2

A

W c
P

A

=   (3) 

with A is area of ultrasonic irradiation (i.e. ultrasonic probe), while c is the speed of sound within the 

biomass-water. The initial bubble radius and initial bubble growth/collapse speed is set as R0 = 1 × 10-

6 m and Ṙ = 0 m/s, respectively. In current study, the value of the parameters involved is summarised 

in Table 1. 

 
Table 1 Value of pretreatment parameters involved in current study. 

Parameter Value 

Ratio of thermal constants η 1.4 

Speed of sound c  1450 m/s 

Gas pressure Pg 0.4 kPa 

Vapour pressure Pv 10 kPa 

Atmospheric pressure P∞ 101.325 kPa 

Area of ultrasonic irradiation A 0.1 m2 

Biomass-water density ρ∞ 1000 kg/m3 

Biomass-water surface tension σs 50 × 10-3 N/m ≤ σs ≤ 350 × 10-3 N/m 

Biomass-water dynamic viscosity μ 0.2 × 10-3 Pa.s ≤ μ ≤ 1.4 × 10-3 Pa.s 

Ultrasonic frequency f 20 kHz ≤ f ≤ 140 kHz 

Ultrasonic power W 100 W ≤ W ≤ 700 W 

 

Eq. (1) can be discretised using Delfim-Soares time integration scheme which has been well ex-

plained in the previous work [22,23]. Cash-Karp Runge-Kutta (CKRK) method [24]  is then deployed 

to solve the discretised ordinary differential equation. CKRK method can be written as in Eq. (4). In 

RPE, a critical sharp change of bubble radius is omnipresent during the collapse and re-formation of 

the microbubble, and thus the application of constant time step is impractical. A modified adaptive time 

marching scheme as proposed in previous work [22] is applied, in which the time step can be expressed 

in a very simple way as a function of instantaneous bubble radius and its associating time index α, as 

shown in Eq. (5). The minimum value of α for computation using CKRK method is 1.6 [22]. In current 

work, the value of α is assumed to be 1.95 is assumed. 
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The sonochemical reaction is dominated by the temperature hike during the collapse of micro bubble 

Tcollapse [25], which can be calculated using Eq. (6). Meanwhile, for mechano-acoustical disruption, 

bubble collapsing pressure Pcollapse [25] and shock pressure Pshock [26] can be obtained via Eq. (7) and 

Eq. (8) respectively. The effects of biomass-water surface tension, biomass-water dynamic viscosity, 

sonication frequency, and sonication power on Tcollapse, Pcollapse, and Pshock will be investigated in the 

current study. 
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In Eq. (8), us is the shock front velocity (bubble collapse-and-rebound velocity). The value of c1 and 

c2 are equivalent to 5190 m/s and 25306 m/s respectively, according to the experimental validation by 

Rice and Walsh [27]. R0 is the ambient radius, which can be approximated using linear interpolation 

method based on the value reported by Merouani et al. [28]. 

 

2.2 Interpolation Techniques 

The computed results can be interpolated using Moving Least Squares (MLS) and Multivariable Power 

Least Squares (MPLS) method. MLS method was introduced by Lancaster and Salkauskas [29] as a 

robust interpolation scheme for generation of smooth surface. The method is popular in improvising the 

finite element scheme to deal with moving boundary problems [30,31]. Due to its mathematical flexi-

bility, MLS method is excellent in interpolation of complex data [32,33]. The details of its mathematical 

formulation can be referred to the work of Liu and Gu [34]. Meanwhile, MPLS method was proposed 

in our earlier work [35] as a complementary tool for RSM. Moreover, in MPLS method, the application 

of normalised value of manipulated factors for the interpolation scheme will produced a normalised 

MPLS equation, which will render important information on the significance of the factors. The math-

ematical formulation of both methods will be briefly discussed in the following subsections. 

 

2.2.1 Moving Least Squares (MLS) Method 

Interpolation using MLS method will lead to the formation of polynomial equations such that: 

( ) T
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where yh, P, a, and m is the interpolated data, polynomial interpolant, its associating coefficients, and 

maximum number of interpolants prescribed. By taking the least squares procedure on the weighted 

residuals as in Eq. (10), the unknowns of a can be obtained by solving the matrix as in Eq. (11). 
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The details and a current review of MLS method can be referred in our previous work [36]. 

 

2.2.2 Multivariable Power Least Squares (MPLS) Method 

In contrast with MLS method, MPLS method aims to formulate a multivariate equation in power form 

as in Eq. (15). 

1 2
1 2

mbb bh
my ax x x=   (15) 

Least squares procedures shall be carried out as well, yet with different formula of residuals (see Eq. 

(16)). Therefore, the value of a and b in Eq. (15) can be obtained by solving Eq. (17) and the matrix as 

in Eq. (18). 
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The subscript k represents the value of second subscript of the term λ. Normalised MPLS equations 

can be obtained by replacing the value of factors with the normalised value, which can be represented 

by Eq. (22): 

( ) ( )min max minC= + − −X x x x x   (22) 

where C is the normalising coefficient, which must be a real number. The indices of the normalised 

MPLS equations could directly indicate the significance level if the coefficient of determination R2 of 

the equation exceeds 0.5 [35]. Coefficient of determination R2 can be defined using Eq. (23): 
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The accuracy of the models will be tested too using root mean square error (RMSE), which can be 

defined as in Eq. (24). 

( )
2

2

1
RMSE hy y

n
= −   (24) 

 

3 Results and Discussion 

The simulation is conducted by setting σs = 200×10-6 Pa.s, µ = 0.8 × 10-3 Pa.s, f = 80 kHz, and W = 400 

W as the benchmark sonication parameters. One-factor investigation on the effects of σs, µ, f, and W is 

conducted, within total sonication time of 2 × 10-7 seconds. 

 

3.1 Surface Tension of Biomass-Water 

Surface tension σs can be defined as the surface energy per unit area, or the Van-der-Waals forces be-

tween fluid molecules on the interface. Since the growth and collapse of microbubbles involve complex 

mechanism of interfacial fluid dynamics, surface tension is one of the major factors dictating the cavi-

tation phenomenon. In bubble dynamics, surface tension administers the maximum pressure difference 

between inner cavity and outer fluids that the bubble could support. 

The history of growth and drop of instantaneous bubble radius due to different surface tension are 

illustrated as in Fig. 1. The results are computed by setting other variables to be constant, i.e. µ = 0.8 × 

10-3 Pa.s, f = 80 kHz, and W = 400 W. From Fig. 1, it can be observed that by increasing the surface 

tension of biomass-water, the intensity of bubble cavitation occurrence will be increased (i.e. 4 cycles 

for σs = 50×10-6 Pa.s and 8 cycles for σs = 350×10-6 Pa.s, within 2×10-7 s). Moreover, higher surface 

tension will result in the formation of larger microbubbles and smaller collapsing radius (see Appendix). 

The complication of bubble nucleation has increased the pressure difference between the inner and outer 

part of microbubble, and thus upon its disruption, a higher temperature and pressure hike can be released. 

Tcollapse increases steadily while Pcollapse, and Pshock increase in an exponential way with respect to σs, 

which can be illustrated as in Fig. 2. These results are supported by the review works by Thompson and 

Doraiswamy [37] and Pilli et al. [38] who concluded that by increasing the surface tension, both the 

cavitation threshold (the maximum bubble radius required before collapsing) and the rate of cavitation 

will be increased. 

 
Fig. 1 Effects of surface tension to the fluctuation of instantaneous bubble radius. 

Although higher surface tension could improve the release of mechanical shear to break the ligno-

cellulose walls, this does not necessarily improve the pretreatment efficiency. This is because ultrasonic 

pretreatment is not only determined by intensity of cavitation (bubble disruption), but also the intensity 
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of bubble formation. The intensity of bubble formation can be represented by the wavelength of capil-

lary wave λ, which is a wave propagating on the fluids’ interface where its restoring force is dominated 

by surface tension. Capillary wave is responsible for the spontaneous rupture of thin liquid film, leading 

to formation of emulsion and microbubbles [39]. Therefore, the smaller the wavelength of capillary 

wave, the more intense the formation of microbubble. Unfortunately, RPE is not able to predict the 

intensity of bubble formation, as the formulation of RPE does not consider surface stress boundary 

condition. The detailed mathematical description on the interfacial fluid dynamics [40] of capillary 

wave was recently reported by Shen et al. [41]. The wavelength of capillary wave can be related with 

the surface tension and sonication frequency [42] via a simple equation as shown in Eq. (25). 
1/3

2

2 s

f






 
=  
 

           (25) 

 

 

 

 

Fig. 2 Effects of surface tension to (a) Tcollapse, (b) Pcollapse, and (c) Pshock at µ = 0.8 × 10-3 Pa.s, f = 80 kHz, and W 

= 400 W. 

 

Zhao et al. [43] further explained that fluids with higher surface tension will increase the wavelength 

of capillary wave and keep the geometry of the bubble to be in spherical shape. This will stabilise the 

bubble’s interface, leading to a higher cavitation threshold. Inclusion of surfactant will induce rheolog-

ical response and reduce surface tension [44], and therefore it will facilitate the breakup event of thin 

fluid film and formation of microbubbles. 

Camerotto et al. [45] discovered that low surface tension fluid will render a higher acoustical noise 

and better ultrasonic cleansing effect. The experiment conducted by Lee et al. [46] recently also illus-

trated that by decreasing the surface tension, the efficiency of ultrasonic pretreatment on biomass 

(a) (b) 

(c) 
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compound is improved. Hence, it can be concluded that in determining the pretreatment efficiency, the 

intensity of formation of microbubbles is more dominant than the unleashing of mechanical shear. 

 

3.2 Dynamic Viscosity of Biomass-Water 

Dynamic viscosity µ (named as viscosity thereafter) is ratio between wall shear stress and shear rate, 

which also represents the internal flow friction. In this simulation, Newtonian fluid is assumed such that 

viscosity does not change with shear rate. From our previous derivation work [22], it can be inferred 

that viscosity is the factor which determines the resistance for the expansion or contraction of microbub-

bles. In other words, theoretically, biomass-fluid with higher viscosity tends to restrict the growing or 

collapsing of microbubbles. 

The bubble radius due to different viscosity can be shown as in Fig. 3. The other factors are set 

constant such that σs = 200 × 10-3 N/m, f = 80 kHz, and W = 400 W. It can be clearly observed that in 

Fig. 3 and Appendix, biomass-water with lower viscosity would be able to generate microbubbles with 

larger radius ratio (Rmax/Rmin) because of low internal resistance. This implies that a more powerful 

shockwave could be emitted. From Fig. 4, it can be observed that high viscosity generally reduces all 

the Tcollapse, Pcollapse, and Pshock. It is also noteworthy that at low viscosity as well, the coalescence mech-

anism [47] does not decay easily, and the microbubbles tend to continue to collapse and rebound. There-

fore, for a case with similar intensity of bubble generation (i.e. same value of σs, ρ∞, and f), biomass-

water with low viscosity possesses excellent advantage in improving the ultrasonic cavitation. 

 
Fig. 3 Effects of dynamic viscosity to the fluctuation of instantaneous bubble radius. 

 

Other significance of viscosity is its role in the generation of acoustic streaming, which can be re-

garded as the sound wave attenuation in acoustic propagation. This is related to the acoustical behaviour 

of the fluid, in which drag force on the expansion of bubble is generated as a result of sound energy 

absorption ability of the fluids. The absorption capability can be further measured using acoustic atten-

uation coefficient β, which can be physically defined as the ratio between the absorbed sound energy 

and total sound energy from a medium. According to Lighthill [48], acoustic attenuation coefficient β 

is closely related with fluid’s Reynold’s stress [49], and therefore it is directly proportional with vis-

cosity as shown in Eq. (26). 
2

3/2
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=   
   

  (26) 

The detailed description for the physics of acoustic streaming can be found in the work of Tang et 

al. [50] and Yasui [11]. Although there are different types of acoustic streaming, Eckart streaming is 

the sound dissipating mechanism directly induced by viscosity. In Eckart streaming, the energy 
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attenuation is provoked by the effect of bulk viscosity or volume viscosity which is an irreversible 

resistance due to molecular vibration and sound-wave-generated vorticity. The mathematical formula-

tion for such streaming can be referred in the seminal work reported by Eckart [51], meanwhile the 

power loss due to the streaming was further discussed by Sojahrood et al. [52]. With this regard, the 

attenuation effect shall be included in the investigation, and Eq. (6), (7), and (8) shall be recalculated 

using Eq. (27), (28), and (29) respectively. With these attenuations, Tcollapse, Pcollapse, and Pshock is further 

tempered in all range of dynamic viscosity which can be seen in Fig. 4. 
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Fig. 4 Effects of dynamic viscosity µ to (a) Tcollapse, (b) Pcollapse, and (c) Pshock at σs = 200 × 10-3 N/m, f = 80 kHz, 

and W = 400 W. 

 

The computational results in current work (see Fig. 3 and Fig. 4) are in good agreement with the 

work reported by Zhang et al. [53] who concluded that low viscosity would lead to lower damping on 

shockwave, higher cavitation speed, and continuous occurrence of cavitation. An experiment conducted 

by Dewil et al. [54] reported the observation that at high viscosity, more acoustical energy was absorbed 

(a) (b) 

(c) 
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to transform into thermal energy instead of cavitational energy. Moreover, Helfield et al. [55] found 

that higher viscosity could reduce the propensity of microbubbles’ fragmentation, while the experiment 

by Tzanakis et al. [56] also observed a stronger signal of acoustic attenuation for high viscosity fluids. 

Hence, in general, a biomass-water with lower viscosity is more favourable in ultrasonic cavitation. 

 

3.3 Sonication Frequency 

The variation of sonication frequency f does not affect much on the decaying tendency of coalescence 

mechanism under constant surface tension and dynamic viscosity as demonstrated in Fig. 5. The current 

simulation revealed that the increment of frequency will slightly increase the radius ratio, which signi-

fies a marginal enhancement of collapsing energy. Nonetheless, the increment of frequency will greatly 

attenuate the ultrasonic energy with the correlation of β ∝ f 2 as shown in Eq. (25), and this has been 

discussed too in detail by Muthukumaran et al. [57]. The difference between the ideal and attenuated 

sonication effects can be referred as in Fig. 6.  Such an acoustic streaming will result in a noticeable 

declining trend in all collapsing temperature and pressure (see Table 2). There is a slight increase in 

shock pressure between 20 kHz and 60 kHz, yet it drops apparently after 60 kHz. However, the increase 

of frequency will shorten the capillary wavelength and form more microbubbles (see Eq. (25)). 

 
Fig. 5 Effects of sonication frequency to the fluctuation of instantaneous bubble radius. 

Although current simulation shows that the shearing effect of microjet is reduced at higher frequency 

due to attenuation, there is so far no conclusive relationship between frequency and ultrasonic pretreat-

ment. A discussion by Crum [58] commented that low frequency ultrasound provides more time for the 

bubble to grow, and therefore will lead to a more violent collapse of bubble, emitting a stronger shock 

wave to the surrounding. However, Crum [58] deduced that low frequency would reduce the rate of 

bubble formation, which is in accordance with the theory of capillary wave. The continual cavitation 

activities during high frequency would produce more free radicals [58], which could be beneficial for 

ultrasonic cavitation. In other words, low frequency would favour the mechanical shearing while high 

frequency will induce more sonochemical reactions. The idea is then widely subscribed by many re-

searchers later, which can be evidenced in the work of Zhang et al. [59], Pilli et al. [38], Ashokkumar 

[60], Iskalieva et al. [61], and Luo et al. [62]. Experiments conducted by Tiehm et al. [63] and Zhang 

et al. [59] also proved that low frequency sonication could improve the disintegration of sludge. None-

theless, the analysis by Vichare et al. [64], optimisation of transesterification of soybean oil by Ma-

hamuni and Adewuyi [65], and the experiment of ultrasonic pretreatment soft wood biomass by 

Cherpozat et al. [66] showed the opposite trend that the high frequency sonication will improve these 

pretreatment efficiency. Review works by Luo et al. [62] further confirmed that high frequency ultra-

sound favours the decomposition of biomass mixtures such as hydrous bioethanol, solid sucroseecorn 

oil suspension, and microcrystalline cellulose. 
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Therefore, the selection of operating frequency shall be relied on the intended physical or chemical 

reaction and biomass compound, i.e. whether the disruption of compounds require more on mechanical 

shear or free radical reaction [1]. Le et al. [67] emphasized that the selection of optimal ultrasonic 

frequency is dependent on the expected ultrasonic effects. Similarity discourse on the issue can be found 

too in the work by Sivaramakrishnan and Incharoensakdi [68]. This is further supported by the experi-

ment by Kurokawa et al. [69] who showed that the pretreatment efficiency is more dependent on the 

species and structure of microalgae instead of sonication frequency. A recent review by Nagarajan et 

al. [70] have listed down the optimal frequency for different types of algae. Since the effect of sonication 

frequency to biomass pretreatment is so far not yet resolved, there are still great room for detailed in-

vestigation, including the application of frequency within the audible range [67]. 

In current simulation, the low frequency sonication would generally release higher collapsing pres-

sure and temperature, yet with the expense of the intensity bubble formation. In the contrast, at high 

ultrasonic frequency, great sound energy attenuation could be observed (as in Fig. 6) although more 

microbubbles could be formed. The divergence of conclusion in experimental reports revealed that it is 

incorrect to directly conclude how the frequency could directly affect sonication efficiency, as the effi-

ciency is also greatly dependent on the biomass process and species. 
 

 
 

 
 
 

Fig. 6 Effects of frequency f to (a) Tcollapse, (b) Pcollapse, and (c) Pshock at σs = 200×10-6 Pa.s, µ = 0.8 × 10-3 Pa.s, and 

W = 400 W. 

 

3.4 Sonication Power 

Sonication power W will not influence much on the fluctuation pattern of microbubbles as shown in 

Fig. 7. However, modelling on RPE revealed that increasing the sonication power would have positive 

physical effect on the sonication performance (i.e. increasing collapsing temperature, collapsing pres-

sure, and shock pressure) as in Fig. 8. The observation is in good agreement with the discussion reported 

(a) (b) 

(c) 
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by Karimi et al. [1], Muthukumaran et al. [57], and Zhang et al. [59], such that higher power would 

have better sonication efficiency. Pilli et al. [37] commented that the increment of sonication power can 

compensate the energy attenuation due to acoustic streaming, especially under operating conditions of 

high frequency and high viscosity. 

Nonetheless, most of the reports [1,57,59] stressed that while the sonication efficiency is enhanced 

due to an increased sonication power, an optimal power will be reached, and upon the optimal power, 

the sonication performance will drop. This is because higher power would form greater bubble radius, 

then therefore a bubble cluster will be formed which would hinder the transmission of acoustic energy. 

Mahamuni and Adewuyi [65] conducted optimisation experiment on the transesterification of soybean 

oil and they also observed that a higher sonication power would improve the efficiency of formation of 

biodiesel, yet with a possible existence of optimal power. An optimisation on ultrasonic power con-

sumption is therefore required for a more practical up-scale industrial application. 

Perhaps, the current simulation is limited to single bubble cavitation, in which the possible formation 

of bubble cluster is impossible to be observed under current mathematical model. Chong et al. [71] 

proposed a coupling of oscillator approximation into Keller-Miksis equation to predict the radius 

growth of microbubble within a small bubble cluster. A more advanced simulation using fundamental 

partial differential equations in Computational Fluid Dynamics [47] is required to study how the bubble 

cluster can be formed and how the cluster could hinder the propagation of acoustical vibration. 

 
Fig. 7 Effects of sonication power to the fluctuation of instantaneous bubble radius. 

 

3.5 Multivariate Analysis on Sonication Parameters 

The relationship between σs, μ, f, and W with Tcollapse, Pcollapse, and Pshock is investigated too using MLS 

and normalised MPLS method. The MLS and normalised MPLS equations for the multivariate study 

can be obtained from Eqs. (30) to (35). The normalising coefficient C of 0.2 is applied as it would 

provide the best fitted MPLS equations. 

MLS equations: 
3 4 48.1568 10 3.9903 10 1.0240 10 10.8420 1.1629h

collapse sT f W =  +  −  + +  

4 2 3 2 2 4 21.4077 10 1.5752 10 0.2384 4.9690 10s f W +  +  − −   (30) 

6 6 6 31.2333 10 6.7994 10 1.0194 10 1.5470 10 60.6924h
collapse sP f W =  −  −  −  +  

7 2 5 2 2 22.3699 10 3.7669 10 0.5964 0.0229s f W +  +  + −  (31) 

3 4 33.2870 10 2.6645 10 1.2431 10 0.3777 0.0362h
shock sP f W =  −  −  + −  

4 2 2 2 7 27.0353 10 503.1594 0.0032 1.7268 10s f W  −+  + − +   (32) 
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MPLS equations: 

3 0.9376 0.5272 0.1802 0.01059.6531 10h
collapse sT f W − −=    (33) 

5 3.2965 1.5483 0.6561 0.05191.9859 10h
collapse sP f W − −=    (34) 

2.9301 1.5933 0.0264 0.1120214.7172h
shock sP f W − −=   (35) 

The value of R2 and accumulative errors from Eq. (30) to Eq. (35) can be listed as in Table 2. From 

Table 2, MLS equations fit the sonication parameters better, and this implies that most of the sonication 

phenomenon is optimisable. MPLS method fits well only for collapsing temperature. R2 for MPLS equa-

tions are generally low, and this can be attributed to the fact the current simulation does not involve any 

interaction study among the sonication parameters. It shall be noted that MPLS equations signify the 

close interaction between the factors. 

Although the R2 for other MPLS equations is low, the consistent ranking of the magnitude of indexes 

of all the MPLS models lead to similar conclusion. It can be inferred from MPSL equations that, for all 

Tcollapse, Pcollapse, and Pshock, surface tension has the highest positive significance on the sonication per-

formance, followed by power. Meanwhile, viscosity possesses the strongest negative significance, fol-

lowed by frequency. In short, the fluid properties of biomass-water generally play a more critical role 

than sonication frequency and power. 

 

 

 
 

 
 

 

Fig. 8 Effects of power W to (a) Tcollapse, (b) Pcollapse, and (c) Pshock at σs = 200×10-6 Pa.s, µ = 0.8 × 10-3 Pa.s, and f 

= 80 kHz. 

 

 

(c) 

(a) (b) 
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Table 2 Value of R2 and accumulative errors for the approximated equations. 

Equation R2 RMSE 

(30) 0.9994 72.5224 

(31) 0.9393 56757.4195 

(32) 0.5581 310.7019 

(33) 0.9239 806.7833 

(34) 0.2656 359840.6413 

(35) 0.1296 412.0277 

 

4 Conclusion 

Computational modelling based on RPE for the effects of σs, μ, f, and W on sonication performance 

such as Tcollapse, Pcollapse, and Pshock has been conducted, and the computational results revealed that: 

1. Increasing σs will enhance the sonication energy, yet with the expense of limiting the formation 

of bubble, which would eventually deteriorate the sonication performance. 

2. Increasing μ will suppress the growth of bubble and promote larger acoustic streaming, leading 

to an overall drop of sonication performance. 

3. Increasing f might slightly enhance the bubble growth, yet it will greatly be attenuated, and this 

results in a low sonication performance at high f. However, the application of f shall depend on 

the species of biomass to be pre-treated, as high f would promote the active release of free radicals. 

4. Increasing W would be beneficial for sonication effects, yet with a possible optimal power to 

avoid the formation of bubble cluster which will set back the ultrasound propagation. 

Perhaps, current simulation is limited only to one-factor investigation, in which the interactions be-

tween the sonication parameters does not take into consideration. Moreover, RPE models are limited 

only for incompressible cavitation, and there are many factors being neglected in the current model 

such as the supersonic bubble growth, formation of bubble cluster, and attenuation of sonication energy 

due to bulk modulus. Interfacial fluid dynamics are required for a detailed investigation for the compli-

cated physics of bubble dynamics under ultrasonic pretreatment. Despite the current work has success-

fully demonstrated the effects of these sonication parameters, more research is required in the near 

future. 
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Appendix 

Shockwave pressure Pshock, collapsing temperature Tcollapse, and collapsing pressure Pcollapse of microbub-

ble due to various operating conditions. 

Set σs (N/m) μ (Pa.s) 
f 

(kHz) 
W (W) umax (m/s) Pshock (GPa) Radius Ratio Tcollapse (K) Pcollapse (GPa) 

1 50 × 10-3 0.8 × 10-3 80 400 1513.6420 6.8887 59.7800 2952.7843 2719.6195 

2 100 × 10-3 0.8 × 10-3 80 400 3679.2917 20.3916 90.9694 4886.9703 15861.1999 

3 150 × 10-3 0.8 × 10-3 80 400 6935.2433 51.6906 122.8411 7007.7305 56003.8617 

4 200 × 10-3 0.8 × 10-3 80 400 11287.6811 125.0105 154.7778 9247.3084 147825.9936 

5 250 × 10-3 0.8 × 10-3 80 400 16725.5812 303.8145 186.5493 11569.5718 323822.9322 

6 300 × 10-3 0.8 × 10-3 80 400 23231.9713 762.8196 218.0639 13952.9386 623773.6096 

7 350 × 10-3 0.8 × 10-3 80 400 30788.0537 2010.5116 249.2870 16383.4252 1094242.466 

8 200 × 10-3 0.2 × 10-3 80 400 21048.0219 629.0354 207.7493 14616.4647 565029.3215 

9 200 × 10-3 0.4 × 10-3 80 400 16961.1811 337.9104 187.5754 12502.1383 355730.9192 

10 200 × 10-3 0.6 × 10-3 80 400 13531.2619 190.5526 168.5787 10621.9827 219393.4087 

11 200 × 10-3 0.8 × 10-3 80 400 11287.6811 125.0104 154.7778 9247.3084 147825.9936 

12 200 × 10-3 1.0 × 10-3 80 400 8841.9445 75.5054 137.9533 7758.5245 87818.319 

13 200 × 10-3 1.2 × 10-3 80 400 6847.8719 46.9127 122.3318 6460.2684 50989.2204 

14 200 × 10-3 1.4 × 10-3 80 400 4905.4985 27.0446 104.5930 5140.734 25359.6336 

15 200 × 10-3 0.8 × 10-3 20 400 10380.9382 120.456 148.7470 10031.9343 236129.6771 

16 200 × 10-3 0.8 × 10-3 40 400 10681.0340 124.2831 150.7725 9949.0399 207653.09 

17 200 × 10-3 0.8 × 10-3 60 400 10983.2952 125.9274 152.7826 9690.0997 177804.1303 

18 200 × 10-3 0.8 × 10-3 80 400 11287.6811 125.0104 154.7778 9247.3084 147825.9936 

19 200 × 10-3 0.8 × 10-3 100 400 11594.1522 121.1156 156.7584 8612.934 118822.7337 

20 200 × 10-3 0.8 × 10-3 120 400 11902.6711 113.7865 158.7247 7779.3155 91722.8065 

21 200 × 10-3 0.8 × 10-3 140 400 12213.1998 102.5228 160.6771 6738.861 62140.7436 

22 200 × 10-3 0.8 × 10-3 80 100 10681.0159 111.9388 150.7723 8960.8876 132411.4985 

23 200 × 10-3 0.8 × 10-3 80 200 10931.2658 117.2000 152.4387 9079.8603 138667.3396 

24 200 × 10-3 0.8 × 10-3 80 300 11124.2887 121.3827 153.7103 9170.8304 143591.0676 

25 200 × 10-3 0.8 × 10-3 80 400 11287.6811 125.0104 154.7778 9247.3084 147825.9936 

26 200 × 10-3 0.8 × 10-3 80 500 11432.1332 128.2853 155.7148 9314.5268 151621.1849 

27 200 × 10-3 0.8 × 10-3 80 600 11563.1285 131.3111 156.5591 9375.1695 155104.3743 

28 200 × 10-3 0.8 × 10-3 80 700 11683.9245 134.1492 157.3333 9430.8299 158351.3584 
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