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Hydrodynamic Cavitation

Hydrodynamic cavitation is a phenomenon of formation, growth and collapse of
vapor filled cavities (micro bubbles) within a liquid due to variation of local pres-
sure. The cavities are generated in a low pressure region. When these cavities travel
to a region of higher pressure, they implode (collapse). The cavity collapse under
certain conditions results in very high pressures and temperatures near the location
of collapse [1-3]. These extreme temperatures (>2000 K) and pressures (>100 MPa)
result in the generation of highly reactive radical species (from water and dissolved
gases). In addition, the imploding cavities also result in high velocity jets and intense
shear. These extreme physio-chemical effects produced by cavitation have been of
interest to engineers and scientists for over a century, largely due to its potential to
damage equipment. The mechanisms of cavitation damage have been and continue
to be hotly debated, and to this day the causes and effects of cavitation still present
fundamental scientific challenges to engineers; for example, continuing issues in the
field of water turbines described by the “three gorges puzzle” [4].

The extreme conditions generated during cavitation can also be harnessed for
realizing beneficial physico-chemical transformations. In the last couple of decades,
the application of cavitation has been extensively explored for a variety of physical,
chemical and biological processes. Cavitation offers a novel way of intensifying
these processes in an energy efficient manner [5, 6]. The in situ generation of strong
oxidants like OH- radicals, local hot spots and intense shear, has a potential to
become a very promising technology platform for realizing various transformations
(see Figure 1.1). It can be harnessed for waste water treatment [7-12]; microbial
disinfection [13-17]; desulphurisation of fuels [18-20]; biomass pre-treatment
[21-23]; biodiesel synthesis [24, 25]; and in food and beverage production [26, 27];
esterification reactions [28]; and many other process intensification applications
[3,5, 6,29, 30].

The references cited here represent only a tiny fraction of illustrative examples
from published laboratory studies on applications of hydrodynamic cavitation.
There are also several patents and start-up/spin-out companies commercializing
cavitation based technologies and applications. See for example, reviews by Car-
penter et al. [5] and Holkar et al. [6]. Despite such a large number of publications
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Figure 1.1 Cavitation for beneficial physico-chemical transformations.

on cavitation (thousands of research papers per year - Google Scholar), the promise
of hydrodynamic cavitation as a technology platform is still largely unfulfilled. One
of the key reasons of holding back the realization of this promise is inadequate
understanding of inception as well as resulting physico-chemical effects of cav-
itation. Systematic methodology for designing hydrodynamic cavitation devices
and generalized framework for development and optimisation of hydrodynamic
cavitation processes is still not established and available.

Mathematical modeling of hydrodynamic cavitation and the related physico-
chemical effects is rather complex even for the simplest devices and systems.
Dynamics of a single cavity and subsequent collapse when exposed to adequately
strong pressure fluctuations has been studied for long since Lord Rayleigh [31]. The
book by Brennen [1] provides detailed models as well as results of cavity dynamics.
The quest for developing better models for simulating cavity dynamics is still
continuing (see for example, Pandit et al. [32] and references cited therein). Though
such single cavity models are available, use of these models for simulating overall
performance is still far from satisfactory. The book by Shah et al. [2] has attempted to
present a methodology for systematic analysis of cavitation processes and discussed
possible pathways for connecting single cavity dynamics to overall performance.
Franc and Michel [33] published a book on fundamentals of cavitation. However,
the focus was mainly on hydrodynamics and various applications were not dis-
cussed. About a decade ago, Ozonek [34] attempted to present a methodology for
applying hydrodynamic cavitation primarily to water treatment applications. There
are couple of reviews from the group of Professor Pandit [30, 35] with discussion on
design aspects of orifice and venturi based hydrodynamic cavitation.

None of the available resources provide systematic basis for designing and evaluat-
ing different hydrodynamic cavitation devices or for simulating overall performance
and scale-up of processes based on such devices. This book attempts to bridge this
gap. This chapter provides a general introduction to hydrodynamic cavitation and
devices to realize hydrodynamic cavitation. It also presents overall structure of the
book to facilitate better usage of the presented contents.
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1.1 Hydrodynamic Cavitation

Cavitation in a simple sense is the phenomenon of formation, growth and collapse of
gaseous pockets in a liquid medium due to a dynamic pressure change in the bulk of
the medium. When a liquid is subjected to a pressure below its vapor pressure, there
is a possibility of generating a cavity or a gaseous bubble which is called as cavita-
tion (see Figure 1.2a). In absence of any nuclei, liquid phase is able to withstand
negative pressure (with respect to its vapor pressure) without rupturing or form-
ing vapor cavities. In such cases, cavitation may occur via homogeneous nucleation
(formation of small nuclei - transient gaps between molecules caused by random
motions of the molecules). However, in most of the real life cases, liquid contains
tiny suspended particles or some dissolved gases. These particles or desorption of
dissolved gases provide nucleation sites for cavitation. In the presence of such het-
erogeneous nucleation, cavitation may be assumed to occur when local pressure falls
below vapor pressure of liquid.
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When a cavity generated in a manner described above is subjected to varying pres-
sure field, complex process of expansion and contraction may occur eventually lead-
ing to the collapse of the cavity. Cavity dynamics is generally quite fast and has been
extensively investigated. The experimentally visualized growth and collapse of a typ-
ical cavity is shown in Figure 1.2b. The collapse of cavities give rise to high velocity
jets, very high localized pressure and temperature as well as results in the generation
of hydroxyl radicals [3, 32]. The intense shear and hydroxyl radicals generated by
collapsing cavities and resulting physico-chemical transformations have been of
interest to scientists and engineers for over a century to either develop approaches
for avoiding them or harnessing them for variety of desired applications [38].

The history of this phenomenon can be traced back to it being proposed as the
possible reason for reduced efficiency of a warship — HMS Darling back in 1885. The
phenomenon was thought to be responsible for the formation of gaseous pockets
at very high speeds in naval structures and thereby reducing its efficiency. Barnaby
[39, 40] wrote papers to describe the phenomenon of creation of voids and cavities,
below a certain low pressure. Lord Rayleigh formalized these discussions and the-
oretically proposed mechanisms for the cavitation phenomenon in 1917, which has
been improved until now to develop the current understanding on the mechanism of
cavitation. There is evidence that the phenomenon was anticipated as early as 1704
by Newton and further in the works of Euler and Reynolds in the nineteenth century
[41]. A detailed historical account of the origin prior to Lord Rayleigh’s work is suc-
cinctly provided by Young. The historical aspects such as the coinage of the word and
earlier theoretical descriptions of existence of such a phenomenon exist prior to Lord
Rayleigh’s work [33], but for all practical purposes, theoretical investigation and the
foundation of the current understanding was from the early twentieth century.

Depending on the way of generation, four types of cavitation processes are
known: optical, particle, acoustic and hydrodynamic cavitation. The cavitation
phenomena realized by optic and particle methods are not widely investigated,
as they are not suitable for effecting change in bulk solutions and have very
limited applicability to chemical processing [42, 43]. Acoustic cavitation, as
evident from its name, uses ultrasound for generating cavitation. When high
frequency sound waves (20kHz to 200 MHz) of adequate intensity are passed
through a liquid, local pressure may dip below the vapor pressure and cavi-
tation may occur. Ultrasonic cavitation was first used to accelerate chemical
reactions in 1927 [44]. Since then, several papers have been published on a wide
range of applications of ultrasonic cavitation. For example, chemical reactions
[45, 46], homogenization [47, 48], cell disruption [49, 50], dentistry [51] among
other niche applications such as imaging of foetus [52] and physiotherapy [53].
A recent book edited by Ashokkumar [54] provides an excellent compilation
on ultrasonic cavitation and its applications. Despite several published studies
on numerous applications, industrial applications of ultrasonic cavitation are
rather limited barring a few exceptions. This may be because of inability to
distribute cavitation zones in a reactor volume, metal contamination in horn
type of reactors, very low energy efficiency and high capital as well as operating
costs [55].



1.2 Hydrodynamic Cavitation Devices

Unlike ultrasonic cavitation, hydrodynamic cavitation by its nature is more
amenable for scaling up and for industrial scale implementation. Hydrodynamic
cavitation is realized by forcing liquid to flow through specifically designed fluidic
devices which are configured in such a way that a single or multiple low pressure
zones are realized. Cavities are generated in such low pressure regions and travel
with the flowing liquid. Typically, flow in these devices is in the turbulent regime.
The inception of cavitation may therefore happen even when time averaged local
pressure is higher than vapor pressure. When cavities traveling with liquid are
exposed to higher pressures and turbulent pressure fluctuations, these cavities
collapse and can be harnessed for achieving desired physico-chemical transforma-
tions. Hydrodynamic cavitation has all the desired attributes required for successful
implementation in industrial processes. In last two decades, there is tremendous
interest in developing and applying hydrodynamic cavitation based processes. Sev-
eral examples of such applications are cited at the beginning of this chapter. Though
the idea of generating low pressure zones and thereby realizing cavities which may
be harnessed for desired application looks simple, the lack of systematic basis for
designing hydrodynamic cavitation devices and lack of understanding of how to
simulate physico-chemical effects of generated cavities in such devices is a bottle-
neck. This book attempts to provide systematic framework for developing devices,
design approaches and applications of hydrodynamic cavitation. The following
section provides a general introduction to hydrodynamic cavitation devices.

1.2 Hydrodynamic Cavitation Devices

Hydrodynamic cavitation devices can be broadly classified into two types, namely,
with and without moving parts (Figure 1.3). Devices with moving parts usually
involve a rotor - an impeller rotating at high speed and a stator with a small
clearance between rotor and stator. The surface of rotor or stator may have dents
or dimples of appropriate size, shape and depth which facilitate generation of
low pressure regions and consequently, cavitation. The inception and extent of
cavitation depends on specific configuration of rotor — stator, rotating speed and
net flow rate of liquid through the device. See for example Petkovsek et al. [56]
and Garlicka et al. [57]. Rotor-stator based cavitation devices are expensive, energy
intensive and require maintenance leading to higher operational costs. Despite the
limitations, rotor-stator based devices have been proposed and used for wastewater
treatment [58] and for biomass pre-treatment [59].

Hydrodynamic cavitation devices without any moving parts are designed to gen-
erate low pressure zones within the device by manipulating the flow field. Typically,
realizing high velocity zones by virtue of geometric configuration of device gener-
ates desired low pressure. Broadly speaking, such passive hydrodynamic cavitation
devices either use small constrictions and linear flow through these constrictions
or use strongly swirling flows for generating low pressure regions. Typical examples
of such devices and corresponding pressure profiles are shown schematically in
Figure 1.4. The presence of small constrictions used in linear flow based device may
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Figure 1.3 Classification of hydrodynamic cavitation devices.

pose a risk of clogging when handling liquids containing suspended solids (which is
not uncommon for many wastewater or other biomass pre-treatment applications).
In such devices, the cavitation bubble collapse occurs near the walls and therefore
devices are susceptible to erosion [38]. Swirling flow based devices developed by
Ranade et al. [61] overcome some of these disadvantages. In these vortex based
devices, the flowing fluid enters the circular chamber tangentially, leading to a free
vortex flow. When the free vortex is converted to a forced vortex at the axial port
exit, cavitation is generated. The mode of generation of cavities in vortex based
devices involve a swirl flow and therefore does not require very small constrictions
and generate cavities in the core of the flowing liquid [38]. Such devices are much
less susceptible to clogging than conventional orifice or venturi based devices.
More importantly, the cavity collapse occur in the vortex core of the flowing fluid.
This naturally shields the device walls from erosion. It is also possible to develop
passive hydrodynamic cavitation devices by combining swirling and linear flows.
For example, a commercially available cavitation device, Dynaswirl [62] or use of
inline swirlers by Simpson and Ranade [38]. However, such devices still are based
on small constrictions and therefore may inherit some of the disadvantages of
conventional linear flow based devices.

Newer hydrodynamic cavitation devices are being developed and several attempts
are being made to commercialize these devices. For example, Biobang/Cavimax
(www.biobang.com) is commercializing rotor — stator based devices, HyCa Tech-
nologies (www.hycator.com) is commercializing linear flow based devices, VIVIRA
Process Technologies (www.vivira.in) is commercializing vortex diode as well as
hybrid devices based on in-line swirler designs. It is important to develop systematic
basis for comparing such different devices.

Apart from the geometric configuration of the hydrodynamic cavitation devices,
selecting an appropriate range for operation is also important. In all such hydrody-
namic cavitation devices, the inception of cavitation occurs at a certain flow rate
which is a function of device design, characteristic of liquid, presence of suspended
solids or dissolved gases and operating temperature. As the flow rate increases,
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extent of cavitation increases up to a certain limit. Beyond a certain threshold,
choked cavitation is realized. This is schematically shown in Figure 1.5.

For appropriate selection of geometric configuration and operating conditions of
hydrodynamic cavitation devices, it is essential to develop an ability to quantitatively
simulate cavitating flows in such devices and thereby estimate overall process perfor-
mance, facilitate optimisation and scale-up. Development of computational models
for simulating performance of cavitation devices is not straight forward primarily
because of existence of a wide range of spatio-temporal scales (single cavity with
characteristic scales of ~107° m, ~10~* s to cavitation device scale of ~10° m, ~10° s).
Different types of models have been proposed and used in previous studies. Flow
models range from a single cavity (for example, Gireesan and Pandit [63], Pawar et al.
[64], and Pandit et al. [32]) to device scale computational fluid dynamics models (for
example, Simpson and Ranade [65]). For estimating overall performance, typically
reaction engineering models are used (Holkar et al. [6], Ranade and Bhandari [7],
and references cited therein). Many such studies use and report pseudo-first order
rate constants to describe performance of hydrodynamic cavitation process/device
(for example, Rajoriya et al. [66], Capocelli et al. [67], and Saharan et al. [68]). Use of
such a pseudo-rate constant which is a function of cavitation device configuration,
operating conditions and number of passes through cavitation device is rather mis-
leading and cannot be used to compare different cavitation devices. Some attempts
have also been made to develop empirical correlation of performance with design
and operating parameters (for example, see Sharma et al. [69]). However, such cor-
relations have very limited applicability considering a wide variety of devices being
used in practice. Detailed multi-scale or multi-layer computational fluid dynamics
(CFD) models may potentially help to develop an ability to make quantitative simu-
lations of flow and performance of hydrodynamic cavitation devices. The previously



1.4 Organization of the Book

published studies on flow models may be broadly categorized into two groups: the
first group focuses on detailed flow characteristics rather than performance of cav-
itation device/process (see for example, Ma et al. [70] and Hsiao et al. [71]). The
second group focuses on simulating performance of cavitation devices using rather
simplified CFD models (see for example, Capocelli et al. [72]). It is important to sys-
tematically present designs of hydrodynamic cavitation devices, experimental set-up
required to evaluate performance of such devices and a suite of computational mod-
els useful for simulating hydrodynamic cavitation devices and processes based on
those devices. In this book (Part 1), such an attempt is made. A brief introduction to
applications of hydrodynamic cavitation is included in the following section.

1.3 Applications of Hydrodynamic Cavitation

As discussed earlier, hydrodynamic cavitation involves rapid phase change and
generation of localized high pressure and temperature regions. Intense shear
and high velocity jets as well as strongly oxidizing radicals are generated. These
physico-chemical effects of cavitation can be harnessed for a variety of applications.
Large number of studies reporting applications of hydrodynamic cavitation may be
broadly classified into three groups as shown in Figure 1.6.

Several reviews listing these applications have been published. For example, see
recent reviews by Tao et al. 73], Carpenter et al. [5], Albanese et al. [74], Holkar et al.
[6], Panda et al. [75], Sun et al. [76] and Mancuso et al. [77]. Most of these reviews
however primarily list various applications and provide only cursory information
and therefore not very useful. Three major applications of hydrodynamic cavitation
are wastewater treatment, water disinfection and pre-treatment of biomass. In this
book, we have included dedicated chapters for these three applications. These pri-
marily harness generation of oxidizing radicals as well as intense shear via cavity col-
lapse. We have also summarized other applications. However, an attempt has been
made to connect those applications of hydrodynamic cavitation to device design and
wherever possible to modeling. The goal is not just to list the applications but provide
adequate information to the reader so as to facilitate further work or implemen-
tation in practice. Each application, of course, will require corresponding domain
knowledge and it is not possible to include all the intricacies with respect to numer-
ous applications. However, an attempt is made here to present generic approach
while discussing selected applications so that the approach may be adapted for appli-
cations not included in this book. The overall organisation of the book is briefly
discussed in the following section.

1.4 Organization of the Book

The information in this book is organized to facilitate systematic understanding
of hydrodynamic cavitation. The focus is on providing adequate framework for
design of hydrodynamic cavitation devices, modeling of processes based on such

11
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Figure 1.7 Organization of the book.

devices (experimentally as well as computationally) and developing applications
of hydrodynamic cavitation. We have restricted the scope of this book to primarily
discuss hydrodynamic cavitation realized by passive devices (without any moving
parts). The material in this book is organized mainly in two parts (see the overall
structure shown in Figure 1.7).

The first part presents design aspects of hydrodynamic cavitation and the second
part presents various applications. These two parts precede with this introductory
chapter. The last chapter on summary and outlook is included after the second part.

The first part comprises four chapters. Chapter 2 covers flow characteristics of
hydrodynamic cavitation devices based on linear or axial flows. This primarily
includes two most widely used cavitation devices namely orifice and venturi. Over
the years, significant experimental data and information on these two devices have
been accumulated. This chapter presents detailed computational fluid dynamics
based models to provide useful insights and discuss various key design parameters
of such cavitation devices. Some of the disadvantages of these linear flow based
devices are highlighted. Hydrodynamic cavitation devices based on swirling flows
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are discussed in Chapter 3. The advantages realized by using swirling flows are
highlighted. CFD models are used for bringing out key characteristics and key
design parameters. Together these two chapters will provide adequate information
on development and application of CFD models for simulating flow characteristics
of hydrodynamic cavitation devices and clearly bring out the key design parameters.
The presented discussion will not only be useful for further improvement and
optimisation of devices discussed in this book, but will also be useful for developing
new and better hydrodynamic cavitation devices.

Chapters 4 and 5 provide ways of experimentally characterizing various hydrody-
namic cavitation devices and computationally modeling performance of processes
based on cavitation devices, respectively. Key components of typical experimental
set-up required to characterize and quantify performance of hydrodynamic cavita-
tion devices are discussed in Chapter 4. Some of the common pitfalls in designing
the experimental set-up are highlighted and recommendations to avoid these are
included. The experimental investigations are mainly carried out to identify first
inception of cavitation and then quantification of performance. Brief discussion on
planning and executing such experiments on inception and quantification of per-
formance is included. Specific recommendations are discussed. Chapter 4 and refer-
ences cited therein will provide useful information for designing experimental set-up
and carrying out experiments to characterize hydrodynamic cavitation devices.

Computational models for interpreting experimental data on performance of
hydrodynamic cavitation devices and processes are discussed in Chapter 5. The
processes based on hydrodynamic cavitation essentially use generated shear,
localized hot spots, and hydroxyl radicals for realizing various physico-chemical
transformations. Various approaches ranging from empirical models to rigorous
multi-layer computational models for modeling hydrodynamic cavitation based
transformation processes are discussed. Large number of studies use the empirical
approaches - either based on effective rate constant or per-pass performance factor
where these empirical parameters are obtained using the experimental data. These
models are discussed in detail and compared with each other. A brief discussion
on recently published studies about the possibility of developing Artificial Neural
Networks (ANN'’s) based models is also included. After discussing these empirical
models, physics based models starting with a single cavity to multiphase applica-
tions based on hydrodynamic cavitation are presented. A need for simultaneous
application of multiple modeling approaches is highlighted. Some comments on
future outlook and further advances in modeling of hydrodynamic cavitation based
processes are also included.

The second part of the book presents various applications of hydrodynamic cavi-
tation. Three major applications namely disinfection of water, wastewater treatment
and pre-treatment of biomass are discussed in Chapters 6, 7, and 8, respectively.
Chapter 6 is dedicated to discuss investigations of hydrodynamic cavitation based
disinfection of water. Safe drinking water is important to mankind and quality of life,
thus the disinfection of water by efficient processes becomes pertinent. This chapter
discusses the advantages that cavitation could offer over conventional techniques.
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Here the possibility of the technology as a standalone process to break down harmful
microorganisms is discussed. Studies which have investigated the possibilities to
enhance the performance of the cavitation process with hydrogen peroxide, ozone
and aeration are discussed. Recent investigations to enhance the cavitation based
disinfection with natural oils are discussed. The discussion will be useful for har-
nessing hydrodynamic cavitation for the disinfection of water with no or minimal
use of other chemicals.

Chapter 7 discusses the wastewater treatment application. Water serves many
functions in manufacturing industries and eventually ends up as wastewater. The
contaminated and pollutant containing wastewater may have significantly higher
chemical oxygen demand (COD) than permissible limits. It is therefore essential
to treat such wastewater for oxidizing pollutants/species causing higher COD.
Application of hydrodynamic cavitation which generates strongly oxidizing radicals
for treating wastewater is discussed in Chapter 7. Published studies are critically
reviewed to identify key process parameters and their influence on overall per-
formance. These process parameters include operating temperature, pH, pressure
drop across cavitation devices and initial COD levels. Possible ways of augmenting
performance of hydrodynamic cavitation including use of aeration, addition of
hydrogen peroxide or ozone and photocatalysis have also been briefly discussed.
The discussion will be useful for developing intensified wastewater treatment
processes based on hydrodynamic cavitation.

Application of hydrodynamic cavitation for enhancing valorisation of lignocel-
lulosic biomass is discussed in Chapter 8. The key step in any such valorisation
process of biomass is pre-treatment, which opens up complex lignocellulosic
matrix and makes the cellulose and hemicellulose accessible for further chemical
or biochemical process steps. Hydrodynamic cavitation can be used as a stand
alone pre-treatment method or as a tool for intensifying other chemical based
pre-treatments. Use of hydrodynamic cavitation for two key application areas
namely bioethanol and biogas production is discussed. Key aspects are reviewed
and influence of important process parameters on overall performance are brought
out. The discussion will be useful for exploiting hydrodynamic cavitation for
valorisation of a variety of complex biomass resources. Some comments on how
hydrodynamic cavitation based bio-refineries may be developed are also included.

It is impossible to include every application of hydrodynamic cavitation in any
book. Attempt is made here to present a generic approach towards development
and optimisation of applications using hydrodynamic cavitation. Beyond these
three major applications, additional applications are grouped by fundamental types
such as gas-liquid, liquid-liquid and solid-liquid in Chapter 9. These applications
namely floatation, oxidative desulphurization, emulsification, biodiesel production,
cavi-crystallization and nano-particle generation are briefly reviewed. The key
issues in the conventional processing are identified, the role of hydrodynamic
cavitation is suggested, and the key studies in these application areas are provided
as a directive to the reader.

In the last chapter of the book (Chapter 10), the current state of art on design
of hydrodynamic cavitation devices and processes is summarized. A need for
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developing better multi-scale models and multi-layer models is emphasized. Need
to develop appropriate verification, validation and model calibration practices is
discussed. The lessons learnt from our experience of applying computational flow
modeling to hydrodynamic cavitation based processes are briefly summarized.
Some comments on selecting right level of complexity and modeling approach are
included. Availability of non-invasive sensors such as acoustic sensors, real-time
data processing, advances in multiphase flow modeling and machine learning may
open up opportunities for developing high-fidelity computational models of hydro-
dynamic cavitation based processes. Besides comments on design and modeling,
some discussion on current trends and outlook on hydrodynamic cavitation based
applications are included. We hope that this book provides a framework and useful
guidelines for harnessing hydrodynamic cavitation for a wide range of applications.
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