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Abstract 
 
Process industries are cornerstones in today’s industrialized society. They contribute significantly 
in the manufacturing of various goods and products that are used in our day-to-day life. Our 
society’s paradigm of consumerism accompanied by a rise in global population drives an ever-
increasing demand for goods. One of the many strategies developed to satisfy these demands and 
at the same time improve production capabilities is known as process intensification. As an 
example, this can be accomplished by implementation of devices using the principle of 
hydrodynamic and acoustic cavitation. High-intensity cavitation in the ultrasonic range can 
change the physical and chemical properties of a wide range of substances and hence, improve 
the production rate or quality.  
 
Despite the generally accepted benefits of hydrodynamic and acoustic cavitation, applications in 
the process industry are yet limited. The reasons are that the method requires extensive 
optimization, which depends on multiple process parameters and encounters problem in the 
implementation on a larger scale. Scalable cavitation reactor concepts for industrial applications 
need to meet challenges like stability and robustness, energy efficiency and high flow rates. This 
thesis focuses on the methodology for the design and optimization of a flow through cavitation 
reactor.  
 
An ultrasound reactor concept has been developed and tested for two different applications: i) 
Fibrillation processes typical for paper and pulp industry and ii) Metal leaching of mineral 
concentrates. Simulations were carried out using commercially available software for 
multiphysics modeling, which combines acoustics, structural dynamics, fluid dynamics and 
piezoelectrics. However, the optimization procedure requires extensive experimental work in 
parallel with multi-physical simulations. In general, the application leads to hydrodynamic 
initiation of small gas bubbles in the fluid to be excited and collapsed by high intensity ultrasound. 
This transient collapse of the cavitation bubbles results in high temperature, high pressures and 
shockwaves at microscale and contributes to a plethora of physical and chemical effects on 
materials.  
 
The developed reactor has a power conversion efficiency of 36% in batch mode and is well 
suited for a scale-up. In flow-through mode, the cavitation effect improves extensively and 
provides stable results. Energy efficiency requires hydrodynamic initiation of cavitation bubbles, 
high acoustic cavitation intensity by multiple excitation frequencies adapted to the optimized 
reactor geometry, as well as optimal process pressure and temperature with respect to the 
materials to be treated. The impact of flow conditions and hydrodynamic cavitation is significant 
and almost doubles the yield at the same ultrasonic power input.  
 
In the case of fibrillation of cellulose fibers, the developed metodology generates cavitation 
intensity that enables energy efficient modification of the mechanical properties of the fiber wall. 
In the case of leaching, experiments show that six hours of exposure gave a 57% recovery of 
tungsten from the scheelite concentrate at 80°C and atmospheric pressure.   
 
Key words: Ultrasound, Acoustic and Hydrodynamic Cavitation, Process intensification, 
Sonochemistry  
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Nomenclature 
Ap Area of the probe tip [m2] 
Aws Area of the wetted surface of the vessel [m2] 
DM Mean diameter[m] 
C Speed of sound in the medium [m/s] 
cB Bending wave phase speed [m/s] 
Cp Heat capacity of the solvent [JKg-1K-1] 
Di Inner diameter of the circular tube [m] 
E Young’s modulus [Gpa] 
fc 
fUS 

Critical frequency [Hz] 
Ultrasound excitation frequency [Hz] 

fr Resonance frequency [Hz] 
Fv Force vector [N] 
H Wall thickness [m] 
Iirrad Intensity of ultrasound irradiation [W/cm2] 
Imax Maximum ultrasonic intensity [W/cm2] 
K Bulk modulus of elasticity [Pa] 
lf Half wave length mode number in fluid [m] 
Lf Length of the cylindrical fluid volume [m] 
lz Bending wave mode number in axial direction 
m Mass of the solvent [kg] 
mx Circumferential half wavelength mode number 
n Radial wavelength mode number 
PA Pressure amplitude [Pa] 
Tv Temperature of the inner vessel wall [°C] 
u Particle displacement [m] 
xw 

Greek alphabets 
Thickness of the inner wall [m] 
 

 Acoustic wavelength [m] 
B Bending wavelength [m] 
x Tangential wavelength [m] 
z Wavelength along the axial direction [m] 
 Density of the liquid medium [kg/m3] 
 

subscripts 
A 
B 
c 
f 
ws 
m 
v 
x 
w 
us 
irrad 
max 
 

Poison’s number 
 
Amplitube 
Bendingwave 
Critical 
Fluid volume 
Wetted surface 
Mean 
Vector 
Circumferential 
Wall 
Ultrasound 
Irradiation 
maximum 
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1. Introduction 
Process industries are cornerstones in today’s industrialized society. They contribute significantly 
in the manufacturing of various goods and products that are used in our day-to-day life. Our 
society’s paradigm of consumerism accompanied by a rise in global population drives an 
increasing demand for goods. One of many strategies developed to satisfy these demands and at 
the same time improve production capabilities is known as process intensification. As an example, 
the same can be accomplished by implementation of devices using the principle of hydrodynamic 
and acoustic cavitation. High-intensity cavitation in the ultrasonic range can change the physical 
and chemical properties of a wide range of substances and hence, improve the production rate 
or quality. 
 
Sound waves are defined by characteristics of frequency, amplitude, and wavelength. As sound 
is a mechanical wave it could be both audible and inaudible, depending upon frequency. For 
example, human’s audible range of frequency lies between 20 Hz to 20 kHz. Some animals like 
bats can generate and hear frequencies up to 100 kHz. The term ultrasound is associated with 
frequencies ranging from 20 kHz up to 200 MHz. Like any other mechanical wave, ultrasound 
also requires medium of transfer like gas, liquid or solid. The ultrasound frequency range is 
further sub-divided as two broad areas:   
 Low intensity ultrasound, high frequency applications, 200 kHz - 2 MHz and 
 High intensity, low frequency applications, 20 kHz - 200 kHz. 

In the frequency range of 20 kHz to 2 MHz cavitation can be induced in liquids. In the range 5 
to 10 MHz, cavitation cannot be produced and is commonly used in medical diagnostics [1].  
 
The term cavitation and the associated phenomenon was discovered by J. Thornycroft and S.W. 
Barnaby in 1895 as a part of the investigation into poor speed performance of the screw-driven 
destroyer H.M.S Daring [2]. The rapid motion of the propeller blades in water caused the water 
to be torn apart causing a cavity, hence the process is called cavitation. These cavities formed 
were unstable and imploded at the propeller surface at high pressures and temperatures resulting 
in pitting, which eventually lead to the mechanical failure of the propellers. This was an 
unwanted phenomenon and measures were taken in the design of propellers to minimize it. 
 
Cavitation bubbles in liquids can also be induced by ultrasound as shown in Figure 1. At lower 
ultrasound power, cavities grow by a slower process called rectified diffusion. In these 
circumstances, a cavity will oscillate over many expansion and compression cycles, when the 
amount of gas or vapor diffusing in or out of the cavity depends on the surface area, which is 
slightly larger during expansion than compression. Thus, over many acoustic cycles, the cavity 
will grow. The growing cavity can eventually reach a critical size, called the resonant size, where 
it efficiently absorbs energy from the ultrasonic radiation. The critical size depends on the liquid 
properties and the frequency; at 20 kHz in water, for example, the critical cavity radius is roughly 
170 μm.  At this point the cavity can grow rapidly during a few cycle of sound. Once the cavity 
has overgrown, either at high or low sonic intensities, the cavity can no longer sustain itself and 
surrounding liquid rushes in, and the cavity implodes. The implosion of the cavity creates an 
local increase in pressure and temperature which leads to physical and chemical reactions [3].  
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Figure 1: Ultrasound propagation in liquid resulting the creation of cavitation bubbles formation and collapse [4]. 
 

The phenomenon of transient cavitation has been in focus regarding process intensification by 
new alternative technology. The present thesis focuses on processes used in pulp and paper 
production and for extraction of metals from minerals. These industrial sectors need to meet 
new demands regarding energy efficiency. For example, Swedish paper mills combined 
consumes about 19 % of the industry’s total energy usage in Sweden [5]. Of special focus is 
fibrillation which is the most energy consuming process within paper making, is found to have 
an energy efficiency of ~1% [5]. Leaching of minerals characterized by high activation energy is 
another energy demanding process. Minerals that fall into this category are tetrahedrite, nickel 
laterites, scheelite, wolframite, etc., and these types of minerals are typically leached in autoclaves 
at elevated pressures and temperatures making the leaching process highly energy intensive.  

Hydrodynamic and acoustic cavitation has so far only found a limited use in the process industry 
and the reason behind is two-fold: (i) The method requires extensive optimization that depends 
on multiple process parameters and (ii) Problems in the implementation on a larger scale with 
respect to, stability, robustness, energy efficiency and high flow rates. The thesis focuses on the 
methodology in designing and optimizing a scalable flow-through reactor based on 
hydrodynamic and acoustic cavitation. The objective connects to the following research 
questions: 

 How to use multiphysics simulations and experimental verification for optimization of a 
cavitation reactor concept? 

 How to control cavitation by ultrasound in order to increase yield and modify the 
physical characteristics of cellulose fibers? 

 How to exploit ultrasound treatment to achieve high recovery of metals from hard to 
leach minerals? 

 How to optimize process parameters to increase the energy efficiency?  
 
 
 
 
 
 
 
 



 

4 

2. Theoretical Background 
2.1 Fundamentals of cavitation 
Changing the pressure and/or temperature of a liquid also changes the thermodynamic state of 
the liquid. With a reduction in pressure, and an increase in temperature, the liquid approaches 
a gaseous state. For instance, if water is heated at constant pressure, a state is reached when the 
vapor filled bubbles start to grow and collapse, which is defined as boiling as indicated in 
Figure 2.   

 

 
Figure 2: Phase diagram of water, where the blue line indicates saturated vapor/liquid line. 

 
Ultrasonic waves causing fluid molecules to oscillate around their mean position in space, pushed 
together in the compression cycle and pulled apart in the rarefaction cycle. When a liquid is 
subjected to sufficient negative pressure during the rarefaction cycle, the molecules will be pulled 
apart to a distance greater than the intermolecular van der Waals forces of attraction keeping the 
liquid intact and there by resulting in the formation of small cavities or gas-filled micro-bubbles. 
Growing over a few cycles by taking in dissolved gas and vapor from the liquid, bubbles reach a 
resonant size. Depending on the intensity of the acoustic field two types of cavitation exists: 
 
 Stable cavitation: Bubbles have a lifetime that is more than several acoustic cycles, 

where the stable nature is the result of the micro-bubble containing mainly gas 
preventing a quick collapse. 

 Transient cavitation: Bubbles have a shorter lifetime than in case of stable cavitation 
as the bubbles mainly contain vapor and implode rapidly after a few cycles.  

 
Due to the interaction with nearby bubbles a non-uniform acoustic pressure field is created and 
bubbles undergo a sudden expansion to an unstable size and implode. The implosion of 
cavitation bubbles results in high temperature, high pressures and shockwaves at microscale and 
contributes to a plethora of physical and chemical effects.  
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Figure 3:  Regions of stable and transient cavitation [6]. 

 
Many researchers account for enhanced chemical and physical effects in transient cavitation than 
the stable one as it contributes to a larger number of implosions per unit time which can lead to 
better mixing and increased formation of radicals. Kiel makes a through representation of the 
various chemical and mechanical effects by cavitation [6]. The physical effects of bubbles 
generating micro-jects are illustrated in Figure 4 and the impact of these effects on the type of 
system where it is generated in.    
 

 
Figure 4: Representation of the physical effects of cavitation [7]. 

 
Cavitation can be generated within a fluid by using transducers which converts an electrical 
signal to mechanical vibration. For example, when sinusoidal voltage is applied over both surfaces 
of a planar piezoelectric material, a vibration proportional to the applied voltage is generated. 
Cavitation can also be induced by using a focused electromagnetic acoustic transducer (EMAT) 
which produces a high-intensity shock wave in the fluid concerned [8].  Once the shock wave 
is induced, cavitation bubbles are formed in the negative pressure region of the wave, causing 
rupturing of the fluid. Secondary cavitation transients, created by the collapse of the primary 
bubbles, may also occur. The two main types of electrochemical transducers used in industrial 
applications are piezoelectric and magnetostrictive. Piezoelectric   transducers   are constructed   
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using   a   piezoelectric   material. The current transducer technology makes use of ceramic 
materials like e.g. lead zirconate titanate. 
 
2.2 Bubble Dynamics 
The dynamics of bubbles are described by the general Rayleigh-Plesset equation which is stated 
in Franc (2006) as  

 
+  

3

2
=  [  ( )] +  

2
4  

(1) 

Where  denotes the bubble radius and  and  are the first and second order time derivatives 
of bubble radius respectively. The surface tension is denoted as S and pv and p (t) are vapor 
pressure and the far field pressure of the surrounding liquid respectively. This gives us a relation 
between the surrounding pressure and the temporal development of the bubble radius. It can 
clearly be seen that bubble radius will decrease with increasing liquid pressure, which means that 
cavitation bubbles will have a shorter lifespan if the pressure recovery is quick after the orifice, 
and vice versa. The nonlinearities in Equation 1 however, means that this is only a simplified 
way of looking at it, and that the response of bubbles subjected to changing pressures will be 
nonlinear. This contributes to the very drastic features of cavitation bubbles. For instance a drop 
in pressure leading to nonlinear increase in bubble radius implies a depressed vapor pressure 
inside the rapidly expanding bubble [9]. This low pressure inside the bubble can further amplify 
the rapid collapse due to very high pressure gradients over the bubble wall. 

It is important to note that the Rayleigh-Plesset equation has been derived for adiabatic 
conditions for the control volume surrounding the bubble, as the evolution of the bubble is so 
quick that the heat transfer will be negligible for these time scales. This means that conditions in 
the control volume will not be isothermal and the heat needed for vaporization will be provided 
by a volume of the liquid surrounding the bubble. Due to this both temperature and pressure 
will vary quite heavily on very small scales [10] 

2.3 Parameters Affecting Cavitation 
The ambient conditions of the system influence the cavitation intensity, which affects the yield. 
These conditions include the temperature, hydrostatic pressure, irradiation frequency, acoustic 
power and ultrasonic intensity. Other parameters that significantly affect the cavitation intensity 
are the dissolved gases,  liquid properties and sample preparation. Each of these factors is 
described in detail below. 
 
2.3.1 Multiphase flows  
Multiphase flows can be simply described as the simultaneous flow of two or more phases, which 
could be two phases of one species, e.g. water and steam, or multiple species, e.g. water and air. 
Characterization of multiphase flows is done according to the phases present and the four main 
cases are gas-liquid, gas-solid, liquid-solid and three-phase flows. Multiphase can also be 
categorized according to how the phases mix and form contact surfaces. These are defined as 
[11]: 

 Dispersed flow is a flow where one phase is discrete elements in a continuous phase, such 
as droplets in gas flow or bubbles in liquid. In this case the discrete phases are not in 
contact with each other. 

 Separated flow means the phases have only line of contact, for instance an annular ring of 
liquid on a pipe with gas flow in the center. 
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Cavitation is most easily described by using the Bernoulli equation for incompressible flow 

 
+ 

1

2
= const. 

(2) 

Where p denotes the local static pressure,  is the density of the fluid and v is the velocity of 
flow. According to this the static pressure must decrease when the flow velocity is increased. 
When the static pressure thus drops below the vapor pressure of the fluid it will lead to the 
formation of gas bubbles in the fluid flow, which is known as cavitation. This can be induced in 
flow by making the flow pass through a smaller pipe orifice/venturi which means that flow 
velocity must increase to satisfy continuity. 

Cavitation is in many ways similar to boiling, Figure 1, but not limited by the heat transfer in 
the liquid, rather only limited by inertial effects of the cavitating liquid. This means that cavitation 
is a much quicker process than boiling. The quick expansions and implosions of the bubbles is 
the reason it can be quite a damaging process. As the local pressure needs to be lower than the 
saturation pressure cavitation can occur once the cavitation number is lower than zero, see 
Equation 3. However, if one is able to predict where this can occur and control the cavitating 
flows, these violent processes could be put to good use [12]. Several studies have also been 
conducted on the pressure development and erosion of collapsing cavitation bubbles and a 
number of them are reviewed in Okada et al. [13]. Though results vary somewhat between the 
studies the bubble collapse pressures are typically on the order of Giga Pascal’s. 

Several studies have been conducted on modeling of cavitation and which conditions need to be 
fulfilled for cavitation to occur. The basic considerations are listed in Sauer [14] where he for 
example states the basic cavitation number defined as 

 

 =  
1
2

 (3) 

Where p and psat are the static and saturation pressures, l is the liquid density and U is the liquid 
velocity. This is the dimensionless ratio of the pressure difference between static and saturation 
pressure and the dynamic pressure of the flowing liquid. However, in contrast to other 
dimensionless numbers, cavitation cannot be said to occur at one specific value, rather it depends 
on several mechanical and dynamic effects of the fluid, such as the number of cavitation nuclei, 
friction and  surface tension [14]. Cavitation nuclei is considered as weak spots of the fluid 
structure and could for instance be solute gas, contact points with solid surfaces or small solid 
particles in the liquid. 
 
The effects can be quite dramatic, for example from a theoretical point of view  , it has been  
found that a liquid free from nuclei could handle tension in the region of 1000 bar without 
breaking the liquid structure, while practical experience and experiments show that  cavitation 
occurs already below 1 bar [14]. Even under experimental conditions, degassed and filtered water 
has not been able to withstand tensions larger than around 280 bar [15]. This can be explained 
by assuming that even very pure fluids have nuclei points and a pure fluid should be seen as an 
entirely theoretical concept. It also means that for engineering purposes it can usually be assumed 
that nuclei points are abundant.  
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2.3.2 Dissolved Gases 
Dissolved gases act as nucleation sites for cavitation. As gases are removed from the reaction 
mixture because of the implosion of the cavitation bubbles, initiation of new cavitation events 
becomes increasingly difficult. Bubbling gases through the mixture facilitates the production of 
cavitation bubbles, but the type of gas used is important. Generally, a gas with a high specific 
heat ratio gives a greater cavitation effect than one with a low specific heat ratio. Because the 
collapse of the bubble occurs in such a small amount of time (3.5 μs as estimated by [16]), it can 
be assumed to occur adiabatically. Monatomic gases, such as argon and helium, convert more 
energy upon cavitation than diatomic gases, such as nitrogen and oxygen, because of the larger 
ratio of specific heats. Gases which are extremely soluble in the reaction mixture may reduce the 
cavitation effect because the bubbles formed may re-dissolve before collapse occurs. The bubbles 
which do not dissolve often become so large (because of facile penetration of gas into the bubble) 
that they float to the surface and disintegrate. The thermal conductivity of the gas is also 
important because, although the collapse is modelled as adiabatic, there is a small amount of heat 
which is transferred to the bulk liquid mixture during collapse. As the thermal conductivity of 
the gas increases, the amount of heat loss due to thermal dissipation also increases. There are 
many studies that characterizes the cavitation intensity in liquids containing dissolved gases [9] – 
[13]. 
 
2.3.3 Ambient Temperature 
In general, an increase in the ambient temperature results in an overall decrease in the cavitation 
effect. The decrease is a result of a sequence of events. First, as the temperature is raised, the 
equilibrium vapor pressure of the system is also increased. This leads to easier bubble formation, 
due to the decrease of the cavitation threshold. However, the cavitation bubbles contain more 
vapor. This vapor reduces the ultrasonic energy produced upon cavitation because it cushions 
the implosion in addition to using enthalpy generated in the implosion for the purposes of 
condensation. In general, the cavitation effects are stronger at lower temperatures when a 
majority of the bubble contents is gas. In certain application, an optimum temperature may lead 
to more favorable results. An increase in temperature will increase the cushioning effect of the 
vapor in the bubble begins to dominate. Thus, the cavitation effect decreases upon further 
increase in ambient temperature [13–15].  
 
2.3.4 Ambient Pressure 
Increasing the ambient pressure generally results in an overall increase in the cavitation effect 
because of the decrease in the vapor pressure of the mixture. Decreasing the vapor pressure 
increases the intensity of the implosion, thus increasing the ultrasonic energy produced upon 
cavitation. However, there is a limitation to this increase, as found by Moulton when 
investigating the ultrasonic hydrogenation of soybean oil [16] and [17]. When they operated at 
an ambient pressure of 13.7 bar and greater, they found ultrasound to have little effect on the 
catalyst activity. When the pressure was decreased to 7.9 bar, the effects of ultrasound increased 
significantly. It appeared that operating at pressures of 13.7 bar and above increased the cavitation 
threshold in the system to a level at which the cavitation bubbles could no longer be produced 
or were produced in such small quantities that they did not significantly affect the overall 
reaction. For any given system an optimum operating pressure will most likely exist [19]. 
Changing the hydrostatic pressure can alter the resonance frequency and equilibrium radius of 
the bubble and drive the system toward resonance conditions. This approach was taken by Cum, 
et. al. [25], who found that operating the system under resonance condition increased the rate 
and yield of the reaction. 
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2.3.5 Liquid properties 
Cavities are more readily formed when using a liquids with a high vapor pressure, low viscosity, 
and low surface tension. Lorimer and Mason investigated the effects of the natural cohesive forces 
of the liquid on cavitation and found the most intensive cavitation occurring in liquid with a 
higher viscosity [26]. Other researchers [20] and [21] found that the cavitation was inhibited 
when using the extremely volatile solvent diethyl ether, which has a vapor pressure of  
approximately 0.73 bar at 25 °C. When choosing a liquids for a particular application, the 
appropriate “family” of liquids to use is frequently dictated by the type of chemistry involved, 
i.e., due to temperature, solubility and/or other parameters. Once a family of liquids are 
identified, then the effects on cavitation of the various liquids can be investigated. 
 
2.3.6 Ultrasound Frequency 
The frequency of ultrasound has a significant effect on the cavitation process because it alters the 
critical size of the cavitation bubble. At very high frequencies, the cavitation effect is reduced 
because either (i) The rarefaction cycle of the sound wave produces a negative pressure which is 
insufficient in its duration and/or intensity to initiate cavitation or (ii) The compression cycle 
occurs faster than the time required for the microbubble to collapse. In the past, most ultrasound 
cavitation were carried out using irradiation frequencies between 20 and 50 kHz. This is because 
the relatively low alteration of frequency has no apparent effect on chemical reactions, such as 
in the dissociation of carbon disulfide [29]. However, current research shows that in other 
reactions, such as oxidations, higher frequencies may lead to higher reaction rates. For example, 
the rate of sonochemical oxidation of iodide in the presence of air was 31 times greater when 
operating at a frequency of 900 kHz compared to 20 kHz [22] – [28]. 
 
In summary, lower frequency ultrasound produces more violent cavitation, leading to higher 
localized temperatures and pressures at the cavitation site. However, higher frequencies may 
actually increase the number of free radicals in the system because, although cavitation is less 
violent, there are more cavitation events and thus more opportunities for free radicals to be 
produced [36]. It is also evident that combinations of two to three different frequencies give 
better yield and higher cavitation intensity [38, 39]  
 
2.3.7 Acoustic Power 
Many authors have found that as the power delivered to the liquid increases, the cavitation 
intensity increases to a maximum and then decreases with a continued increase in power [39]. A 
possible explanation for the observed decrease at high powers is the formation of a dense cloud 
of cavitation bubbles near the probe tip which acts to block the energy transmitted from the 
probe to the fluid, [31-32].The optimum power level is also dependent on the operating 
frequency [42]. When investigating the rate of corrosion of 304L stainless steel, the authors found 
that curve maxima were different (i.e., different power optima) for different ultrasonic 
frequencies.  
 
There are several methods available in the literature to determine the power dissipated (Pdiss) in 
a reaction mixture. One of the most common approaches is calorimetry, which if the energy 
delivered to the system is dissipated as heat, as shown by 
 

 =   (4) 
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Where m and Cp are the mass and specific heat capacity of the solvent, respectively, and 
(dT/dt)t=0  is  the initial  slope of  the  temperature  rise of  the  reaction  mixture versus time  
of  exposure  to  ultrasonic  irradiation.  The  initial temperature  rise  of  the  system  is  
independent  of  the initial bulk liquid temperature (< 40 °C), the height of the liquid in the 
vessel and the horn height, [35-36].  Many authors have not reported the acoustic power 
dissipated in their reaction systems, making it difficult for other researchers to reproduce results 
or compare reaction conditions [20]. 
 
Hagenson and Doraiswamy concluded that equation 4 needed to be modified to account for the 
heat absorbed by the vessel as well as the liquid [45], as shown by 
 

 =  , + ( ) (5) 

 
where Tv is the  temperature of  the  inner  vessel  wall, Aws is the area of the wetted surface  of  
the  vessel,   xw is  the  thickness  of  the  inner wall  and m  and  Cp are  the  mass  and  heat 
capacity of the liquid or the vessel, as indicated.  
 
Other  methods of  determining  the  power  dissipated in a reaction system are by using chemical 
dosimeters, such  as  the  generation  of  HNO3 from  NO3 in  water [46]  and  the  Weissler  
reaction  which measures the liberation of iodine from potassium iodide. A  recent  comparison  
of  calorimetry  and  the  Weissler reaction as measures of ultrasonic power [43] showed  that  
the  two  methods  provided  similar predictions.  However, the efficiency of the ultrasonic 
device measured by calorimetrically estimated energy dissipation, may not directly translate into 
energy utilized for generating cavitationeffects.  
 
2.4 Estimation of Ultrasonic Parameters 
The following sections and Table 1, summarizes the ultrasonic parameters which have been 
estimated by different authors through either experimental research or model simulations. While 
the actual values of the parameters are system dependent, the values in the table are provided as 
estimates of order of magnitude for modelling studies. 

 

Table 1: Estimates of parameters Necessary for modeling of ultrasonic system [20] 

 Definition Value System 
Condition 

Method of 
determination 

Dependent 
upon 

Reference 

N Number of cavitation 
bubbles per unit time 
and liquid volume 

2.6.1010(Ls) Aqueous solvent 
ultrasonic bath 
frequency 20 
kHz 

Model 
simulation 

Power input 
Frequency 
Vessel type 
Position in 
vessel 
Solvent 
Dissolved 
gases 
 

[16] 

“ “ 4.105(Ls) Organic solvent 
mixtures 
ultrasonic probe 
freq: 20kHz 

Chemical 
dosimeter 
Reaction 
kinetics 

Power input 
Frequency 
Solvent 
Dissolved 
gases 

[47] 
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Pmax Final 
pressure(maximum 
produced by collapsed 
bubble) 

79 bar aqueous solvent 
mixtures 
ultrasonic probe 
freq: 20kHz 

model 
simulation 

bubble 
contents 
bulk liquid 
temp 

[16] 

R0 Initial cavity size 2.0 μm aqueous solvent 
mixtures 
ultrasonic probe 
freq: 20kHz 

model 
simulation 

Power input 
Frequency 
 

[16] 

tm Transient bubble 
collapse 

3.5μs aqueous solvent 
mixtures 
ultrasonic probe 
freq: 20kHz 

model 
simulation 

 [16] 

Tmax Final 
temperature(maximum 
produced by collapsed 
bubble) 

2064 K aqueous solvent 
mixtures 
ultrasonic probe 
freq: 20kHz 

model 
simulation 

bubble 
contents 
bulk liquid 
temp 

[16] 

Vmj Microjet velocity(jet 
perpendicular to solid 
surface) 

100 m/s Water Micro-
cinematographic 
sequences and 
flash micro-
photography 

 [48] 

 
2.5 Ultrasonic Intensity 
The maximum ultrasonic intensity (Imax) is related to the pressure amplitude (pA) by 
 

 =
2

 
 

(6) 

 
Where  is the density of the liquid medium and c is the velocity of sound in that medium. In a 
free field the velocity of the sound in that medium intensity (I) will decrease as the distance from 
the transmitting source (dT) increase, as shown by 
 

 = ( )  (7) 
 
Where  is the attenuation coefficient of the medium. 
 
When  a  probe  system is  used,  the intensity (Irad) of ultrasound  at the surface of  the   ultrasonic 
device (typically  expressed  in  W/cm 2)  is equal to the power dissipated (Pdiss) divided by the 
area of the probe tip (Ap), as shown by 
 

 =   (8) 

 
The acoustic intensity can also be quantitatively determined using a chemical dosimeter such as 
the decomposition ratio of 5, 10, 15, 20-tetrakis (4-sulfotophenyl)-porphyrin (H2TPPS4-)[49]. 
However, in a contained fluid volume a pressure field will be built up. At specific resonance 
frequencies standing waves are established, so called resonant modes. At the antinodes of these 
modes very high pressure variations are generated. Along nodal lines pressure variation is close 
to zero. This effect has as huge impact on cavitation intensity, since it is proportional to the 
pressure variation. The spatial variation in sound pressure also causes bubbles, particles and light 
weight bodies to be moved, referred to as Bjerkenes forces [6]. To optimize cavitation effect and 
energy efficiency the sound field needs to be controlled.  Optimal cavitation intensity can be 
identified based on measured pressure signal [20]. Maximum of the pressure amplitude ratio 
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p(1.5fus)/p(fus) indicates optimal intensity, see Figure 9. If the ultrasonic amplitude becomes too 
high the power conversion efficiency decreases. 

 

Figure 5: Sound pressure amplitude ratio at excitation frequency 22 kHz as a function of input electrical power [50]. 

2.6 Characterization of the Sound Field 
Numerous methods exist to characterize the sound field of different acoustic reactors, including 
the chemiluminescence   of   luminol,   the   use   of   thermistor   probes [51], [52] and 
thermoelectric probes [53] and the use of aluminum foil pitting. A comprehensive review 
concerning characterization techniques was   recently   published by   Hodnett and Zeqiri [54]. 
The piezoelectric pressure intensity measurement probe (PPIMP), developed by Soudagar and 
Samant [47], has the shape of a traditional ultrasonic probe and is fitted with a sandwich type 
PZT piezoelectric crystal. It was designed with the intention of characterizing the sound field of 
ultrasonic cleaners and was shown to be an effective characterization technique. 
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3. Reactor Design Methodology  
In literature and in many applications of high power ultrasound various reactor concepts exists 
[13] and [46-49][59]. The most promising designs regarding energy efficiency and scalable flow 
through concepts seem to be the double tube type of reactors. The design methodology 
described in this thesis focus on the reactor concept with an outer tube of stainless steel and inner 
tube of plastic material. The solvents to be treated by cavitation flow through the inner tube. 
The volume between the tubes is filled with degassed water and act as an acoustic wave guide. 
The design goal is to maximize the cavitation intensity inside the inner tube by superposition of 
different resonant modes and the geometrical focusing effect. Previous research has shown that 
the combination of both hydrodynamic and acoustic cavitation can improve energy efficiency 
by a factor of 10 [6]. The present reactor concept enables hydrodynamic cavitation by flow 
through different types of nozzles [60].  
 
3.1 Acoustic cavitation 
The aim is to design and match different resonance phenomena to achieve a flow-through 
reactor resilient for high-intensity acoustic cavitation. The goal is to generate as efficient power 
transmission as possible between electrical input and high-intensity cavitation output. The idea 
is to fully couple a number of resonant structures, to act as one unit.  To do that, different wave 
types need to be analyzed and controlled. Maximum reactor efficiency enhances wave 
phenomena that create positive interference at the target frequency. One fundamental 
assumption is that the pressure builds up inside the tube is maximized by standing waves in the 
water column.  The reactor structure is excited by sonotrodes to generate bending wave 
resonances in the outer tube wall close to the breathing mode resonances of the tubes. The best 
coupling is obtained at or above the so called critical frequency (bending wave speed is equal or 
greater than the wave speed in the fluid).  
 

 
 

Figure 6:  Design flow for reactor optimization. 
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Appropriate start values for acoustic optimization is defined with respect to structural acoustic 
theory. Figure 6 describes the iterative procedure using multiphysic simulation and experimental 
verification. 
 
Design parameters are chosen as: 
 

I. Temperature (T), 
II. The diameter of fluid volume (Di) or tube mean diameter (Dm), 

III. Length of fluid volume (Lf), 
IV. Wall thickness of the surrounding tube (h), 
V. Length of the tube (Ls) and 

VI. Properties of the fluid inthe inner tube. 2 

Varying the design parameters I to VI in three levels, 729 combinations need to be 
considered. However, initially three of the design variables were kept fixed. Temperature 
was set to 20 °C. Inner diameter Di and water volume length Lf were set to values that gave 
appropriate mode shapes of the contained volume at the target frequency and temperature. 
However, in the practical application these variables are dependent on the effective wave 
speed of the contained fluid and the cavitation effects. The final geometry was fixed after a 

sensitivity analysis.  
 
3.1.1 Wave speeds in fluids and solid materials 
The speed of sound in water is dependent on temperature and the amount of gas in the water. 
However, the design of the reactor allows the water jacket volume to be degassed by the 
ultrasound and only the temperature dependence of water was considered. The inner volume 
where solvents and mixtures flow through was controlled by variable boundary conditions and 
loss factors. Compression speed of sound in solids and fluids is defined by the Bulk of modulus 
of elasticity (K) and the fluid density ( ), see equation 9.  
 
 = (  / ) /   (9) 

 
Both K and  are temperature dependent. Stainless steel (K =163.109 Pa) and approximately 80 
times harder to compress than water, K= 2.20.109 Pa at 20°C. The speed of sound in water as 
in Figure 7 varies to a greater extent with temperature than the speed of sound in stainless steel. 
In water at 20°C, speed of sound c = 1480 m/s. In a tube structure, the longitudinal sound speed 
needs to be corrected since the wall thickness is much smaller than the wavelength. In plate and 
shell structures, the quasi-longitudinal wave speed is defined by Equation 10. 
 

 =
(1 )

 
 

(10) 

                                                            
2  The design goal is to make the reactor design as robust as possible with respect to losses in the central volume 
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Figure 7: Speed of sound in fresh water as a function of temperature. 

 

3.1.2 Fluid eigenmodes in a cylindrical volume  
For the reactor type aimed for, the geometry of the fluid volume is defined so that two 
independent mode shapes will co-exist at the same eigenfrequency. Like a pure mode in the 
axial direction and a pure mode in a radial direction. Positive interference between these two 
modes will get maximum amplification. But also benefit from an excitation of the related 
complex mode at a higher secondary frequency.  

 
The inner diameter (Di) of the tube is the first parameter to be defined. If Di=90 mm and the 
speed of sound (c) is 1480 m/s (water at 20 °C), then the pure radial cross-sectional eigenmode 
(l=0, m=0, n=1, 0,1= 3.83) occurs at around 20.0 kHz (Equation 11). The mode shape 
generates maximum pressure at the center and along the walls (Figure 8). The two wavelength 
radial eigenmode will be around 37 kHz. For optimized response the best result is likely to be 
achieved by a superposition of a pure axial mode and the first radial mode, due to expected losses 
along the reactor centerline, both by the plastic tubes presence and the changed wave impedance 
due to high cavitation activity inside the tube.  Altogether, boundary condition and forced 
excitation will alter the coupled resonances. 
 

 
, , =

2

2 ,
+  

 
(11) 

 
The wavelength in water at 20°C and 20 kHz is 74 mm. The length of the water column (Lf) is 
defined to create a pure axial standing wave (m=0, n=0) at the target frequency see, Equation 
12. Two options exist: (i) lf defined by even numbers, i.e. full wavelengths; (ii) lf defined by odd 
numbers, i.e. half wavelengths. The benefit of an even mode number is a symmetric pressure 
field. However, there are multiple competing modes in the frequency range of interest. Some 
frequencies may not contribute to the objective and need to be avoided. One example is the 
circumferential mode in fluid (m=3, n=0).  
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Figure 8 Different types of eigenmodes in a circular cross-section of a water filled tube of stainless steel. The mode type (m=0, 

n=1) is the target for optimization.  
 

3.1.3 Longitudinal resonances in a shell structure 
The structural modes are coupled to the fluid inside the tube. A key frequency (fO), is defined 
by the breathing mode of the cylinder, which corresponds to a longitudinal eigenmode in the 
circumference of the cylinder, see Equation 12. For example, a free cylinder in stainless steel 
(DM=100 mm) has a breathing mode around 16 kHz, to maximize the acoustic coupling between 
the tube structure and the contained fluid fO needs to be lower than the reactor resonance 
frequency [61]. 
 

 =
1

(1 )
 

 
(12) 

The longitudinal eigenfrequencies of a tube due to longitudinal wave propagation can be 
expanded to 3D by combining Equations 10 and 12. The potential modes of interest will be 
strongly coupled to the water column inside the tube. The idea is to enhance the breathing mode 
and suppress longitudinal resonances, by mistuning of the tube length (LS z s/2). 
 

 
, =

(1 )
+

2
 

 
(13) 
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3.1.4 Bending wave eigenmodes in a cylindrical shell with free boundaries 
Bending waves exist in plate or shell-like structures and is the wave type that radiates sounds 
most efficiently. The bending wave combines the properties of a quasi-longitudinal wave and a 
transverse wave. The bending wave is dispersive in nature, which means that the propagation 
speed is frequency dependent. Considering a thin walled cylinder (h<<D) with finite length (LS), 
and free boundaries cB can be defined with respect to different dimensions and eigenmodes, see 
Equation 14.  
 

 
=

2

+
2

 
 

(14) 

The starting point is to determine the wave speeds (cB) dependence on frequency (f), mode 
numbers in axial (lz) and tangential (mx) directions, mean diameter (DM), and tube length. The 
idea is to excite bending waves in the tube wall in three points, normal to the wall surface, 
forming an equal-sided triangle seen in cross-section. For a tube where Di = 90 mm the mean 
diameter (DM) is determined by the wall thickness (h). Dividing the circumference of the neutral 
layer by three (mx=3) defines the tangential wavelength ( x). However, due to fluid mass loading 
and resonances eigenfrequencies will be shifted more or less. 

3.1.5 Critical frequency of a bending wave in a cylindrical shell structure 
The idea is to set the target resonance frequency of the tube geometry (fUS= 20 kHz) close to 
the critical frequency (fc). The critical bending wavelength B then needs to be equal or greater 
than 74 mm. Due to the difference in acoustic impedance and the assumed bending wave 
radiation, the boundary in radial direction is approximately linked to the mean diameter of the 
tube (DM). The geometrical relationship for a bending wave in a tube wall is outlined in Figure 
9.  

 
Figure 9: The geometrical conditions for a bending wave propagating along a tube with wall thickness much smaller than the 

diameter. The bending wave travels in a spiral and may be decomposed in an axial component ( z) and a tangential component 
( x). The relationship between the components is approximated by unfolding the tube wall. 

 
The bending wave in a tube travels normally in spiral form, and by unfolding the cylinder B can 
be defined approximately, see Equation 15. The finite length of the tube needs to be an integer 
of half wavelengths (ls), as specified by Equation 13. However, a symmetric response requires an 
even integer number.  

 =
+

 
 

(15) 

 

 

 
 
 

 

 

 

=
2

+
2
 

 

B 

z 

x 



 

18 

However, the wave speed (cB) also depends on the tube material ( , E, ) and thickness (h), see 
Equation 16. The expression is valid when h << B and f > fO. 
 

 = 2
12 (1 )

 
 

(16) 

 
To enable a bending wave speed (cB) of 1480 m/s at the target frequency fUS = 20.0 kHz require 
a stainless wall thickness to be 11.5 mm. By that, the assumption of a thin structure is not valid 
since h/ B = 0.16, and therefore cB need to be corrected due to the inertia of rotating segments 
and Poisson effects [62],  as in Equation 17.  
 

 = 2
12 (1 )

 1 3.6  
 

(17) 

 
To summarize, the acoustic optimization of a tube structure filled with water need to be treated 
by coupled analysis. Appropriate start values can be defined as follows: The circumferential mode 
number (mx) is set to 3, h = 11.5 mm and DM =  101.5 mm; then x = 106.3 mm. With respect 
to B = 74 mm,and z = 103.0 mm, the tube length (LS) defined by an even integer number 
( z=8) become 412 mm. Then cB = 1480 m/s when f3,8 = 20,0 kHz. However, these start values 
are limited to the eigenmodes of an uncoupled tube structure. Simulating the forced pressure 
response of the complete reactor with respect to fluid loading and different loss factors, require 
a multi-physical FE-modelling approach.   
 
3.2 Hydrodynamic cavitation: 
The most energy efficient manner to induce cavitation is by hydrodynamics, i.e. some sort of 
contraction-expansion vessel such as a venturi [12]. Several principles for hydrodynamic 
cavitation have been investigated [12], [63], [64]. Shankar et.al. have shown the potential of 
CFD-optimization with the purpose of significantly lowering the energy consumption in case 
of fiber refining [64]. The idea comes from the fact that cavitation has been noted to contribute 
to the fibrillation and processing of fibers already in the disc refiners in place today [65]. Goto 
et.al. [66] have proposed that the use of liquid jet to generate cavitation is an efficient method  
for the fibrillation and processing of the wood pulp fibers.  
 
The implemented design induce hydrodynamic cavitation by running the pulp stream through 
a venturi nozzle see Figure 10. This is done to increase flow speed and reduce static pressure as 
both mass and energy must be conserved in the passage through the nozzle. The cavitation 
bubbles thus induced will then collapse when the pipe expands and the static pressure recovers, 
and the idea is to focus the bubble collapse on the surface of the fibers to achieve fibrillation and 
processing. This means that the venturi nozzle needs to be carefully designed so that the 
cavitation can be controlled and used to concentrate the processing energy to the fibers and 
provide effective refinement of the fibers in the flow. However the most efficient processing 
require a combination of hydrodynamic and acoustic cavitation. The acoustic control of the 
bubbles collapse increases cavitation intensity and improve fiber processing.  
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Figure 10: Results from calculation model for optimized venturi geometry. a) Calculated cavitation field without 
fibers. b) Calculated flow field with fiber suspension as speed, pressure and viscosity variations [67]. 

 
 The advantage with this technique compared with the current state-of-the-art is that it could 
possibly save large quantities of energy. This is due to a couple of beneficial aspects of cavitation. 
As cavitation can be created at near-ambient conditions regarding temperature and pressure it is 
a very energy efficient way of creating zones of high temperature and pressure gradients, namely 
the regions where the cavitation bubbles collapse [63]. So instead of having to pressurize or heat 
the entire stream, similar effects can be achieved by inducing cavitation in the flow, where the 
only energy consumption correlates to the pressure drop over the cavitation zone. This means 
that fluid-induced cavitation significantly reduces the amount of energy needed to create local 
zones of high temperature and pressure. The disadvantage is that it is hard to control and 
therefore has been considered too complicated to use on an industrial scale, but with the rapid 
development of CFD technology and engineering in the past decades the potential of 
hydrodynamic has received ever more interest, in particular from chemical and process industries 
[68].  
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4. Methods and Procedures 
4.1 Numerical simulation: 
The numerical simulation has been executed using Comsol multiphysics in 3D configuration. 
The reactor design comprises a closed tube in stainless steel and a thin walled plastic pipe located 
in the center of the tube. The reactor is excited with sonotrode, which converts electrical energy 
into mechanical energy to vibrate the wall of the reactor. The sonotrode consists of a resonant 
structure and integrated piezo-ceramic elements see Figure 11. Vibration is excited by an 
electrical signal that varies over time, most typically as a pure sinusoid at a fixed frequency 
determined for the reactor's optimum response. The optimized excitation of the reactor walls 
leads to rise to high-efficiency and controllable cavitation intensity that affects the suspension 
flowing through reactor’s inner tube. 

 

Figure 11: Displacement mode of the sonotrode. 

The sonotrodes are symmetrical attached to the tube wall separated circumferentially by 120° 
see Figure 12. The position is chosen to excite the tube wall in a resonant flexural mode. 
Moreover, the vibration of the pipe wall creates a high pressure standing wave inside the tube. 
The finite element modelling of the reactor is made with respect to pressure acoustics of water, 
structure vibrations of solid materials, and the piezo electric properties of the sonotrodes.  

 

Figure 12: Geometry and design variables of the ultrasound reactor.  
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The ultrasonic wave propagation in water was simulated by using the pressure acoustics module 
in Comsol multiphysics. In this case, the sound pressure level inside the reactor has been studied. 
The governing wave equation for acoustic wave with losses is given as follows: 

 
1

( p ) =  
 

(18) 

Where p is acoustic pressure,  is density of water, c is speed of ultrasound propagation in the 
water, Qm is monopole domain source and qd dipole domain source  is bulk modules. 

When simulating the vibrational displacement of the tube both stainless steel and piezoelectric 
properties are defined as isotropic and elastic material. Therefore, the linear elastic behavior is 
governed by Newton’s second law: 

 . =   (19) 
Where u is the structural acceleration,  stress vector, Fv force vector   is the phase 
constant. 

For piezo electric effect, an applied stress on the piezoelectric materials induces electric 
polarization and a build-up of an electric field in the material, or opposite an applied electric 
field induces dimension change for piezoelectric material. The electro-mechanical behavior of 
the pzt, considered isotropic, can be expressed by two linearized constitutive equations: 

 
=  
= +  

 

 
(20) 

 
= +  
= +  

 

 
(21) 

The finite element analysis of the reactor was made in 3D. The mesh in all domains was defined 
individually by tetrahedral mesh elements. In order to consider a quasi-static approximation for 
each elementary triangular element, the segment length should be shorter than approximately 
/8 where  is the wave length of an acoustic wave for a given frequency for each material. This 

permits a reduction between computational time and precision of the results. 
 
Materials properties: 

Table 2 material properties at 20°C used for simulations 

Materials used in design of reactor Stainless steel 
(Austenitic) Polycarbonate Lead Zirconate 

Titanate 

Longitudinal wave speed  (m/s) 5642 1950 3970 

Density of material  (Kg/m3) 7800 940 7750 

Young’s modules [Pa] 200E9 0,69E9 ----- 
Poisson’s ratio 0,29 0,46 ----- 
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4.2 Experimental setup  
4.2.1 Cavitation reactors 

Figure 13 shows a schematic description of the experimental setup. The used batch reactor 
(Figure 13a) consists of a glass cylindrical beaker with 71 mm outer diameter and 128 mm height. 
With a small inner container placed at 40 mm above the bottom. This small container is used to 
fix the material to be treated in the acoustic anti-node of the ultrasound irradiated fluid. The 
batch reactor was excited with a single sonotrode at 20.8 kHz. The ultrasound tube reactor 
comprises sonotrodes, driven by piezo electric transducers, which were positioned radially at the 
reactor wall with 120° angular separation. The developed reactor concept uses a vertical tube in 
stainless steel (10 mm thickness), vented in the top-end. The suspension flow through the inner 
tube of polycarbonate material (PC) (h=3 mm) centered along the length of the reactor. The 
outer tube wall is excited to induce breathing and bending wave modes in the reactor tube, see 
Figure 13(b) with inner tube [69]. The flow direction has been both against and with gravity.  

 

Figure 13: Schematic representation of beaker reactor with pressure mode highlighted and tube reactor.  

4.2.2 Apparatus used 
Evaluation of the reactors requires measurement of frequency responses of sound and vibration 
signals, electrical impedance of excitation signals, and of the sound pressure mode shapes inside 
the reactors. Measurement setup used to verify the transient cavitation in the developed reactor 
was controlled using a PC-based software and two channel hardware (CLIO) for frequency 
response measurements in time and frequency domain at 192 kHz sampling rate. Pressure 
responses were measured at 1-80VA electric input power. A signal conditioning amplifier (B&K 
NEXUS 2692) connects a pressure sensor (Dytran model 2200V1) and a miniature shock type 
accelerometer (PCB 353M15) to the measurement system. The pressure transducer has an upper-
frequency limitation of 300 kHz. Pressure response was also measured using an oscilloscope with 
a bandwidth of 1 MHz [69]. 
 

4.3 Experimental Methods 
4.3.1 Aluminum foil test 
Aluminum foil was used as testing material to investigate the ultrasonic cavitational yield. Before 
treatment, a beaker was filled with 330 ml of water. The test material was 128 circular pieces of 
aluminum foils, 5 mm in diameter and 15 μm in thickness. In the first test the foil pieces were 
dropped in the beaker to float freely. In the second experiment, the foil pieces were placed in a 
small container as shown in Figure 13(a). In the third test the flow through tube reactor was 
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used. The total circulating water volume was 2.25 liter where the cavitation reactor volume 
represented 0.25 liter, giving a duty cycle of 11%. Before entering the reactor cavitation bubbles 
were initiated by flow through a specially designed venturi nozzle [64]. The 128 circular pieces 
of aluminum foil, was circulated freely when pumped through the tube. After the exposure, the 
aluminum foil pieces were removed to assess the damage pattern. 

The aluminum foil discs were treated 5 min with ultrasound using the same input electrical 
energy at the corresponding excitation frequency. After test, pictures were taken on the treated 
foil discs.  

4.3.2 Calorimetric test 
The input acoustic power to the test liquid and the power conversion efficiency was determined 
by the calorimetric method [16]. The dissipated ultrasonic power Pdiss was calculated from the 
rate of temperature increase when ultrasound is on, and rate of temperature decrease when 
ultrasound is off: 

 =
+

 
 (22) 

 

where Cp is the specific heat capacity of the liquid (J/kgK), M is the mass of liquid (kg) 
and T is temperature rise and fall, t is time of exposure in seconds (S) [70]. 

The ultrasonic power density,  [3], is defined as:  
 

 =
 
 

 (23) 

 
where PA is the applied acoustic power (W) and V is the volume of the ultrasonic vessel or 
reactor with the unit W/L or W/cm3. 

The power conversion efficiency of the reactors was determined by:  

 =  
 

 
 

(24) 

 

Below table shows the properties of the material used in the calorimetric test. Most of the heat 
dissipated by ultrasound was absorbed by the water and less heat was absorbed by the solid 
materials. 

Table 3 Material used in calorimetric test 

Material used in 
calorimetric setup 

Specific heat 
capacitance 

(J/kgK) 

Density of material 

(kg/m3) 

Stainless steel 460 7800 

Aluminum 336 2700 

Polycarbonate 1210 1200 

Water 4190 998 

Quartz glass 700 2650 

 

 



 

24 

4.3.3 Cellulose fiber treatment  
The fibers used in the experiment both in beaker reactor and the tube reactor are hardwood 
fibers, from birch, bleached in chlorine free process. The mean fiber length was 0.9 mm  [71]. 
The never-dried pulp were sampled at a paper mill3 from the end of the bleaching process.  

The fibers did not receive any pre-treatment prior to ultrasound exposure. After sonication the 
samples were analyzed by various methods in terms of different fiber properties and energy 
aspects of the sonication. The pulp was thereafter stored in a refrigerator. 

The fiber experiments were made in three different cases: (i) freely dropped fibers in beaker; (ii) 
fixed fibers in case of beaker reactor; (iii) fibers freely flow through the inner volume of the tube 
reactor.  

 
4.3.4. Leaching of minerals by cavitation 
The ultrasound cavitation reactor was adapted to handle a highly-concentrated leaching reagent 
(10 M sodium hydroxide). Tests were conducted at 38, 60 and 80°C at varying flow conditions, 
input powers and excitation frequencies. The excitation signals were adapted to the reactor's 
experimentally optimized frequency response at around 23 kHz and 40 kHz. The temperature 
60° C was selected for comparison with reference data. The mineral suspension flows through a 
separate PVC-plastic tube (Di=16mm) centered in the water-filled reactor. Before entering the 
reactor cavitation bubbles were initiated by flow through a specially designed nozzle. The nozzle 
function was varied by changing orifice plates, which are 5-15 mm thick cylindrical discs with a 
number of small holes in three different geometrical patterns [72]. The basic idea with the orifice 
plate is to create a local velocity and pressure change, which together with flow friction through 
the narrow holes, initiates cavitation bubbles. In the second intermediate stage, the bubbles are 
furthered excited and collapsed in the resonance amplified reactor volume [73]. 
 
For each test, samples from the leaching solution were taken every hour. The fluid flowing 
through the reactor system had a total volume of 220 ml, where 30% were within the acoustic 
cavitation reactor. Each sample taken was 1.5 ml, using a pipette that was inserted in to the 
temperature controlled mixing container. The taken sample was then filtered using a 0.45 μm 
syringe-filter setup. The filtered solution was analyzed for tungsten through ICP-OES 
(inductively coupled plasma - optical emission spectrometry). 
  

                                                            
3 Smurftit Kappa Kraftliner, Piteå, Sweden 
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5. Results and Discussions 
Optimization of the ultrasonic reactors geometric design were made by a combination of 
numerical modeling and experimental verification. The numerical analysis was performed with 
commercially available software (Comsol Multiphysics). The cavitation intensity is dependent 
on the mode of pressure response at a specific excitation frequency. Zones with high sound 
pressure variations generate high cavitation intensity. Figure 14 shows a comparison between 
simulated and measured pressure response in the center of the flow through tube reactor. The 
simulated linear acoustic response gives unrealistically high amplitudes at single frequencies. The 
measured response get much smother, due to the fact that the response at the dedicated frequency 
of 22.8 kHz become non-linear, seen as a broad brand harmonic spectrum. Never the less, the 
response characteristics are in line with the simulated response. 

 

Figure 14:  Calculated and measured frequency response. Represents the sound pressure measured by a pressure sensor in the 
center of the tube reactor. The reactor, filled with degassed water, was excited with a swept sine signal by sonotrodes tuned to 23 

kHz fed by 200 W electric power. T = 20 ° C. 

 

 

Figure 15: FE-optimized and experimentally verified prototype reactor, length 325 mm. a) the sound pressure level (SPL) in 
the water volume inside the polycarbonate tube at 21.8 kHz. b) The sound pressure level (SPL) in the water volume inside the 

PVC tube at 22.9 kHz. 

Figures 15 and 16, shows the final version of the prototype flow through reactor, excited by 
single frequency. The reactor has been gradually optimized through an iterative process of 
numerical simulation in parallel with experiments. Figure 15 shows an adaption of the reactor 
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with respect to fibrillation and leaching. The sonotrode design is easy to manufacture and provide 
high-level excitation at the resonance frequency. Most critical in the acoustic modeling is to 
model the boundary conditions in a physically realistic way. Critical aspects are the attachment 
of the end caps to the tube reactor, and the connection of mechanical horns to the tube wall. 
The length of the water column inside the tube has a major impact on the response and is 
therefore variable and adjusted for maximum response. The boundary condition between the 
end piece and the pipe wall is very important for the response. Sonotrode responses were adjusted 
to the optimum excitation frequency by adjusting torque. First, each sonotrode was tuned 
separately to the same frequency. Then the sonotrodes were tested together to ensure an equal 
input power distribution. 

 

Figure 16: Figure (a) and (b) represents vibration, and sound pressure mode shapes  
Figure(c) shows aluminum foil erosion from 20 seconds of immersion in the center of the reactor at 50° C 

 

Verification of the reactor design was made by pressure response measurements in the center of 
the tube at 250W electric power and excitation frequency of 23.0 kHz. The FE-simulated 
pressure response as indicated in Figure 14 was determined with an assumption that the enclosed 
volume of water behaves linearly. In practice, cavitation occurs, which means that the input 
power (pure sine at one or various frequencies) transforms into a harmonically related frequency 
response spectrum, where some overtones have as high or higher amplitude than what occurs at 
the excitation frequency (Figure 17). 

 

Figure 17: The measured pressure response in the center of the reactor tube filled with degassed water at 55°C. 
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The total loss factor of the reactor was determined by electrical impedance measurements in 
frequency domain. Best energy efficiency occurs near a well-defined impedance minimum, and 
coincides with the maximum pressure response in the reactor. The peak amplitude in the current 
signals frequency spectrum gives a good indication of when the maximum pressure response 
occurs. The current peak frequency is a simpler indicator than the impedance minimum. When 
the system response is known the optimum excitation frequency can be determined without 
measuring the pressure. However, determining the loss factor of the water volume require a 
swept sine signal (or chirp) excitation, and measurement of the half power bandwidth of the 
pressure amplitude at the resonance frequency. At maximum response, current and voltage are 
slightly out of phase. Electrical power use corresponds to the product of the effective value of 
current and voltage and the phase angle. With the system in operation, the "loss factor" increases 
due to an energy transfer to the fiber material, both in the form of mechanical processing and as 
frictional losses. Figure 18 show the example of the effect on fibers caused by hydrodynamic and 
acoustic cavitation [74]. 

 

Figure 18 Scanning Electron Microscopy images of untreated and ultrasound treated cellulose fibers 

5.1 Cavitation effect on cellulose fibers 
The fiber treatment conditions are summarized in Paper 2. The average fiber geometrical 
properties were characterized by a pulp analyzer. The impact on pulp quality was determined by 
measuring the ultrasound absorption according to a validated method [75]. The experimental 
pulp used for the verification of the cavitation effect on fibers properties was a CTP never dried 
type of birch fiber. The fiber suspension concentration was 0.3-0.7%.  

The results shows that the ultrasound controlled cavitation can alter the fiber properties. Figure 
19 shows the results of all absorption measurements.  Differences in absorption characterize 
changes in the fibers mechanical properties. The variation between pulp samples can be explained 
by different effects on the fiber structure. Analyzing the effects of sonification of single cellulose 
fibers Iwasaki et.al defined four different effects: (D) deformation of fiber wall; (S1) peeling off 
layer 1; (SW) Swelling of layer two; (F) Fibrillation of layer two (S2). The results with respect 
to absorption is in the beginning effects of deformation and swelling [76]. In case of"BExp2" and 
Exp5, with a negative attenuation compared to the reference, it is most likely an effect of peeling 
of layer 1, a possible fibrillation effect but also a delamination of fiber wall. In the case of BExp2 
the lower attenuation and change of fiber dimensions is likely related to a destruction of the fiber 
wall see Figure 18. The differences regarding BExp2 may be related to the chirp signal, which 
creates a pulse like rise of acoustic power. At 60°C the cellulose structure is still brittle and could 
be damaged by misguided and too powerful cavitation.  
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BExp3 has the greatest attenuation, which indicates a clear change of fiber properties at an energy 
equivalent to 3452 kWh/bdt. In case of BExp3 the CTP suspension was exposed by a chirp 
signal within the frequency band of 20.5-21.5 kHz. The increased attenuation relates most likely 
to swelling and internal fibrillation since the change in fiber dimensions is minor. 

Results regarding power conversion efficiency and foil tests show that the hydrodynamic and 
acoustic cavitation by the tube reactor give greater cavitation intensity. Due to that and the effect 
of fiber dimensions it is likely to conclude Exp3b is the most processed fiber sample by an energy 
equivalent of 897 kWh/bdt as other fiber parameters did not change significantly by the 
ultrasonic treatment. Exp4 is another interesting result where the attenuation is comparable to 
Exp3b but with an increase in fiber length. 

 

 

Figure 19: Comparison of Measured absorption at 5MHz. free fibers (top graph) and fixed fibers (bottom graph). The mid 
panel refer to an experiment using a tube reactor (middle). 

5.2 Leaching by Cavitation 
The aim is to improve the leaching process by utilizing hydrodynamic and acoustic cavitation. 
Figure 20 shows the recovery rate of tungsten by acoustic and hydrodynamic cavitation (Paper 
3). The temperature and flow direction gave the most pronounced effect, which might be 
obvious. The flow against gravity gets a recovery rate that is almost 50% better. The top-down 
flow gives in average 16% recovery and bottom-up flow gives more than 20% recovery in a case 
of 400 VARMS and two excitation frequencies. The better result for bottom-up flow was most 
likely due to the advantage of the gravitation effect, which keeps heavier particles longer time 
inside the reactor. The final result (Test 11) verified the choices made and showed a significant 
improvement in recovery rate (53.1 % after 5h and 56.4% after 6h). The 56.4% tungsten recovery 
was obtained by an energy supplement equivalent to 130 kWh/kg scheelite concentrate. The 
reference chemical reactor test, when stirring 220 ml of the leaching reagent at the same 
temperature and exposure time, gave 38 % recovery of tungsten. 
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Figure 20: Leaching recovery of tungsten (W) from Scheelite, with respect to ultrasound and hydrodynamic cavitation. The 

black line represents the leaching effect by the circulating flow. 
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6. Conclusions 
Energy efficient process intensification can be achived by a combination of hydrodynamic and 
acoustic cavitation. Energy efficiency requires extensive optimization with the help of numerical 
and experimental investigations in order understand the interconnection of different physical 
phenomena. A flow-through ultrasound reactor concept has been developed and tested for two 
different applications: i) Fibrillation processes typical for paper and pulp industry, and ii) Metal 
leaching of mineral concentrates. The focus has been on the energy conversion efficiency from 
a dedicated electrical excitation signal to cavitation effect for process intensification. The reactor 
design (sonotrodes - tube structure - fluid volume) becomes ideal when synchronized impedance 
matching is maintained when high power is applied. An optimized venturi nozzles ensure 
initiation of cavitation bubbles, and bifurcation of the suspension. The cavitation bubbles are 
collapsed with high-intensity ultrasound at 22 kHz and 39 kHz in the subsequent resonant 
reactor volume. The power conversion efficiency of the reactor is 36% under static conditions. 
In the flow mode, the cavitation effect on treated materials became more than two times better.  
The efficiency of cavitation depends on the used liquids and the material to be treated. In the 
experiments, the best results were obtained when the temperature was between 50-60°C (fiber 
pulp) and 80°C (sodium hydroxide and scheelite).   
 
Results show that the mechanical properties of the fibers were changed by the sonification in all 
tests. The flow-through reactor was more efficient than the beaker reactor. The effect of keeping 
fibers in the antinode of the mode shape of the irradiation frequency was also significant. The 
effect on fiber properties for the tested mass fraction was determined by a low-intensity 
ultrasound pulse-echo based measurement method, and by a standard pulp analyzer 
 
In the case of tungsten leaching from scheelite, the recovery rate was 56.4 % after 6h exposure 
at 80°C. The applied energy by acoustic cavitation was equivalent to 131 kWh/kg concentrate. 
The result can be compared to a 38 % recovery when using conventional stirring at the same 
exposure time and temperature. The improved recovery rate I most likely caused by collapsing 
bubbles, which generates an increase of microscale temperature and removes diffusion layers by 
shockwaves and micro-jets. However, longer exposure time and higher process temperature are 
necessary to achieve a leaching recovery rate corresponding to today's autoclave technology. The 
long term target is to maximize the recovery rate of tungsten (>90%) from the scheelite 
concentrate. 
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7. Future Work 
 
The research work that will be conducted in the future is summarized as follows: 

 Better characterization of the variations in impedance, density, and viscosity of the pulp flow 
 More experiments need to be conducted on different type of fibers at higher static pressure 

and temperatures 
 There is also a need to conduct  experiments at different fiber concentrations  up to 4% by 

weight, which alters the input power as well 
 More fiber quality verification like tensile index analysis in accordance with the ISO 1924-

3 standard, and so forth. 
 Leaching experiments need to be repeated and further optimized to see the stability in the 

recovery rate 
 Long term exposure using the up-scaled rector and higher flow rates to determine the 

maximum recovery rate 
 Performing tests with other minerals like titanite. 
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1 Abstract 
The pulp and paper industry is in continuous need for energy-efficient production processes. 
In the refining process of mechanical pulp, fibrillation is one of the essential unit operations that 
count for up to 80% of the total energy use. This initial study explores the potential and 
development of new type of scalable ultrasound reactor for energy efficient mechanical pulping. 
The developed reactor is of continuous flow type and based on both hydrodynamic and acoustic 
cavitation in order to modify the mechanical properties of cellulose fibers. A comparison of the 
prototype tube reactor is made with a batch reactor type where the ultrasonic horn is inserted 
in the fluid. The pulp samples were sonicated by high-intensity ultrasound, using tuned 
sonotrodes enhancing the sound pressure and cavitation intensity by a controlled resonance in 
the contained fluid. The resonant frequency of the batch reactor is 20.8 kHz and for the tube 
reactor it is 22.8 kHz. The power conversion efficiency for the beaker setup is 25% and 36 % 
in case of the tube reactor in stationary mode. The objective is to verify the benefit of resonance 
enhanced cavitation intensity when avoiding the effect of Bjerkenes forces. The setup used 
enables to keep the fibers in the pressure antinodes of the contained fluid. In case of the 
continuous flow reactor the effect of hydrodynamic cavitation is also induced. The intensity of 
the ultrasound in both reactors was found to be high enough to produce cavitation in the fluid 
suspension to enhance the fiber wall treatment. Results show that the mechanical properties of 
the fibers were changed by the sonification in all tests. The continuous flow type was 
approximately 50% more efficient than the beaker. The effect of keeping fibers in the antinode 
of the resonant mode shape of the irradiation frequency was also significant. The effect on fiber 
properties for the tested mass fraction was determined by a low-intensity ultrasound pulse-echo 
based measurement method, and by a standard pulp analyzer  

Keywords: ultrasound reactor, hydrodynamic and acoustic cavitation, cellulose fiber properties,  

1. Introduction 
In pulp and paper industries, the use of electrical power is high and therefore industries are 
constantly developing new energy efficient processes and techniques. Hence, the development 
of new equipment is of importance for improving both paper quality and energy efficiency. In 
this process, fibrillation of mechanical pulp is the most energy demanding processes, which in 
some cases use up to 80% of electrical power is used, with an efficiency of approximately 1 % 
[1].  During   the   paper   manufacturing process, fibers go through physical modification that 
affects the fibers ability to form paper.  The physical modification of the fibers during refining, 
increases the bonding ability of  fibers [1 – 3] and the same  leads to stronger paper [4 - 5]. To 
improve the energy efficiency of refining of fibers, it is of interest to develop an alternative type 
of processing techniques compared to today’s traditional double disc refiners. The main 
objective is to reduce the energy consumption while paper quality is maintained or improved. 
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This study aims to investigate two different ultrasound reactors for the treatment of cellulose 
fibers. The use of ultrasound technology is alluring since it permits a possibility to delaminate 
the fibers by inducing cavitation in the flow field [6]. The other main advantage of using 
ultrasound technology, is that it can be applied in different stages during the paper 
manufacturing process.  

The application of high powered ultrasound can modify fiber morphology through cavitation. 
When a liquid is subjected to sufficient negative pressure during the rarefaction cycle, the 
molecules will be pulled apart to a distance greater than the inter-molecular van der Waals 
forces of attraction keeping the liquid intact and thereby resulting in the formation of small 
cavities or gas-filled micro-bubbles. Growing over a few cycles by taking in dissolved gas and 
vapor from the liquid, bubbles reach a resonant size. At a certain critical size, the bubble will 
resonate and then grow rapidly to 2 to 3 times its resonant size. Moreover, the bubble 
oscillations are about 90° out of phase with the pressure, so the outer pressure already started 
to increase when the bubble reach is the maximum size and begin to collapse. When the bubble 
collapses it releases energy as an increase in  pressure, up to 200 atm, and temperatures rise 
higher than 5000°C producing high velocity jet which  affects the fiber surface [9]. 

There are some findings [10 – 13], that already proved the efficiency and use of ultrasound to 
develop paper properties. The results of ultrasound are similar to mechanical refining and causes 
lesser damage to the fiber morphology [10 – 13]. The ultrasonic treatment promotes external 
fibrillation and internal fibrillation. Compared to disc refining, the ultrasound treatment is less 
harmful to the bulk of the fiber wall and also can result in improved mechanical properties of 
paper. It can also be noted that the ultrasonic radiation act mainly causing the external 
fibrillation than collapsing the fiber walls [10 – 13]. 

The aim of this investigation is to evaluate two different types of ultrasound-excited cavitation 
reactors for fibrillation of cellulose fibers. The first type is an ultrasound batch reactor for 5g of 
cellulose fiber inserted into a small container positioned in the most intensive cavitation zone. 
The second type of reactor is shaped as a straight tube where the fiber suspension flows through 
an acoustically optimized and controlled cavitation zone. The main focus is the optimization of 
geometry to combine several resonance phenomena to minimize energy transfer losses between 
the piezo-driven horn structure, tube structure and water volume. A particular challenge was 
to optimize the cavitation reactor with respect to the effect on the sound propagation caused 
by the suspended fibers.  

2. Experimental set up 
2.1  Cavitation reactors 

The experimental set up of the batch reactor is shown in Figure. 1(a). It consists of a glass 
cylindrical beaker with 71 mm in inner diameter filled with water to a height representing 5/4th 
of the acoustic wavelength of fluid. The water volume was 330 ml. The mid-plane of the 
sample container is placed 40 mm from the bottom. The sample container is used to keep the 
fibers under test fixed in the acoustic anti-node of the fluid volume.  The beaker volume is 
acoustically excited by a sonotrode at a frequency of 20.8 kHz. The distance between the tip 
of the sonotrode and bottom corresponds approximately to one wavelength in the fluid (74 
mm). The dimensions of the beaker are chosen to enhance the vertical mode and suppress the 
radial mode (26.5 kHz). The breathing mode of the beaker structure is at 18.5 kHz. The exact 
excitation frequency of the sonotrode is tuned for each experiment since the resonant mode 
varies slightly depending on the experimental conditions. 

 The ultrasound tube reactor comprises of three sonotrodes, driven by piezo electric discs, 
positioned radially at the reactor wall with 120° angular separation. The developed reactor 
concept uses a vertical tube in stainless steel (Di=91 mm), with tube wall thickness of 10 mm, 
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ventilated at the top. The suspension flows through the inner tube of polycarbonate material 
(PC) with 3 mm wall thickness and 30 mm inner diameter placed at the center line of the 
reactor. The outer tube wall is excited with piezo electric transducers to induce breathing and 
bending wave modes in the reactor tube,  as in Figure 1(b) with inner tube [14]. The dimensions 
of the outer and inner tube are optimized to enhance a pressure modeshape (22.5 kHz) that 
maximize the pressure variation along the reactor center line  

 

Figure 1(a) and (b): Schematic representation of beaker reactor and tube reactor used for pulp treatment with 
pressure mode highlighted.  

2.2 Apparatus used 

Evaluation of the reactors requires measurements of frequency responses and sound pressure 
mode shapes. The measurement setup used to verify the transient cavitation in the developed 
reactor includes PC-based software and hardware (CLIO) for frequency response measurements 
in time and frequency domain at 192 kHz sampling rate. Pressure responses were measured at 
1 - 80 VA electric input power. A signal conditioning amplifier (B&K NEXUS 2692) connects 
a pressure sensor (Dytranmodel 2200V1) and a miniature shock type accelerometer (PCB 
353M15) to the measurement system. The pressure transducer has a frequency range of 300 
kHz. The pressure response in the time domain was monitored using a 1 MHz bandwidth 
oscilloscope [14]. 

 

3. Experimental Methods 

1.1 Aluminum foil test 
The sound field in the ultrasound reactors was characterized by the aluminum foil test and 
hydrophones. To investigate the ultrasonic cavitational yield of the reactors 128 circular discs 
of aluminum foil, 5 mm in diameter and 15 μm in thickness, were used as test material. In the 
first test, the foil pieces were dropped in the water filled beaker (330 ml) to float freely. In the 
second experiment, the foil discs were placed in small container as shown in Figure 1(a). The 
container was set 40 mm from the bottom of the beaker in the pressure anti-node of the 
standing wave in the beaker. In the third test the 128 circular discs of aluminum foil, were 
circulated freely following the continuous flow through the tube reactor. The total volume of 
the circulating water was 2.25 liters, the cavitation volume was 0.25 liters giving a duty cycle 
of 11%. After an electrical energy equivalent exposure, the aluminum foil discs were removed 
for observation of the damage pattern. 
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Calorimetric test 

Calorimetry method was used for quantifying the acoustic power transferred to the liquid [16]. 
The method determines the power dissipation based on the temperature rise (dT/dt) of the 
liquid and its thermal properties. The efficiency of the ultrasound reactors is determined 
through the heat transfer caused by cavitation. The acoustic energy generated by the vibrating 
sonotrodes is dissipated as heat in the liquid. The dissipated ultrasonic power Pdiss was calculated 
from the rate of temperature increase when ultrasound is on, and rate of temperature decrease 
when ultrasound is off as specified in Equation 1. 

 =  
 (1) 

 
where Cp is the specific heat capacity of the liquid (J/kgK), M is the mass of liquid (kg) and dT 
represents the total temperature difference over the time interval dt [17] . 

Power density was determined as a reference for upscaling of the process of ultrasonic 
reactors [35]. The ultrasonic power density,  [3], [36] was calculated by Equation (3).  
 

 =  
 (2) 

 
Where PA is the applied acoustic power [W] and V is the volume of the ultrasonic reactor with 
the unit of cm3. 

The power conversion efficiency of the reactors was determined by Equation 3.  

 =  
 ( )

 
 

(3) 

 

Table 1 show the properties of the materials used in the calorimetric test.  

Table 1. Material properties used for calorimetric test 

Material used in calorimetric setup Specific heat capacitance 

(JKg/K) 

Density of material 

(kg/m3) 

Stainless steel 460 7800 

Aluminum 336 2700 

Polycarbonate 1210 998 

Water 4190 998 

Quartz glass 700 2200 

 

A. Fiber quality 
The fibers used in the experiment both in beaker reactor and the tube reactor are hardwood 
fibers, which is in never-dried form. The pulp was sampled from a paper mill producing  
hardwood pulp from birch, bleached, totally chlorine-free (TCF) and the mean fiber length  
was found to be 0.932 mm [21]. The fibers did not receive any pre-treatment prior to 
ultrasound exposure. After ultra-sonication the samples were analyzed with respect to fiber 
properties and the energy consumption of the sonication.  
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The experiments were made in three different settings as shown in Figure 1: (i) freely floating 
fibers, (ii) fixed fibers in a beaker reactor and (iii) in a tube reactor where the fiber suspension 
flowed through the inner volume of the reactor. The experimental parameters are summarized 
in Table 2 and 3. The experimental design for verification of the cavitation effect on fibers 
properties was based on the following parameters: 

1. Type of treatment 
2. Exposure time 
3. Electrical input power 
4. Excitation signal 
5. Concentration of fiber suspension (0.33-0.67% fiber) 

Table 2: The experimental design for beaker reactor (330 ml) where fibers are free or fixed.  

Test Type of treatment Conc mass fUS signal Temp interval EXP 

Nr 
 

% g kHz 
 

°C s 

Ref Free 0.43 1.44 20.9 
 

21 
 

BExp1 Free 0.32 1.08 20.9 Sine 50-52 167 

BExp2 Free 0.49 1,631 20.5-21.4 Chirp 50-51 163 

BExp3 Free 0.33 1.11 20.5-21.4 Chirp 51-52 322 

BExp4 Free 0.40 1.36 20.9 Sine 50-52 295 

BExp5 Free 0.33 1.10 20.5-21.4 Chirp 50-51 92 

BExp6 Fixed 0.55 1.83 20.6 Sine 49-50 188 

BExp7 Fixed 0.55 1.83 20.5-21.4 Chirp 50-51 150 

BExp8 Fixed 0.64 2.15 20.5-21.4 Chirp 51-52 360 

BExp9 Fixed 0.59 2.00 20.6 Sine 50-52 333 

BExp10 Fixed 0.50 1.67 20.5-21.4 Chirp 51-52 91 

 
• Type of fiber (Birch, never dried) 
• Concentration of fiber suspension (0.3-0.6% fiber) 
• Flow rate: 0.25 kg/s 
• Suspension volume flowing through the reactor: 2.25 liters 
• The sonification volume of the tube reactor : 0.25 liters 

Table 3: Experimental design in case of fibers processed by hydrodynamic and acoustic cavitation in the tube 
reactor. 

Test Conc mass Mass in reactor fUS signal Temp interval EXP EE-time* 

Nr % gram g kHz 
 

°C s s 

Ref 0.43 9,6 1.07 23.6 
    

Exp1 0,53 11,8 1.31 23.4 sine 24-25 180 20 

Exp2 0,45 10,1 1.12 23.2 sine 50-49.3 180 20 

Exp3a 0,52 11,7 1.30 22.8-23.7 chirp 49.6-49.2 240 27 

Exp3b 0,66 14,9 1.65 22.8-23.7 chirp 52-52 180 20 

Exp4 0,62 14,0 1.55 22.8-23.7 chirp 50-48 360 40 

Exp5 0,51 11,4 1.26 23.2 sine 48.1-47.7 360 40 

*Efficient Exposure time of fibers in reactor 
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4. Results and discussions: 

1.2 Aluminum foil test 
Cavitation intensity is temperature dependent. The aluminum disc tests were carried out at the 
same electrical energy level input to the sonotrodes. In case of the batch reactor the exposure 
time was 71 seconds and the electrical power was 75 VA. In case of tube reactor the exposure 
time was 33 seconds and the electrical power input was 162 VA. In both cases the temperature 
was 22oC and the excitation signal used was a pure sinusoid frequency. The tube reactor was 
irradiated at 23.4 kHz and the batch reactor at 20.8 kHz. .  

The erosion rate of aluminum foil discs as in Figure 2 and Figure3, become evident already 
after 33 seconds when flowing through the tube reactor. Where as in beaker (both in free and 
fixed situation of aluminum pieces) there was a very minute erosion almost invisible to the 
naked eye. A greater erosion effect was observed when the aluminum foil is exposed a longer 
duration. Hence, from the foil erosion images it is clear that aluminum discs in tube reactor 
eroded much greater than in the beaker. This verifies the energy efficiency of tube reactor 
design and its capability of a very intense cavitation effect.  

 

Figure 2:  Aluminum foil pieces exposed to ultrasound of 33 sec in the tube reactor. 

 

 

Figure 3 Aluminum foil pieces exposed to ultrasound of 33 sec in the beaker reactor (a) freely dropped (b) fixed foil 
pieces.  

The pictures revealed the impact of ultrasound on the surface of the aluminum discs. Many 
pores and damage were visible on the surface. The holes were bigger and the ultrasonic 
cavitation effect was even stronger. 
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1.3 Calorimetric  
The glass beaker was filled with 330 ml of +55oC water and sonotrodes irradiated the fluid at a 
frequency of 20.8 kHz and input power of 52 VA. The beaker was heat insulated. The set up 
was left until thermal equilibrium was reached at 45oC. Then the ultrasound was switched on 
for 20 minutes and the temperature rise in the beaker was recorded every 5 minute using two 
thermocouple type of thermometers with an accuracy of 0.1oC. Figure 4, shows an almost 
linear temperature raise for 20 minutes and a subsequent exponential temperature drop for 20 
minutes when the sonication was turned off. The acoustic power was then calculated using 
Eq.1. The experiment was repeated to assess the stability of the response. The acoustic power 
resulting from calorimetry was found to be 13.2 W which leaves up with an efficiency of 25%, 
calculated by applying Equation 3. Power density (Equation 2) was 0.156 W/cm3 

 

Figure 4: Input power to the beaker reactor and corresponding internal temperatures.  

In the case of the tube reactor, the outer stagnant volume was filled with 1.8 liter of degassed 
water, and the inner tube (flow through volume) was filled with 0.25 liter. The reactor was 
covered with a heat insulating material.  This tube reactor was operated at a frequency of 
22.4 kHz at the input power of 225 VA. The reactor was filled with water of temperature 
58oC. The set up was left until thermal equilibrium was reached at 45oC. Then the 
ultrasound was switched on for 20 minutes and the temperature rise in the tube was 
recorded every 5 minute.  

Figure 5, shows an exponential temperature raise for 20 minutes when ultrasound was on. 
When switched off, the temperature drop was also exponential for the next 20 minutes. 
The input acoustic power was then calculated using Eq. 1. The experiment was repeated 
to assess the stability of response. The acoustic power determined from calorimetry was 
81.6 W with energy efficiency of 36% calculated using Equation 3. The average power 
density was found to be 0.125 W/cm3. However, from modelling the ratio between the 
averaged squared pressure of the flow through volume and the stagnant volume is 250 ml, 
indicating a 4.5 % higher power density in the flow through region. 
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 Figure 5: Input power to the tube reactor and corresponding internal temperatures. 

1.4 Fiber treatment 
The fiber treatment conditions are summarized in Table 4. The average fiber geometrical 
properties were characterized by an L&W pulp analyzer. The impact on pulp properties was 
determined by measuring the ultrasound absorption according to a validated method [31]. The 
experimental pulp used for the verification of the cavitation effect on fibers properties was a 
never dried type of birch fiber. The fiber suspension concentration was between 0.33 - 0.67%, 
see Table 2 and 3.  

The results in Figure 6 - 12 indicates that ultrasound controlled cavitation can alter the fiber 
properties, both in the case of fixed fibers and free fibers. The variation between pulp samples 
can be explained by different effects on the fiber structure. Analyzing the effects of sonification 
of single cellulose fibers Iwasaki et.al defined four different effects: (D) deformation of fiber 
wall; (S1) peeling off layer 1; (SW) Swelling of layer two; (F) Fibrillation of layer two (S2). The 
results with respect to absorption is in the beginning effects of deformation and swelling [76]. 
Figure 6, 8 and 9 show the results of the completed absorption measurements. Differences in 
absorption characterize changes in the fibers mechanical properties. . 

Figure 6 show that the variation in attenuation when processed freely in the beaker is small but 
increased, except for sample "BExp2" where attenuation is negative. Test BExp1 and 5 have 
approximately the same attenuation. Test BExp3 has the greatest attenuation, which indicates 
a change of fiber properties at an energy equivalent to 3452 kWh/bdt. In case of sample BExp3 
the fiber suspension was exposed by a chirp signal within the frequency band of 20.5-21.5 kHz. 
Increased attenuation in case of high power relates most likely to internal and external 
fibrillation, as other fiber parameters do not change significantly. However, test BExp2 has a 
significantly lower absorption which may be related to the lower sonification energy, since the 
sonification signal type is the same. The chirp signal and the shorter exposure time used in 
BExp2, however, give a higher peak power level .Figure 11 also shows that the mean fiber 
length is significantly shorter than for the other test samples. This is in line with some earlier 
experiments when absorption values lower than the reference was related to damage of fiber 
walls. If that is the case here, it may be caused by the chirp signal, which creates a pulse like 
rise of acoustic power. At 60°C the cellulose structure is still brittle and could be damaged by 
misguided and too powerful cavitation.  
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Table 4: Energy conversion of beaker experiments.  
 

 

 

 
 

Figure6: Measured ultrasonic absorption of fiber suspensions sonicated in a beaker. The change of the normalized 
attenuation indicates a change of the fiber mechanical properties. 

 
 

Test Type of 

treatment 

fUS signal Temp 

interval 

EXP Power Energy kWh/bdt

Nr  kHz 
 

°C s W  Ws dry fiber 

0ref Free n/a n/a 21 n/a n/a n/a n/a 

BEXP1 Free 20.9 sine 50-52 167 45 7515 1941 

BEXP2 Free 20.5-21.4 chirp 50-51 163 43 6992 1191 

BEXP3 Free 20.5-21.4 chirp 51-52 322 43 13813 3452 

BEXP4 Free 20.9 sine 50-52 295 45 13275 2711 

BEXP5 Free 20.5-21.4 chirp 50-51 92 76 6992 1773

BEXP6 Fixed 20.6 sine 49-50 188 40 7520 1140 

BEXP7 Fixed 20.5-21.4 chirp 50-51 150 47 7050 1068 

BEXP8 Fixed 20.5-21.4 chirp 51-52 360 38 13788 1784 

BEXP9 Fixed 20.6 sine 50-52 333 40 13320 1851 

BEXP10 Fixed 20.5-21.4 chirp 51-52 91 77 7007 1166 

Exp1 Tube 23.6 sine 24-25 20 212 4240 897 

Exp2 Tube 23.4 sine 50-49 20 281 5620 1388 

Exp3a Tube 22.8-23.7 chirp 50-49 26,7 254 6773 1450 

Exp3b Tube 22.8-23.7 chirp 52-52 20 262 5240 879 

Exp4 Tube 22.8-23.7 chirp 50-48 40 258 10320 1846 

Exp5 Tube 23.2 sine 48-47 40 248 9920 2183 
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Figure 7: Length and width distribution of test samples: Ref, BExp1, Bxp3, and BExp 5. 

 
The fiber types tested have been analyzed with L&W pulp analyzer, see Figure 7, 10 and 
11. After the cavitation treatment, fiber suspensions were tested and analyzed to assess the 
size and shape distributions. From Figure 11, we can infer that the change in fiber properties 
of test samples BExp2 and BExp4 may be related to a delamination or other modification 
of the fibers wall, which was indicated by the fibers ultrasonic absorption properties. It was 
found that test BExp3, BExp5 and BExp1 had almost identical geometrical distributions, 
see figure 7.  
 
In Figure 8 the result of sonification of fixed fibers, denoted test BExp6 to Bexp10 is 
presented. Test BExp6 has the highest attenuation, which indicates a change of fiber 
properties at an energy equivalent to 1140 kWh/bdt. In case of test BExp6 the fiber 
suspension was irradiated by a sinusoidal signal at 20.6 kHz. Increased attenuation relates 
most likely to internal and external fibrillation, as other fiber parameters do not change 
significantly by ultrasonic treatment. Test BExp10 has a lower absorption which may be 
related to a delamination of the fiber's walls or other structural changes, caused by the chirp 
signal with highest rms power. The chirp signals characteristics having a sudden increase of 
power when hitting the systems resonance frequency, may have exceeded the suitable 
cavitation intensity and caused fiber wall structural changes.   
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Figure 8: Measured absorption of fiber suspensions treated in a beaker with sample cell. The change of the 
normalized attenuation rate indicates a change of the fiber mechanical properties. 

 
Figure 9 shows the result obtained from the sonication of fibers in the tube reactor set up, 
denoted test Exp1 to Exp5. Test Exp3b has the largest attenuation, which indicates a change 
of fiber properties at an energy equivalent to 879 kWh/bdt. In case of test Exp3b the fiber 
suspension was exposed to a chirp signal at 22.8-23.9 kHz. The increased attenuation relates 
most likely to internal and external fibrillation, as other fiber parameters do not change 
significantly by ultrasonic treatment. Test Exp5 has a lower absorption, maybe related to 
structural changes of the fibers wall, caused by the highest rms power and highest exposure 
time. These characteristics may have exceeded the suitable cavitation intensity and caused 
fiber wall structural changes. It was found that test Exp2, Exp3b and Exp4 had almost 
identical geometrical distributions, see figure 10.  

 

Figure 9: Measured absorption of fiber suspensions treated in a tube reactor. The change of the normalized 
attenuation indicates a change of the fiber mechanical properties. Reduced absorption indicates a change in fiber 

mechanical properties. 
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Figure 10: Length and width distributions of test samples: Ref, Exp2, Exp3b, and Exp4. 

 

Figure 11: Fiber length and width distribution of (a) fibers floating freely sonicated in the beaker; (b) fibers sonicated 
in the tube reactor. 

 



13 

 

Figure 12: Comparison of measured absorption at 5 MHz. free fibers (top graph) and fixed fibers (bottom graph). 
The middle panel refer to the experiments using a tube reactor.  

 

Figure 11 and12, shows a comparison of the cavitation effect with fixed and free fibers in an 
ultrasound beaker and ultrasound tube reactor. The maximum absorption was test BExp3 and 
BExp6. The power used for these experiments was 3452 kWh/bdt (BExp3), 1140 kWh/bdt 
(BExp6) and 879 kWh/bdt (Exp3b). This proves that with tube reactor and using chirp signal 
give most energy efficient change of fiber properties.  

5. Conclusion 
The proposed continuous flow tube reactor concept enable an energy-efficient fibrillation of 
cellulose fibers. The reactor type is two times more efficient than a standard beaker setup 
irradiated by an ultrasonic horn at the same supplied electrical energy level. The proposed tube 
reactor has an impedance matched coupling between the sonotrodes - tube wall structure –
degassed water jacket – and flow through volume that is maintained when high power is 
applied. The flow through volume has a greater amount of bubbles by hydrodynamic effects 
which maximize the cavitation intensity. This changes the acoustic properties of the sample 
under test and therefore an adaptive regulation of excitation frequency and electrical power is 
required. In the prototype reactor, fibers and water are divided into a pure water phase and a 
fiber suspension phase of approximately 0.5% to 1% concentration by mass of fibers. It can be 
concluded that, further analysis should be done on fibers to characterize tensile strength as well 
as SEM analysis in order to further clarify the effect of cavitation on the structure of the fiber 
wall. For future work, it is also proposed that the study is extended to include fibers from 
different wood species and production process in studying energy efficient fibrillation.   
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Abstract 

Process intensification by hydrodynamic and acoustic cavitation aims for better recoveries and less energy use. 
Previous research has shown the potential in using ultrasound for intensified leaching [1 - 3]. The idea is to 
perform a leaching process at a much lower temperature than in the autoclave process currently used in the 
industry. The proposed technique has also the potential to increase the recovery rate of the leaching process. 
Despite the generally accepted benefits of ultrasound assisted leaching the method is not practiced in 
hydrometallurgical processes. This is because the method is not fully developed and problems have been 
encountered in the implementation in a larger scale. The technology is found to be unstable, have low energy 
efficiency and in some applications, have a short lifespan. Energy efficient initiation and collapse of cavitation 
bubbles requires optimization of: (i) vibro-acoustic response of the reactor structure; (ii) multiple excitation 
frequencies adapted to the optimized reactor geometry; and (iii) flow conditions with respect to pressure and 
temperature for the used leaching reagent. The objective is to fine tune a previous developed high power 
cavitation reactor, to recover tungsten by leaching of a scheelite concentrate (5%) by sodium hydroxide (10M). 
The numerically optimized reactor concept was excited by two frequencies 23 kHz and 39-43 kHz in 
various flow conditions. The leaching reagent temperature was varied from 40°C to 80°C. Best test results 
show that an energy supplement with acoustic cavitation of 130 kWh/kg concentrate, gives a leaching 
recovery of tungsten by 56.7 %, to be compared to 38 % using conventional stirring at the same leaching 
time (6h) and temperature (80°C). The results obtained, infer that the method is energy efficient, but that 
even higher temperatures and static pressures may be necessary to achieve a leaching recovery rate better than 
to today's autoclave technology.  

1 Introduction 

The project aims to improve the leaching process by utilizing hydrodynamic and acoustic 
cavitation. Ultrasound controlled cavitation is known to give an accelerated leaching process 
with higher yield at a lower temperature in comparison to existing technologies [1]. The 
challenges are linked to up-scaling, robustness and energy efficiency. Target material in this 
investigation is scheelite concentrate (CaWO4) that requires very severe leaching conditions 
regarding temperature and pressure, i.e. autoclave leaching, and thus becomes energy intensive. 

The objective is to optimize the process regarding cavitation intensity, excitation frequency, flow 
conditions, temperature and input power using a previously developed cavitation reactor 
concept. The project goals relates to:  

1. Optimized leaching recovery and kinetics as a function of temperature, input 
electrical power, excitation frequency, solid concentration, and particle size 

2. Defined principles for reactor design, sensitivity analysis and upscaling. 

  



1.1 Leaching by ultrasound 
Intensification of leaching by high power ultrasound to generate transient cavitation has a great 
potential in various possible applications within mineral processing and hydrometallurgy. Some 
of the examples are a) Improved dispersion and mixing of mineral particles in suspension b) 
cleaning and activation of particle surfaces by cavitation c) removal of the diffusion layer around 
particles and micro-grinding by increasing the particle collision, etc.  

Separation methods are often described as a kinetic process and show both an increased yield 
and improved efficiency during ultrasound excitation. Metal extraction by a leaching process can 
be more efficient with ultrasound assistance due to very high local temperatures, which increases 
the solubility and diffusivity and high pressures, which favor penetration and transport, that occur 
when cavitation bubbles form and collapse close to particle surfaces as shown in Figure 1.  

When cavitation occurs in a liquid close to a particle the cavity collapse is asymmetrical and 
high-speed jets of liquid are produced. However, parallel to the production of micro-jet effects 
clouds of bubbles are also collapsed, thereby generating powerful shockwaves in the fluid. 

 
Figure 1: Principle of ultrasound cavitation [4]. The initiated bubbles grow due to acoustic excitation 
and evaporation and finally reach critical size (resonance) when it grows quickly and collapse violently. 

The impact on the particle surface of these jets and shock waves are very strong and can after 
interaction produce newly exposed and highly reactive surfaces. Additional effects are so called 
secondary flows, known as acoustic streaming, which can remove reaction products from the 
surfaces and thereby significantly reduce diffusion layers so that the leaching progresses faster [2]. 
Based on the properties given above ultrasound has the potential to be beneficial in 
hydrometallurgy by improving both leaching kinetics and recoveries. The following two cases 
can be identified where ultrasound could improve leaching: 

Case 1: Leaching of minerals where leaching proceeds through the surface reaction controlled 
mechanism characterized by a high activation energy. Minerals that fall into this category are 
tetrahedrite, nickel laterites, scheelite, wolframite, etc. These types of minerals are typically 
leached in autoclaves at elevated pressures (up to 20 bars) and temperatures (up to 240ºC) making 
them highly energy intensive. Other examples are metallurgical by-products like slag, dust, etc., 
where speiss formed in base metal production is one example. The possibility to perform the 
leaching at lower temperatures under atmospheric pressures has significant energy saving 
opportunities [2]. 



Case 2: Leaching processes where leaching kinetics are slow due to the formation of diffusion 
layers forming on the surface of the particles to be leached, i.e. through a diffusion controlled 
mechanism. This is the case for leaching of chalcopyrite in sulfate solution where the chalcopyrite 
surface with time is known to be passivated by the formation of a surface layer resulting in low 
copper recoveries. Another example is during cyanide leaching for gold extraction where the 
gold particles sometimes get covered by clay or oxide layers. In these cases, ultrasound can 
remove these layers and give higher metal recoveries during leaching [3]. 

Despite these generally accepted benefits of ultrasound assisted leaching the method is not 
practiced in hydrometallurgical processes. This is because that the controlled cavitation is not 
fully developed and problems are encountered in the implementation on a larger scale. One 
limitation often seen relates to the use of sonotrodes or horns directly inserted in the fluid. 
Typically, when the power delivered to the reaction mixture increases, the rate of the reaction 
increases to a maximum and then decreases with a continued increase in power [5]. A possible 
explanation for the observed decrease at high powers is the formation of a dense cloud of 
cavitation bubbles near the probe tip which acts to block the energy transmitted from the probe 
to the fluid [6 and 7]. Another reason for not so good results over time is that the technology 
can be unstable, often related to temperature dependence and changes of system response and 
also the temperature of the fluid increases, acoustic propagation is changed and piezo material 
becomes overheated. On the plus side is that this technology can produce results not achievable 
otherwise.  

To overcome identified challenges like need for up-scaling, increased energy efficiency and 
better robustness, multi physical optimization are required. The last ten years of development of 
multiphysic software enables extensive optimization of a highly coupled system for a specific 
application. Good results, however, require close collaboration of several different areas of 
knowledge. In contexts where energy costs are high, there is a particular need to optimize the 
process, which largely applies to a leaching process, in which a reduced energy demand and the 
faster process is a prerequisite for profitability. 

1.2 Hydrodynamic and acoustic cavitation 
The reactor principle is based on a two-step cavitation procedure [8]. First cavitation bubbles are 
initiated by flow through a nozzle and then collapsed by high intensity ultrasound in a resonant 
chamber. To maximize the cavitation intensity, the process temperature must be optimized with 
regard to static pressure and the boiling temperature of the leaching reagent.  

Achieving transient cavitation requires knowledge of how different excitation mechanisms and 
resonance principles can interact and be optimized [9 – 13]. The reinforcement required can be 
partially achieved through resonance by geometrical optimization of the surrounding structure 
and fluid volume, i.e., excitation frequency is tuned in relation to the wavelength in a defined 
volume. To achieve a high efficiency of energy transfer from the electrical power to the impact 
on the leaching process, a number of development and optimization steps are needed. The most 
fundamental aspects are: 

a) Feeding techniques to initiate cavitation bubbles and to maintain an even distribution 
of solid mineral particles in the leaching solution, 

b) Optimization and adaptation of number of interconnected resonant systems and 

c) An energy efficient ultrasonic excitation principle to create the transient collapse of 
oscillating cavitation bubbles. 

With the help of experimental investigations  a number of factors important for the leaching 
process have been identified like for  e.g., chemical and mineralogical composition of the 
material, type of leaching reagent and its concentration, solid concentration and density of the 



pulp, mineral particle size distribution and surface area, flow rate, supplied cavitation intensity, 
temperature, and static pressure. 

The process can be seen as a chain of components and aspects coupled to each other that needs 
to be optimized. The goal is an efficient conversion of electrical power to resonance enhanced 
ultrasound and mechanical energy on the solid in the leaching reagent. The input electric power 
is controlled by feedback to the signal generator, via measurement outside the fluid volume 
(pressure signal's frequency spectrum). Flow and static pressure are used as control parameters for 
creating a stable operating condition, as in Figure 2. Minimizing the overall loss factor is a critical 
aspect for optimal results. To maximize cavitation intensity, a combination of two to three 
excitation frequencies is likely the best option [12, 13]. Up-scaling is possible by extending the 
reactor tube, and by connection of several tubes in parallel or series.  

There are several possible effects that cause an intensified leaching. One is that cavitation bubbles 
are collapsed near or on the surface of the particles in the leaching solution. The other likely 
effect is that bubbles form clouds and generates shock waves when collapsed. A possible 
important aspect for an energy efficient leaching process is to collapse cavitation bubbles 
proportional to the size of mineral particle structures. Mineral concentrates have typical particle 
size distributions within the range 10-100 μm. The bubble sizes of importance are related to the 
3rd to 9th harmonics o f  t h e  excitation frequencies in the range of 20-40 kHz. Increasing 
excitation frequency reduces the size of cavitation bubbles. 

 
 Figure 2: Conversion of electrical power into mechanical energy in the form of vibrations and sound waves 
to excite and collapse cavitation bubbles on the Scheelite emerged in the leaching reagent. Excitation 
frequencies, temperature, flow conditions and static pressure are control parameters for creating stable and 
optimum operating conditions. 

2 Methods and Procedure 

2.1 Material  
The object is a concentrate of scheelite (CaWO4), an oxide mineral which is generally a difficult 
to leach mineral. In industrial processes, scheelite is leached in autoclaves at temperatures around 
200ºC in alkali solutions that can be either sodium carbonate or sodium hydroxide. Alkali 
concentration during leaching is high and thus gives a highly viscous leaching solution. The 
expected reaction formula is defined as follows: 

2NaOH(aq) + CaWO4(s)           Na2WO4(aq) + Ca(OH)2(aq) 

The scheelite concentrate had a d50 and d90 of 24.96 and 78.43 μm, respectively. The leaching 
reagent, sodium hydroxide, was at a concentration of 10 molar and the scheelite concentrate was 
mixed in the leaching reagent at a solid content of 5%. The total volume for each test was 220 
mL.  



2.2 Leaching procedure  
The developed reactor principle utilizes a combination of hydrodynamic and acoustic controlled 
cavitation (Figure 3). The developed reactor is a flow through type both numerically and 
experimentally optimized [8, 14]. The two stage design including both an adjustable nozzle and 
a subsequent acoustically excited resonant reactor volume at fixed frequencies (Figure 3). The 
reactor is developed to take advantage of structural acoustic resonance amplification. The reactor 
shell consists of a 10 mm thick tube of stainless steel which is excited by nine sonotrodes. The 
sonotrodes, which consists of a resonant structure and integrated piezo-ceramic elements (Figure 
4), are excited by electrical signals that vary over time. In this study, the excitation signals were 
limited to pure sinusoids at fixed frequencies optimal for the reactor design.  

The outer tube wall vibrations are coupled to the contained fluid at the so called critical 
frequency. That is a frequency where bending waves of the tube couples most efficiently to the 
sound waves of the fluid. At the critical frequency, the bending wave speed equals the speed of 
sound in the fluid. The outer tube diameter was chosen to get both a radial standing wave in the 
fluid as well as a breathing mode of the tube shell, see Figure 5. Powerful excitation of the reactor 
walls, aim for an efficient and controllable cavitation intensity of the leaching reagent flowing 
through the inner tube. The goal of the geometrical design is to create high vibration amplitude 
in the tube wall that generates a high sound pressure variation along the symmetry line of the 
reactor volume. The cavitation intensity is proportional to the sound pressure level.   

 

Figure 3: Principal design of the developed ultrasound controlled cavitation reactor. 

The reactor was FE-modeled in 3D using COMSOL Multiphysics®. By extensive numerical 
optimization, four different resonance phenomena were unified to a coupled resonance [8]. The 
leaching reagent was modeled by the impedance properties of sodium hydroxide and an 
experimentally determined loss factor. The system response at resonance is controlled by the loss 
factors in the system. The loss factor for each resonance mode is determined by impedance 
measurements on the voltage and current signals feed to the sonotrodes using a chirp signal.  



 
Figure 4: Geometrical configuration of the optimized tube reactor: a) Cross-sectional view of the 
reactor. b)side view of the reactor c) Meshed model of the reactor for multiphysics finite element 
optimization of sound pressure response. 

Figure 5 shows the simulated frequency response of the reactor when excited with two different 
types of Sonotrodes tuned to 22 kHz and 37 kHz. Calculation was performed with stepwise 
sinusoidal excitation, giving the linear system response at each frequency. At the resonance 
frequencies, the corresponding modes gives a high cavitation intensity in the central region of 
the reactor, see Figure 6. The maximum input power at the excitation frequencies were 250 
VArms at 22.6 kHz, and 200 VArms at around 40 kHz. The power conversion efficiency of the 
water filled reactor and no flow, was 36% (determined by calorimetric test [15]). The 
performance was verified by foil tests. 

 
Figure 5: Estimated linear frequency response (calculated stepwise for one frequency at the time) for 
FE-modeled and optimized cavitation reactor. Pressure response is determined along the central line 
of the reactor, with a loss factor of 2% (experimentally determined). In the real application, the pressure 
response to a pure sine become non-linear and the excitation signal become distorted, seen as a harmonic 
spectrum in frequency domain. 

 



 

 

Figure 6:  FE-calculated pressure response of optimized reactor geometry at 21.8 kHz (a) and 37.1 
kHz (b);. The sound pressure level relates to linear acoustic modeling at low input power. However, 
in reality the response at a single excitation frequency reaches about 190 dB. Due to non-linear effects 
the total frequency response is seen as a wide harmonic spectrum well beyond 100 kHz, where most 
of the harmonic amplitude values reach levels of 185-190 dB. 

The mineral suspension flows through a separate PVC-plastic tube (Øi=16mm) centered in the 
water-filled reactor (Figure 7). Before entering the reactor cavitation bubbles are initiated by 
flow through a specially designed nozzle. The nozzle function can be varied by changing the 
orifice plate, which is a 5-15 mm thick cylindrical disc with a number of small holes in three 
different geometrical patterns [16], see Figure 8. The basic idea with the orifice plate is to create 
a local velocity and pressure change, which together with flow friction through the narrow holes, 
initiates cavitation bubbles. In the second intermediate stage, the bubbles are furthered excited 
and collapsed in the resonance amplified reactor volume [14]. 

For each test, samples from the leaching solution were taken every hour. The fluid flowing 
through the reactor system had a total volume of 220 ml, where 33% were within the acoustic 
cavitation reactor. Each sample taken was 1.5 ml, using a pipette that was inserted into the 
temperature controlled mixing container. The taken sample was then filtered using a 0.45 μm 
syringe-filter setup. The filtered solution was analyzed for tungsten through ICP-OES 

 

 



 

 

Figure 7: a) Measurement setup for intensified leaching by hydrodynamic and acoustic cavitation b) 
Photo of the measurement setup for leaching of scheelite using sodium hydroxide as leaching reagent. 

 

 

 
Figure 8: Orifice plates M1, M2 and M3 designed, tested and evaluated during experimental 

optimization. 

 

2.3 Experimental design 
Optimum performance regarding the reactor for acoustic and hydrodynamic cavitation requires 
a multivariate tuning procedure. There is a critical linkage between the leaching solution and 
solid material regarding cavitation intensity, excitation frequency, and flow conditions. Factors 
of importance are exposure time, temperature, excitation frequency, input power, static pressure, 
flow characteristics and concentration. All factors were monitored and feedback controlled 
during the experiment. The optimization strategy (Table 1) referred to: 

 Process parameter optimization for energy efficient leaching of tungsten from scheelite 
concentrate (with a given size distribution) by acoustic cavitation 

 Evaluation of different flow conditions and nozzle geometries regarding hydrodynamic 
cavitation 

  



Table 1: Experimental design for optimized leaching by hydrodynamic and acoustic cavitation. 

Test 
(No) 

US f1 
(kHz) 

US f2 
(kHz) 

Flow rate 
(lit/min) 

Flow 
direction 

HC 
(type) 

US power 
(VARMS) 

Temp (°C) Exp Time 
(Hours) 

1 23 --- 0.53 Bo-Up No 50 40 5 

2a 23 --- 0.53 Bo-Up No 100 60 5 

2b 23 --- 0.53 Bo-Up No 200 60 5 

3a 23 39 0.53 Bo-Up No 100 / 100 60 5 

3b 23 39 0.53 Bo-Up No 200 / 200 60 5 

4 23 39 0.53 Bo-Up Yes M1 200 / 200 60 5 

5 - - 0.53 To-Do No 0       60 5 

6 23 39 0,53 To-Do No 250 / 250 60 5 

7 23 39 0,53 To-Do No 200 / 200 60 5 

8 23 39 0,53 To-Do No 200 /200 80 5 

9 23 39 0,80 To-Do Yes M2 200 /200 60 3 

10 23 39 0,80 To-Do Yes M3 200 / 200 60 3 

11 23 39 0,80 Bo-Up Yes M3 200 / 200 80 5 

 

3 Results  

The ultrasound cavitation reactor was adapted to handle a highly concentrated leaching reagent 
(10 M sodium hydroxide). Tests were conducted at 38, 60 and 80°C at varying flow conditions, 
input powers and excitation frequencies. The excitation signals were adapted to the reactor's 
experimentally optimized frequency response at around 23 kHz and 40 kHz. The temperature 
60° C was selected for comparison with reference data.  

Table 2: Experimental details and summary of results with respect to tungsten (W) recovery [%]. 

Test 
(No) 

US f1 
(kHz) 

US f2 
(kHz) 

Flow  
(l/min) 

Flow 
Dir 

HC 
 

US  
Power 

(VARMS) 

Temp 
(°C) 

Exp 
Time 
(h) 

Chem 
W  
(%) 

US+Chem 
W  
(%) 

1 22.9 --- 0.53 BoUp No 36.2 38 5 3.7 5.1 

2a 23.0 --- 0.53 BoUp No 104 60 5 19.1 18.3 

2b 23.4 --- 0.53 BoUp No 210 60 5 19.1 20.3 

3a 23.1 39.0 0.53 BoUp No 120/110 60 5 19.1 17.0 

3b 24.1 43.1 0.53 BoUp No 220 /200 60 5 19.1 23.2 

4 23.8 43.5 0.53 BoUp YesM1 190 /170 60 5 19.1 20.4 

5a - - 0.53 ToDo No 0 55 5 19.1 9.6 

6a,b 23 41 0.54 ToDo No 250/220 60 5 19.1 15.8 

7a,b 22 39 0.54 ToDo No 200/200 60 5  19.1 16.7 

8a,b 22 39 0.54 ToDo No 200/200 77 3 (5) (26.1) 25.5 (31.1)  

9a,b 22 39 0.80 ToDO YesM2 200/200 65 3 14.5 19.1 

10a,b 22 39 0.80 ToDo YesM3 200/200 65 3 14.5 21.4 

11c 22.3 39.6 0.80 BoUp YesM3 220/150 80 3 (5) (26.1) 34.2 (53.1) 
a) Experiments with different flow direction (top/down) since bigger mineral particles was trapped at the orifice plate in test 4 
b) Re-designed sonotrodes, since piezo properties changed during long term exposure 
c) The final test was performed in a bottom-up flow direction, where bubbles goes with the flow and heavier particles stays longer time  

 



From the results summarized in Table 2 it can be concluded that the recovery rate is dependent 
on process temperature, input acoustic power and flow conditions. The results from 5h exposure 
span from 3.7% recovery in case of 38°C and chemical reactor leaching, to 53.1 % recovery in 
case of hydrodynamic and acoustic cavitation at 80°C. In the latter case using 370 VARMS input 
electrical power at two different ultrasound excitation frequencies. 

 

Figure 9 represents the temperature effect on recovery rate, which increased from 5.1% at 38°C 
to 9.4% at 55°C, when only flowing around in the reactor. In case of only chemical reactor 
leaching, the recovery rate increased from 3.7% to 26.1% when temperature was increased from 
38°C to 80°C. Recovery rate increased from 5.1% (38°C) to 31.1% (77°C), in case of acoustic 
cavitation (flow but no hydrodynamic cavitation). 

              
 

Figure 9: Leaching recovery of tungsten (W) from Scheelite, with respect to process temperature 

Figure 10 indicates the effect of input power on the recovery rate of tungsten. At 100 VARMS 
power and a single frequency excitation (23.4 kHz) at 60°C, the recovery rate after 5 hours 
exposure was 18.3 %. Increasing input power to 210 VARMS at a single frequency (23.1 kHz), 
increased recovery rate to 20.3%. A doubling of the input power to 420 VARMS, by excitation 
of two ultrasound frequencies, the recovery rate reached to 23.1%. 

 



Figure 10: Leaching recovery of tungsten (W) from Scheelite, with respect to input power and number of 
excitation frequencies. 

Figure 11 shows the effect of flow conditions and hydrodynamic cavitation. The flow direction 
gave the most pronounced effect, which might be obvious. The flow against gravity gets a 
recovery rate that is almost 50% better. The top-down flow gives in average 16% recovery and 
bottom-up flow gives more than 20% recovery in a case of 400 VARMS and two excitation 
frequencies. The better result for bottom-up flow is most likely due to the advantage of the 
gravitation effect, which keeps heavier particles longer time inside the reactor. 

 

Figure 11: Leaching recovery of tungsten (W) from Scheelite, with respect to flow condition and hydrodynamic 
cavitation. 

In case of hydrodynamic cavitation, the test results did not fully explore the benefit of bottom-
up flow direction. The top-down flow tests when using orifice plates M2 and M3 gave a better 
recovery rate (19.1 - 21.4% after 3h) compared to bottom-up flow with orifice plate M1 (20.4% 
after 5 h). The reason to believe in bottom-up flow direction, was the fact that nozzle M1 did 
not work properly. When the reactor was dismantled after Test 4, it was seen that bigger particles 
have got stacked in the volume before the orifice plate. Therefore, the orifice plate was replaced 
by M2 and M3 (Figure 8). In similar test conditions M3 gave better recovery than M2, so the 
final test was made with bottom up flow direction using orifice plate M3 at a temperature of 
80°C. The final result (Test 11) verified the choices made and showed a significant improvement 
in recovery rate (53.1 % after 5h and 56.4% after 6h). The 56.4% tungsten recovery was obtained 
by an energy supplement equivalent to 130 kWh/kg scheelite concentrate.  A chemical reactor 
test, when stirring 220 ml of the leaching reagent at the same temperature and exposure time, 
gave 38 % recovery of tungsten.  

4 Discussion 

A limitation in the experimental setup was that the volume of the cavitation reactor only 
represented 33% of the total circulating volume. This means that the energy supplied to the 
material to be leached can be more than doubled in an up-scaled reactor geometry (longer tube), 
thereby increasing the yield for a given exposure time. A longer reactor (vertical orientation) 
also means a natural increase in the static pressure in the system.  

A specific problem during tests was overheating.  One aspect was a too soft piezo material (pzt27] 
that became stiffer over time, which altered the resonance frequencies of the sonotrodes. 
Therefore, the sonotrodes needed to be modified after Test 4 by increasing the length of the 



supporting masses by 2.0 mm. The other aspect of overheating was due to a too high input 
power and the fact that process temperature of 80°C requires additional cooling of the 
sonotrodes. 

A possible improvement when hydrodynamic cavitation becomes more pronounced is to tune 
the higher excitation frequency differently. Despite the good recovery rate of Test 11, the input 
power at 39 kHz was low, due to some impedance miss-match. One hypothesis is that the 
impedance of the inner tube structure changed, which had a negative impact on the response of 
the sonotrodes used for the excitation frequency 39 kHz.  

In general, an even higher process temperature may be needed, which require better heat 
insulation and over pressure of the water volume inside the reactor. However, the leaching 
reagent may not need over pressure, if a process temperature of 80-90 degree is enough. The 
optimal process temperature is in proportion to the boiling temperature of the leaching reagent 
(137°C for NaOH, 10M). Finally, a higher flow rate is may be needed to take full advantage of 
the hydrodynamic cavitation effect induced by the designed orifice plate M3.  

5 Conclusions 

The objective with the ongoing project was to fine-tune a scalable reactor concept  43r34u]) 
with respect to leaching of scheelite, a mineral known to be hard to leach. The leaching reagent 
was a mix of sodium hydroxide (NaOH, 10M) and 5% scheelite concentrate. The focus was on 
optimizing the recovery of tungsten on basis of acoustic cavitation intensity, process temperature 
and flow conditions.  

Best test result shows that an energy supplement by hydrodynamic and acoustic cavitation of 131 
kWh/kg concentrate, gives a leaching recovery by 56.4 % after 6h exposure at 80°C. The result 
can be compared to a 38 % recovery when using conventional stirring at the same exposure time 
and temperature [19]. The supplemented energy by acoustic cavitation seems to increase 
recovery rate proportional to higher process temperatures. This is most likely caused by 
collapsing bubbles, which generates an increase of microscale temperatures and removes diffusion 
layers by shockwaves and micro-jets.  

However, longer exposure time and a higher process temperature are necessary to achieve a 
leaching recovery rate corresponding to today's autoclave technology. The long-term target is 
to maximize the recovery rate of tungsten (>90%) from the scheelite concentrate.  
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