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area

specific heat

diameter

frequency

acceleration due to gravity
cavitation number
characteristic dimension
mass flow

molar mass

pressure

power

static pressure of gas in the bubble
vapour pressure of the liquid
radius of cavitation bubble
initial cavitation bubble radius
entropy

temperature

time

temperature

internal energy

liquid flow rate

fluid velocity

distance coordinate
polytrophic exponent

a m ' ratio of the perimeter of a hole to the hole area

5} dimensionless number, ratio of the sum of the
hole area(s) of the orifice plate to the pipe arca

u kg- m'-s! dynamic viscosity

P kg -m? liquid density

0] m-s' ultrasonic wave velocity

o m ' ratio of the perimeter of a hole to the hole arca

% m? -5 kinematic viscosity

n Pa-s dynamic viscosity
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0 initial

w - water

k - final

1 ~ liquid

max ~ maximum value

min minimum value

g gas

el — electric

AOPs Advanced Oxidation Processes
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EPA Environmental Protection Agency
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Introduction

With the development of civilization and industry an increasing number of new
and complex chemical compounds are being produced which, together with sew-
age, municipal and industrial wastes find their way into the natural environment.
These substances do not remain inert to living organisms, including humans,
and unfortunately in most cases leave permanent traces in nature.

Cavitation is a phenomenon, widespread in many areas of technology.
This phenomenon accompanies liquid flow through channels with variable
geometries. In the environmental protection technologies the effects of cavitation
have become very useful in assisting chemical processes, especially in technolo-
gies related to the degradation of substances particularly harmful to humans
and his immediate surroundings.

Traditional treatment methods do not always produce the expected results.
There exists a certain group of organic non-biodegradable pollutants, having
toxic, mutagenic, or carcinogenic properties. An important requirement is that
the flow containing the hazardous compounds be treated in the cheapest pos-
sible but safe manner. Therefore, there is also the need to use modern treat-
ment techniques, which undoubtedly include Advanced Oxidation Processes
(AOP), based on reactions involving hydroxyl ((OH) radicals. These methods
arc currently being intensively investigated with the aim of applying them to
the removal of certain compounds from wastewater. The removal of these com-
pounds using conventional oxidation methods increases the cost of the proc-
ess, due to increased oxidant consumption. However, using advanced oxidation
processes, it is possible to obtain a greater degree of pollutant degradation.

Research results from the past few years, into the application of advanced oxi-
dation processes in environmental engineering technologies, show that cavitation is a
promising technique in this field, due to the accompanying sonochemical processes.

It should be noted that the processes involving hydrodynamic cavitation may
complement other methods such as ozonation, oxidation using hydrogen perox-
ide (H,0,), or techniques based on UV radiation or ultrasound, which in total
leads to a greater effectiveness in pollution reduction, whilst at the same time
reducing costs and energy consumption.

In the subject literature there are many studies related to acoustic cavitation
and the use of associated processes in water and effluent treatment technolo-
gies. Despite knowing about hydrodynamic cavitation for many years, its use to
climinate pollutants in contaminated water and effluent, particularly industrial,
has not been fully researched.

Until recently, attention has been focused mainly on the negative effects of
cavitation and its influence on the durability of equipment (e.g. cavitational ero-
sion). However, as research carried out in recent years has shown, physical and
chemical processes accompanying cavitation can be used in new technologies to
treat water, sewage and to decompose low biodegradable compounds.
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Contemporary research into cavitation is concentrated mainly into three
areas. The first concerns the development of a model describing the phenom-
enon, which reflects the imploding bubble dynamics, both in terms of a single
bubble as well as the entire population. Existing classical models initiated by
Rayleigh in 1917 require a number of simplifications and omit many factors
which significantly impact the physicochemical processes that occur during cavi-
tation. The second research area focuses on the negative impact of hydrody-
namic cavitation in liquids and depends on reducing its negative effects on a
vessel’s propulsion system, or on pump rotors. The third area of research is the
search for the utilisation of cavitation’s positive effects, in as wide an area as pos-
sible. Examples include the speeding up of the sonochemical reactions inside the
cavitation bubbles, sonoluminescence, coagulation and dispersion, and many
others. It is this group of problems which is being analysed in this book.

The use of hydrodynamic cavitation allows, among other things, to increase
the amount of effluent saturation (solutions) with oxidising gases such as ozone
or oxygen, and it also allows to intensify the oxidation processes occurring on
the phase boundary surfaces by significantly increasing the surface area. Dur-
ing the processes which accompany the disappearance of cavitation (implosion),
there 1s an intensive exchange of substances in the cavitation regions (bubbles,
caverns) which support the chemical processes, including oxidation.

The problem of utilising hydrodynamic cavitation in technical solutions, to
increase the decomposition effectiveness of low biodegradable chemical com-
pounds, is not only valid, but constitutes an increasing call for man to work on
the protection of his natural environment. It is also the author’s arca of aca-
demic interest, and this book presents a theoretical analysis, along with experi-
mental work in this field, developed on the basis of literature, research reports
and personal experience.
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CHAPTER 1

Characteristics of the cavitation phenomenon

1.1 THE ESSENCE OF CAVITATION

The name cavitation as used in physics and technology originates from the Latin
word cavitas (a hollow space or cavity). The first correct analysis of this phe-
nomenon was presented by Reynolds in 1894. Cavitation describes a particular
phenomenon which occurs inside a liquid when subjected to changes in the pres-
sure field over time and distance. These changes depend on the liquid rarefying
to a sufficiently low critical pressure, causing the formation of voids, filled with
vapour from the liquid, as well as dissolved gases in the liquid. Then upon vio-
lent compression these voids, filled with vapour and gas, implode.

Cavitation is not observed in gases, which is due to the lack of surface tension,
as well as other characteristics of the gaseous state. Liquids, however, even under
an isothermal fall in pressure to saturated vapour pressure, turn into the gaseous
state, in which the phenomenon is discrete within the liquid and the vapour is
released in the form of spherical bubbles throughout the volume of the liquid.

Thus, bubbles (also termed cavitation cavities) form in the cavitation liquid,
filled with the liquid’s vapour as well as any dissolved gases in the liquid. In the
region of higher pressure, above a critical value, the bubbles implode violently
which causes in the imploding microregion of the collapse, a dramatic increase
in pressure. Hence, cavitation affects the condition of the material over its sur-
face since regions are formed, not only filled with the liquid but also with vapour
and gases dissolved in the liquid. If the pressure of the liquid is less than the
saturated vapour pressure, the bubbles increase in volume, which causes larger
regions of cavitation liquid formation.

There are many different causes of cavitation (Figure 1.1). However, they most
commonly appear in the following processes when applied to liquids, namely:

1. In hydrodynamic processes —cavitation occurs in a flowing liquid during a fall
in the static pressure, caused by flow conditions or external influences. It is
commonly produced in constricted or curved channels and also as a result of
motion of bodies in a liquid such as a ship’s propeller. Thus, this type of cavi-
tation appears as a result of a local constriction to the flow path of the liquid
or the detachment of the stream from the surface of streamlined bodies.

2. In processes involving ultrasound, cavitation in such cases is induced by the
pulsations within the liquid due the dispersion of acoustic waves created by
impact, vibrations of the surfaces enclosing the liquid or the vibration of
submerged objects within the liquid. The separation of the liquid molecules
and the formation of the cavitation bubbles occur during the rarefaction

1



The reason of the cavitation phenomenon
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Figure 1.1. The main causes of cavitation in liquids.

half-cycle, and their disappearance during the compression half-cycle of the
cavitation medium.

3. In processes which supply significant energy to small volumes within the lig-
uid e.g. by a laser beam or a stream of heavy elementary particles such as pro-
tons. Both methods cause a local increase in the internal energy of the liquid,
up to a point, at which the liquid undergoes a phase change into the gaseous
state thereby releasing the dissolved gases. The effect is to create bubbles of
vapour and gases similar to the ones produced in hydrodynamic cavitation.

In the case of hydrodynamic and acoustic cavitation, cavitation bubbles
appear inside the liquid as a result of the local pulling apart of the medium
under the influence of great expansive forces, which are produced as a result of
a sudden drop in local pressure, which can occur in hydrodynamic processes, as
well as in high intensity ultrasonic ficlds (20 kHz to 1 MHz).

Optical and molecular cavitation is a consequence of local dissipation of energy,
whose source can be for example a strong laser beam causing electrostriction of the
environment and the creation of local pressures (Sliwinski, 2001, Elpiner, 1968).
This method of cavitation generation enables precisely controlling the cavitation
parameters such as the size of the bubbles and their location within the liquid. Due
to the high operating costs, both optical cavitation, as well as molecular cavitation
have not found wide scale practical applications, and are only the subject of labora-
tory research (Margulis, 2004, Piotrowska, 1968, Hoffman, 1996).

In this book the author has concentrated mainly on the phenomenon of
hydrodynamic cavitation produced in a liquid flowing through geometric vol-
umes favourable to the appearance of this phenomenon. Hence, the rest of this
book relates mainly to this subject.



1.2 TYPES OF CAVITATION - FORMS OF CAVITATION CLOUDS

We can identify the various types of cavitation depending on where the cavita-
tion cloud occurs and the initial conditions. With reference to scientific literature
in Poland and worldwide, it is possible to identify several characteristic forms
of cavitation. The difficulty in developing a single method of classification is
caused by a diversity of conditions when performing the analysis. Franc and
Michel (2004) identify eight characteristic types namely:

1. Travelling Bubble Cavitation appears as bubbles moving along a solid body
which become visible in the vicinity of a low pressure point.

2. Cavitation bubbles in the shear layer develop when a submerged liquid jet
is introduced into a container containing water and on a sharp edge of a
boundary layer separation.

3. Sheet cavitation also described as attached bubble cavitation. For axisymmet-
ric bodies the term ‘ring cavitation’ is used. The bubbles are formed on the
surface of the solid body and subsequently are then detached by the flow.

4. Sheet cavitation is also known as laminar cavitation in its advanced stage.
This type of cavitation appears as a cavity filled with a homogenous mixture
of vapour and gas with a glossy surface.

5. Localised attached cavitation, also described as localised sheet cavitation is
associated with the local roughness of the surface and appears as attached
cavities.

6. Localised bubble cavitation occurs as a continuous stream of bubbles form-
ing in specific places on the surface of a solid body. This form is also associ-
ated with the pitted nature of the surface.

7. Hub vortex cavitation occurs in the cores of vortices spiralling away from the
flow around the obstacle.

8. Tip vortex cavitation, appears in the core of vortices flowing from the load
bearing surface.

In turn Arzumanov differentiates only two basic forms of cavitation depend-
ing on the shape of the cavitation cloud (Bagienski, 1998):

1. Surface cavitation — develops on the surface of streamlined bodies and
remains attached to their surfaces
2. Detached cavitation — carried along with the liquid flow.

Surface cavitation occurs on well streamlined surface elements forming
points of resistance. It is created e.g. from cavitation nuclei present on boundary
surfaces restricting flow and develops on the element’s surface. It can be found in
pipelines, Venturi restrictions etc. This cavitation which can take on many differ-
ent forms is dependent on the geometry of the conduit and the flow parameters.
It can be in the form of bubbles, sheet (laminar) or attached sheet cavitation.

Detached vortex cavitation appears along the axis of the steam, in vortices
behind the “weak” streamlined elements forming places of resistance. It also
develops from nucleation (cavitation nuclei) found in crevices, on boundary sur-
faces restricting flow, and also in the wake itself. It also appears in the wake
flowing with significant speed from orifices or zone linking streams from vari-
ous directions. Detached vortex cavitation, in places of resistance, appears in
the form of a vortex. In places of different types of resistance both forms of
cavitation may appear.



According to the Polish Standard (PN-86/H-04426) the following forms of

cavitation are differentiated:

L.

Vaporous Cavitation - cavitation dependent on the sudden evaporation of
the liquid from the bubbles’ surface following a fall in pressure to that below
the critical value, frequently close to the liquid’s vapour pressure at a given
temperature. It 1s characterised by the fact that the bubbles are vapour-filled
and grow very quickly.

Gaseous cavitation — cavitation induced in a supersaturated liquid with the
diffusion of dissolved gases. It is dependent on the diffusion of the gas into
the gas- and vapour-filled bubbles already present in the liquid. It is charac-
terised by the fact that the bubbles grow and collapse more slowly than dur-
ing vaporous cavitation and are filled primarily with gases, diffusing from
the liquid.

Flow cavitation (hydrodynamic) - cavitation formed in the flowing liquid
during a fall in the static pressure caused by flow conditions or external fac-
tors. Itis frequently found in constricted flow channels, in places of kinematic
path curvature and deviations from the plane of the streamlined body.
Vibratory cavitation (acoustic) — cavitation induced by pressure pulsations
within the liquid, caused most frequently by the dispersion of acoustic waves
created by impact, vibrations of the surfaces enclosing the liquid or the vibration
of bodies submerged within the liquid. The separation of the liquid molecules

Hydrodynamic . Characteristics features of  : Effacisiofthe
cavitation forms the cavitation process : process
laminar
cavitation Creates a stationary cavernsina | :
thin layer adjacent to the body | i
wall
cavitation
The change of thermodynamic
properties of liquid
slotted : Formed in the gap between the
s i moving parts of the device : Throttling the flow caused by
cavitation : the formation of bubbles
: Formed during flow around the Cavitation noise
traced body, especially under the :
cavitation [ influence of boundary layer : | Strong vibrations of cavitation
: separation zones in the device
: Formed during flow through a Sonoluminescence
fog cavitation | —m| constriction or under the influence | i
: of the body submerged in water : Corrosion cavitation
H Sonochemistry—to initiate and
: | Cloud formed at the sharp edge of | : 3 £
ca\(:iztl;tri]on : circumnavigate body : accelerate chemical reactions
swirled : | Clouds take the shape of diverse, ->
ifes | i spatially located braids :
cavitation :

Figure 1.2.  Classification of the main forms of cavitation according to their characteris-
tics or behaviour of the cavitation medium and their interactions on the container walls.

4



and the formation of the cavitation bubbles occur during the rarefaction half-
cycle whilst their collapse occurs during the compression half-cycle.

Due to characteristic features of the cavitation zone such as location and physi-
cal conditions, it possible to classify the types of cavitation depicted in Figure 1.2.

1.3 FACTORS FAVOURING THE FORMATION OF CAVITATION

Cavitation is caused by a number of factors which encompass not only the physical
properties of the liquid, described by the appropriate physical properties (Brennen,
1995, Wojs, 2004, Cai ct al., 2009), the thermal state of the liquid, but also the
gaseous impurities dissolved in the liquid or other liquid impurities (Gogate, 2008,
Margulis, 1995) and also impurities in the form of submerged bodies.

The cavitation nuclei, appearing in the form of gaseous, vapour microbub-
bles or particulates are essential to the formation of cavitation, the result of a
reduction in the capability of the liquid to transfer tensile stress.

In pure liquids, deprived of any impurities, the liquid-gas phase transition as
a result of liquid expansion is almost impossible, since large tensile stresses (neg-
ative pressures) in the order of hundreds of megapascals are necessary (Wojs,
2004). However, in reality, in nature and technology we have liquids containing
large numbers of cavitation nuclei.

Possible potential cavitation nuclei can be found in large numbers in the lig-
uid in the form of primary additives and pollutants. The division of additives
and pollutants in natural waters is shown in Figure 1.3.

Impurities
and additives
of H,O

Physical state
gas, liquid, solid

synthetic
inorganic | organic
compounds compounds
natural
(alive and lifeless)
dissolved undissolved
substances substances
[ | | | l l
dissociated undissociated colloids suspensions

Figure 1.3.  Division of pollutants and additives in natural waters.
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