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i. Brief objectives of the project:
1)

Systematic theoretical investigation into the insight of cavitational effects on the physical

processing applications viz. emulsification and atomization
2)

Investigating the effect of different equipment and operational parameters with an aim of

arriving at optimum combination for performance enhancement
3)

Experimental investigations in different reactor types over a range of capacity of operation

so as to understand the scale up strategies
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Development of prototypes assisted by ultrasonic atomization and testing the efficacy of the

same for different systems of commercial importance
5)

Mapping of the cavitational activity in large scale reactors, using experimental as well as
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ii. If the project has been completed, please enclose a summary of the findings of the study.
Summary of the work (Detailed report on the project is attached separately along with copy of
the published paper)
The present project investigated the process intensification aspects of two physical processes of
atomization, and emulsification using different cavitation based reactors. Measurements of the
droplet size distribution in an ultrasonic atomizer were performed using photographic analysis
with an objective of understanding the effect of different equipment parameters such as the
operating frequency, power dissipation and the operating parameters such as the flow rate and
liquid properties on the droplet size distribution. It has been observed that the droplet size

decreases with an increase in the frequency of atomizer. Droplet size distribution was found to
change from the narrow to wider range with an increase in the intensity of ultrasound. The drop
size was found to decrease with an increase in the fluid viscosity. An empirical correlation for
the prediction of the droplet size has been developed based on the liquid physicochemical and
equipment operating properties.
Intensification of emulsification using high power ultrasonic processors and hydrodynamic
cavitation has been studied with investigations related to the effect of different parameters of
ultrasound and compositions on the stability and droplet size of emulsion. Coconut oil in water
emulsion has been chosen to study the effect of varying parameters and stability during the large
scale preparations. Two types of emulsifying agents namely Tween 80 and Span 80 were used to
prepare stable emulsions and investigate the effect of emulsifying agent volume fraction on the
emulsion droplet size. Power per unit volume of emulsion has been considered to compare the
efficacy of the different ultrasonic processors for preparation of emulsions. Different types of
cavitating devices such as circular venturi and slit venturi have been used in this study related to
use of hydrodynamic cavitation reactors. Effect of different operating parameters such as inlet
pressure and number of passes of the emulsion on the droplet size and stability of emulsion has
been investigated. The emulsification process has been investigated over capacity of 50 ml to 5 L
using high power ultrasonic processor and hydrodynamic cavitation. Zeta size analyzer has been
used to measure the droplet size and distribution of internal phase of emulsion.
Keywords: Atomization, Ultrasonic irradiation, Size distribution, Newtonian fluid, Image
analysis, Ultrasonic emulsification, nano emulsions, Scale up, Hydrodynamic Cavitation
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iii. Has the progress been according to original plan of work and towards achieving the objective,
if not, state reasons:
The progress of the research project is as per the plan and investigations related to both the physical
processing applications (atomization and emulsification) have been completely investigated with
satisfactory results.

iv. Please indicate the difficulties, if any, experienced in implementing the project
There have been some difficulties in developing proper analytical techniques for the determination of
droplet size distribution. The photographic technique which has been developed for the first time to
monitor the size of droplets and the velocity needed to be optimized with respect to the correct
procedure for capture of droplets and determination of the size distribution and the velocity of ejection
of the drops. The difficulties were mainly related to the novelty of the project and were dealt with
proper optimization and modification in the experimental methodologies.

vii. Any other information which would help in evaluation of work done on the project. At the
completion of the project, the report should indicate the output, such as (a) Manpower trained
(b) Ph. D. awarded (c) Publication of results (d) other impact, if any
There was no student receiving any fellowship under this program, but the student working
on the project was enrolled for Ph.D. (Tech) and received fellowship under the UGC-SAP
program in the Chemical Engineering Department, funding for which is also gratefully
acknowledged. He was trained on the novel aspects related to application of ultrasound
and based on the project outcomes and training, he could secure a Post Doctoral
Fellowship in Ireland.
A student from NIT also worked on part of the project under the summer research program jointly
run by IASc, INSA and NASc
One paper has been published in International journal of high repute with impact factor of 3.5
and a copy has been attached with this report. The exact title of the paper is “Investigations into

ultrasound induced atomization”. In addition, a presentation was also made in the
CHEMCON, 2011, which is the annual congress of the Indian Institute of Chemical
Engineers. Two papers are currently being finalized and efforts will be made to publish in
international journals of high repute. The copies of published papers will be sent to the
commission in due course.
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11. OBJECTIVES OF THE PROJECT:
1)

Systematic theoretical investigation into the insight of cavitational effects on the physical

processing applications viz. emulsification and atomization
2)

Investigating the effect of different equipment and operational parameters with an aim of

arriving at optimum combination for performance enhancement
3)

Experimental investigations in different reactor types over a range of capacity of operation

so as to understand the scale up strategies
4)

Development of prototypes assisted by ultrasonic atomization and testing the efficacy of the

same for different systems of commercial importance
5)

Mapping of the cavitational activity in large scale reactors, using experimental as well as

theoretical approach, with an aim of identifying the cavitational activity distribution in the system

12. WHETHER OBJECTIVES WERE ACHIEVED (GIVE DETAILS) and IMPORTATANT
ACHIEVEMENTS FROM THE PROJECT
The objectives related to optimization of the operating parameters and investigations in different

equipments operating at varying scales have been achieved. The important achievements from
the project are as follows:
A novel approach has been used in this study to explain the phenomena of atomization. The
dependency of the controlling mechanism of atomization based on cavitation hypothesis and
capillary wave hypothesis has been explained by using photographic analysis. Capillary wave
hypothesis based atomization was only observed at very low flow rates of the liquid and low
ultrasonic power whereas cavitation was the controlling mechanism at higher frequencies and
higher power dissipation levels which was confirmed with the measurements of the velocity of
the ejected droplets from the surface of the atomizer. The drop ejection velocity was observed to
increase with an increase in the power dissipation attributed to the enhanced cavitational effects.
Apart from the equipment operating parameters, droplet size was also observed to significantly
depend on the liquid phase physicochemical properties such as surface tension and viscosity or
the type of rheological behaviour. The droplet size distribution was also strongly dependent on
the flow rate of the liquid and it was established that the distribution becomes wider with
increasing liquid flow rate and two peaks were observed attributed to the formation of secondary
droplets. A new correlation based on the all parameters using non-dimensional numbers has been
proposed which gives a good fit to the experimental data as indicated by the parity plot. Overall
it can be said that a proper control of the equipment operating parameters (flow rate, frequency
and power dissipation) and the liquid physicochemical properties (type of the liquid, surface
tension and viscosity) is required to achieve the desired droplet size distribution with the required
mean size.
Ultrasonic emulsification has been studied under various operating and equipment parameters.
Suitable emulsifying agent with required HLB value has been used to prepare stable emulsion.
Stability of emulsion has been ensured using the stability studies of emulsion and the required
values of operating parameters have been established. A decrease in the droplet size of emulsion
has been observed and also appearance of emulsion turned from opaque to transparent with an
increase in the emulsification time and emulsifying agent volume fraction. Increase in droplet
size has been observed with increase in volume fraction of internal phase. Study has been
conducted using different ultrasonic processing equipment with varying capacity and rated
power. A decrease in droplet size has been observed with an increase in the power density.
Ultrasonic power density has been used to compare the emulsification process on droplet size for
all types of equipment. It has been concluded that high power ultrasonic processor can be
effectively used for the intensification of emulsification.
Emulsification of coconut oil in water has also been studied using hydrodynamic cavitation
investigating the effect of different parameters on the droplet size and stability of emulsion.
Hydrodynamic cavitation has been used effectively at large scale operation and the formation of
nano size emulsion has been confirmed. Minimum droplet size of 170nm has been observed at
volume fraction of emulsifying agent as 0.11 and internal phase volume fraction of 0.1. It has
been concluded from the results that the inlet pressure has beneficial effect on the droplet size of
emulsion and it was observed that there is a decrease in droplet size with an increase in inlet

pressure attributed to an increase in cavitational events. Slit venturi has more pronounced effect
on droplet size reduction as compared to the circular venturi. Lower number of passes were
required to form stable emulsion in the case of slit venturi as compared with circular venturi.
Appearance of emulsion changed from white color to translucent as the number passes increased
confirming typical nano emulsion behaviour.
13. SUMMARY OF THE FINDINGS ( IN 500 WORDS )
The present project investigated the process intensification aspects of two physical processes
of atomization, and emulsification using different cavitation based reactors. Measurements of the
droplet size distribution in an ultrasonic atomizer were performed using photographic analysis
with an objective of understanding the effect of different equipment parameters such as the
operating frequency, power dissipation and the operating parameters such as the flow rate and
liquid properties on the droplet size distribution. It has been observed that the droplet size
decreases with an increase in the frequency of atomizer. Droplet size distribution was found to
change from the narrow to wider range with an increase in the intensity of ultrasound. The drop
size was found to decrease with an increase in the fluid viscosity. An empirical correlation for
the prediction of the droplet size has been developed based on the liquid physicochemical and
equipment operating properties.
Intensification of emulsification using high power ultrasonic processors and hydrodynamic
cavitation has been studied with investigations related to the effect of different parameters of
ultrasound and compositions on the stability and droplet size of emulsion. Coconut oil in water
emulsion has been chosen to study the effect of varying parameters and stability during the large
scale preparations. Two types of emulsifying agents namely Tween 80 and Span 80 were used to
prepare stable emulsions and investigate the effect of emulsifying agent volume fraction on the
emulsion droplet size. Power per unit volume of emulsion has been considered to compare the
efficacy of the different ultrasonic processors for preparation of emulsions. Different types of
cavitating devices such as circular venturi and slit venturi have been used in this study related to
use of hydrodynamic cavitation reactors. Effect of different operating parameters such as inlet
pressure and number of passes of the emulsion on the droplet size and stability of emulsion has
been investigated. The emulsification process has been investigated over capacity of 50 ml to 5 L
using high power ultrasonic processor and hydrodynamic cavitation. Zeta size analyzer has been
used to measure the droplet size and distribution of internal phase of emulsion.

14. CONTRIBUTION TO THE SOCIETY (GIVE DETAILS)
The physical processing applications investigated in the work have greater impact on food
processing industries and hence the results have direct impact on society. The presented results
would be important to get better quality food products and also at times requiring lower energies
for the processing. This would benefit the processing industries increasing the productivity and
hence will have a greater impact on the society. The success of the emulsification process that

may be reacting or non-reacting, depends on the ability to generate high interfacial area by an
equipment economically. Use of cavitating conditions have been proven to generate turbulent
conditions in the system which should lead to creation of stable emulsion of very fine droplets.
The results generated in the work in terms of optimized operating parameters are equally
applicable to food processing and cosmetic formulations as well.
Similarly, the advantage of the smaller, uniform and low momentum droplets formed due to
ultrasonic atomization can be taken into consideration to develop novel systems for the spray
drying and coating operations. The presented results are useful for design of large scale
equipments and the selection of important operating parameters for the energy efficient operation
leading to societal benefits.
Thus the proposed project has given results with interdisciplinary relevance and generated
design related information ready for commercial exploitation. Also the scale up studies should
build the required degree of confidence for developing prototypes ready for industrial
applications.
15.

WHETHER ANY PH.D. ENROLLED/PRODUCED OUT OF THE PROJECT:

There was no student receiving any fellowship under this program, but the student working on
the project was enrolled for Ph.D. (Tech) and received fellowship under the UGC-SAP program
in the Chemical Engineering Department, funding for which is also gratefully acknowledged. He
was trained on the novel aspects related to application of ultrasound and based on the
project outcomes and training, he could secure a Post Doctoral Fellowship in Ireland.
A student from NIT also worked on part of the project under the summer research program jointly
run by IASc, INSA and NASc

16.

NO. OF PUBLICATIONS OUT OF THE PROJECT ( PLEASE ATTACH)

One paper has been published in International journal of high repute with impact factor of 3.5 and
a copy has been attached with this report. The exact title of the paper is “ Investigations into

ultrasound induced atomization”. In addition, a presentation was also made in the
CHEMCON, 2011, which is the annual congress of the Indian Institute of Chemical Engineers.
Two papers are currently being finalized and efforts will be made to publish in international
journals of high repute. The copies of published papers will be sent to the commission in due
course.

(PRINCIPAL INVESTIGATOR)

VICE CHANCELLOR
(Seal)
Detailed Report

1.0 Introduction to the Proposal:

Cavitation as a means of intensification of chemical reactions has gained considerable
attention in the past 20 years. Reactions, which are otherwise slow or do not occur at ambient
conditions are known to speed up by 5 to 100 times or made to occur at ambient conditions
with the help of cavitation. The main reasons behind the observed intensification of the
chemical reactions has been attributed to the cavitational effects such as generation of local
hot spots, local turbulence, particle breakage and creation of additional surface areas,
generation of free radicals and enhanced mass transfer rates in multiphase systems. Some of
these effects can be equally applicable for performance improvement in the physical
processing applications such as emulsification, atomization and crystallization. A detailed
analysis of the existing literature indicates that there have been very little systematic
investigations into the effects of cavitation phenomena on the performance of these
applications. The lack of work on process intensification of emulsification and atomization
operations, which have significant impact on the chemical processing industries, has led us to
formulate a well defined strategy for investigation into the insight of the effects of cavitating
conditions in the present project proposal. The targeted objectives of the project are as
follows:
1)

Systematic theoretical investigation into the insight of cavitational effects on the

physical processing applications viz. emulsification and atomization
2)

Investigating the effect of different equipment and operational parameters with an aim

of arriving at optimum combination for performance enhancement
3)

Experimental investigations in different reactor types over a range of capacity of

operation so as to understand the scale up strategies
4)

Development of prototypes assisted by ultrasonic atomization and testing the efficacy

of the same for different systems of commercial importance
5)

Mapping of the cavitational activity in large scale reactors, using experimental as well

as theoretical approach, with an aim of identifying the cavitational activity distribution in the
system
The details of the experimental methodology along with the obtained results have been now
discussed for the atomization and emulsification operations.
2.0 Ultrasonic Atomization
Liquid atomization is the process by which a liquid film or sheet subjected to a sufficient
surface disturbance in the normal direction gets separated from the surface or splits into small
droplets like a fog or mist in the gas phase. Atomization of liquids is important in many
industrial processes like spray drying, film coating, spray cooling, incineration and
combustion of liquid fuel and wastes, preparation of fine powders, making emulsions etc. In
most of these applications, it is desired to have the droplets of required size distribution.

Various types of atomization processes have been practiced, which can be classified based on
the mode of transfer of energy to disturb the surface of the liquid sheet. Mechanical or
conventional atomization processes, like the two fluid atomization, pressure atomization and
spinning disk atomization, use mechanical energy to pressurize the liquid sheet or increase its
kinetic energy for possible disintegration in the form of droplets. These processes require
more energy (compared to the additional surface generation) and have no control on the final
droplet size and the velocity with which the droplet is ejected. Thus, it is important to develop
newer processes with an objective of yielding desired droplet size distributions in an energy
efficient manner. One of the approaches available for achieving better droplet size distribution
is based on the use of ultrasonic irradiations for inducing atomization. Unlike conventional
atomization, ultrasonic atomization can be more energy efficient and requires only electrical
energy being transmitted to a piezoelectrically vibrating disk. There are no moving parts and
only mechanical vibrations generated by the supplied electrical energy are used for the
generation of the droplets.
Ultrasonic atomization is the ejection of fine droplets from a liquid film formed on an
ultrasonically vibrating surface. The ejection of the droplets from a vibrating surface has been
explained by a combination of two major hypothesis viz. capillary wave hypothesis and
cavitation hypothesis. Capillary wave hypothesis, which can be observed visually, considers
the formation of capillary waves composed of crests and troughs on the vibrating surface.
Cavitation hypothesis indicates that droplet formation is controlled by cavitation, a
phenomenon which is basically the formation of cavity in the liquid film on the surface of
atomizer. Collapse of these bubbles, especially near the surface, result in direct ejection of the
droplets and hence the velocity of ejection will be substantially higher due to the kinetic
energy (propagation of a shock wave) dissipation by the cavitational events.
A careful analysis of the earlier works indicates that all the studies have been with a single
frequency operation and hence the effect of frequency on the atomization process has not
been well established. Also, the mechanistic studies to clearly explain the controlling
mechanisms as a function of the operating parameters have not been physically or visually
illustrated. The current work investigates the actual phenomena of the ultrasonic atomization
by capturing the actual process of the formation of droplets using photographic analysis. The
dependency of the ejection velocity of droplets on the operating parameters most importantly
on the vibrational amplitude of the atomizer tip has also been established for the first time to
the best of our knowledge. In addition, a careful analysis of the obtained data has been done to
develop an empirical correlation for the prediction of the droplet size as a function of
important operating parameters such as ultrasonic power, frequency, liquid physicochemical
properties and atomizing liquid flow rate.

2.1 Materials and Methods:
Experiments were mainly carried out using different liquids as mentioned in the table 1 along
with their physicochemical properties. Distilled water was mainly used as the Newtonian
liquid, with some studies using the glycerol-water mixture so as to investigate the effect of
viscosity (Newtonian fluids) and using water-methanol mixture to investigate the effect of
surface tension and altering the cavitational conditions and events. Aqueous solution of
Carboxyl methyl cellulose has also been used as a non-Newtonian liquid for investigating the
effect of the rheological properties of liquid. Brook field viscometer was used for the
measurement of viscosity of the solution. Pendant drop test was used to measure the surface
tension of the liquid by photographing the pendant drop of liquid which makes an angle of
contact with a known diameter pipe.
Three different atomizers were used in the present work with different frequencies viz.20 kHz
(Model VC5020 procured from Sonics and Materials Inc., USA) atomizer with circular
irradiating surface diameter of 0.0145m; 40 kHz (Model VC5040 from Sonics and Materials
Inc., USA) with circular irradiating surface diameter 0.015mand a 130 kHz atomizer
(SP130K50ST procured from SONAER Inc. USA) with conical irradiating surface area of
7.6×10-6m2. Each atomizer generator has a provision to adjust the power (W) delivered to the
tip with a display of the same on the digital meter. Maximum power dissipation for the 20, 40
and 130kHz atomizers were 25W,15W and 9W respectively. The maximum power dissipation
was observed in the case of higher liquid flow rate and for liquid with higher viscosity, where
it was observed that the atomizer requires more power to atomize the liquid. ENERTECHMumbaiperistaltic pump was used to dispense the liquid on to the atomizer surface at a
predetermined volumetric flow rate.
A typical ultrasonic atomizer as shown in Fig.1 consists of a vibrating plate with a concentric
hole for the spread of the introduced liquid. The plate is connected to the electric generator,
which has a provision to vary the power delivered to the atomizer tip by varying the
percentage amplitude of the output power from the generator. Liquid is delivered on the
atomizer tip through the concentric hole using a peristaltic pump.
A novel technique has been used to measure the droplet size and velocity of ultrasonically
atomized liquid. Falling droplets from atomizer tip were photographed using Canon1000D
camera attached with a 60mm macro lens (Canon India Ltd) with high shutter speed (1/4000s)
so as to freeze the droplets as they were ejected. Freezing using the higher shutter speed can
be done for all the droplets either generated in the conditions governed by the capillary
phenomena or from cavitation phenomena. External flash gun was attached to the camera and
kept behind the flow of atomized droplets so as to give adequate light to capture the fast

moving droplets with higher shutter speeds. Atomizer is kept in wooden box (which is
covered internally with black cloth as a background for photography) to avoid the effect of
external atmospheric air currents on the movements of the ejected droplets. Atomization is
observed to be in a form of conical shape from the start to the end point as shown in theFig.1,
so it is difficult to capture all droplets in the path. Some droplets overlapped on one another
appearing as a cloud and droplets which are in front to the lens are focused well but the
droplets at the back appears blurred which is unsuitable for photographic analysis. To avoid
this, the atomized droplets are passed through a 3mm slit made by using an acrylic sheet kept
under the atomizer surface as shown in the inset of Fig.1.With this modification, the droplets
are captured with an f-stop number of f/18 to increase the depth of the focus field so as to
avoid the blurring of the photo. Velocity of these atomized droplets was measured by
photographing the droplets with lower shutter speed (1/250sec) so as to capture the droplets as
travelling streaks. Droplet streaks are filtered by the ratio of height to width as 5 and by the
angle of streak so as to remove the droplets which are at the back of the streaks appearing as
blurred spherical droplets as shown in the Fig.2 (a).Velocity of the droplet was calculated by
dividing this streak length (m) with the shutter speed in time(s). Image analysis technique has
been used to measure the droplet size and velocity using ImageJ and Fiji software. An ImageJ
macro program was written to intensify the process of measurement of drop size and with this
program all the processed data could be exported in excel sheet containing area of the
droplets, the ratio of minor axis to major axis, circularity and the equivalent diameter of the
droplets. Actual photographs taken with camera are with the resolution of 3888×2592 pixels
and any zooming of this image increases the blurring of the droplets. To increase the image
quality, image resolution was increased by 5times using ImageJ processing. The spherical
droplets were filtered using circularity between 0.8 and 1so as to minimize the error in the
droplet size measurement as shown in Fig.3a and 3b. Droplet size was then measured using 2dimensional circular area of each droplet. Sauter mean diameter was used to find the mean
diameter of all the droplets. In total, 1 to 2 million droplets have been used to find the average
Sauter mean diameter.
2.2 Important Results:
2.2.1 Confirmation of capillary wave and cavitation hypotheses.
The first objective was to establish the controlling mechanisms in the atomization
process. An attempt was made to capture the capillary waves on the surface of the 20 kHz
atomizer at different flow rates of liquid and 1W power input of ultrasound. Such low power
input creates the surface disturbance without the actual droplet ejection. Camera was placed
normally to the surface of the atomizer and small quantity of liquid was dispensed through the
concentric hole of the atomizer. It was observed that the capillary waves are successfully

captured as a mesh like regular structures with equal number of crests and troughs per unit
area as shown in the Fig.4. Based on the comparison of the obtained results for the 40 kHz
atomizer with those obtained from 20 kHz atomizer, it was established that the wavelength of
this crossed pattern of waves decreased with an increase in the frequency of ultrasound. For
20 kHz atomizer it has been observed that the wavelength is about 155µm and for 40 kHz
atomizer it is observed as 85µm. Based on the area occupied by square shape crests on the
atomizer surface, the number of capillary waves are quantified as 2666 crests on the 20 kHz
atomizer and 10440 crests on the 40 kHz atomizer. Droplet size is proportional to the
approximately half the wavelength of the capillary wave, which for 20 kHz atomizer is 72µm
and for 40 kHz atomizer, the wavelength is around 36µm. The proportional nature is always
true for the unstable rapid growing wavelengths and ejection of each droplet is originated
from the each wavelength. Studies with different amplitudes revealed that when the amplitude
of the ultrasound was above the threshold value required for atomization, droplet starts to
eject from the crests with low velocity. Some of the earlier works have attempted to capture
capillary waves on the surface of the atomizer but there was no information on the changing
patterns of the surface waves during the overall process of atomization or on the dependency
of the droplets as a function of frequency based on the capillary wave hypothesis. The current
work has been able to explain these features quantitatively and hence, is a significant
contribution in the understanding of the atomization process.
Cavitation is a micro level phenomenon which cannot be observed visually on the
surface of the atomizer but can be confirmed based on the fact that the droplets ejected from
the surface of the atomizer will be with much higher velocities due to the energy dissipation
during the cavitational events. This can be explained based on the fact that the formation of
the cavities near the surface of the atomizer and subsequent collapse of these cavities results
inthe release of substantial quantum of energy locally; so the droplets are ejected with
substantially higher velocities as compared to the low ejection velocity observed in the case of
capillary wave induced droplet ejection. Thus, depending on the controlling mechanisms
during the process of atomization, a significant difference in the velocity of the ejected
droplets will be clearly observed as depicted in the Fig.5 for the experimental studies with
higher frequencies at higher power dissipation. Another important observation made in the
case of high frequency (130 kHz) atomizer was that, the surface area occupied by the liquid
on the atomizer tip decreases due to decrease in length and width with an increase in the
frequency of atomizer making it difficult to capture the capillary waves on the surface. The
observed results and related discussion has clearly established the presence of two different
mechanisms responsible for the process of atomization i.e. capillary wave and cavitation, and
also revealed that proper selection of the frequency and power dissipation leads to a dominant

controlling mechanism resulting into a different type of droplets size distribution which can
be decided based on the specific application under question.
2.2.2 Effect of frequency of atomizer on the droplet size:
The effect of frequency of atomizer on the droplet size was investigated with
experiments in the atomizers operating at frequencies of 20, 40 and 130 kHz. The obtained
results have been shown in the Fig.6 and it can be seen that generally speaking the droplet
size decreases with an increase in the frequency of irradiation. The observed trend can be
attributed to the fact that a decrease in the wavelength with increasing frequency results in the
compression of the node and antinode points. The atomizing liquid is exposed to larger
number of compression events in the cycle resulting in a corresponding decrease in the
droplet size. As the frequency increases there is a decrease in the dimensions of atomizer and
surface area available for the formation of droplets. It has been also observed that the
threshold liquid flow rate limits for the atomization decreased with an increase in frequency.
Atomizer sensitivity also increases with frequency (130 kHz) as it shows a decrease in
maximum power (9W) delivered on the surface of the atomizer. The maximum flow rate for
the 130 kHz atomizer was observed to be 2 ×10-7m3/sec and above this atomization is not
observed indicating the requirement of more power.
2.2.3Effect of flow rate on the droplet size:
The observed variation in the droplet size with flow rate for the 40 kHz atomizer has
been shown in Fig.7a whereas the droplet size distribution has been shown in Fig.7b. It can be
seen from the figure that the droplet size (dp) increased with an increase in the flow rate (Q)
which can be attributed to an increase in the thickness of the liquid film formed on the surface
before actual atomization. During the atomization process, it has been observed that at flow
rates marginally above the critical flow rate required to completely wet the surface of the
entire atomizer tip, the liquid was spreading as a thin liquid film with number of capillary
waves composed of crests and troughs. At substantially higher flow rates of liquid and with
the conditions of the ultrasonic vibrations remaining the same, a thicker liquid layer was
formed on the atomizer surface leading to a deformation of the uniform capillary waves and
this irregular formation of capillary waves resulted in formation of droplets with higher
droplet size also resulting into widen size distribution. Any further increase in the flow rate
leads to the dripping of the liquid. Also it has been observed that the droplet size distribution
becomes broader with an increase in the flow rate validating earlier speculation or hypothesis.
2.2.4 Effect of ultrasonic power dissipation on droplet size:

The effect of ultrasonic power dissipation on the droplet size has been shown for the
representative case of 40 kHz atomizer in Fig.7a. It can be seen from the figure that the
droplet size increased with an increase in the power of ultrasound. Maximum droplet size was
observed at the conditions of higher flow rates with higher power dissipation. With an
increase in the power of ultrasound, the tip vibrational amplitude of the atomizer increases
leading to a change in the shape of atomization flow from radially outward to conical
downward. As the liquid spreads onto the entire surface of the atomizer at low power of
ultrasound, all the power delivered to the tip can be utilized by the liquid leading to a decrease
in the droplet size. On the contrary, at higher power of ultrasound, as the vibrational
amplitude increases thus immediately atomizing the liquid delivered on the surface without
allowing it to spread radially on the surface. This can be confirmed by the visual observation
of the conical flow structure at higher flow rates. Due to this phenomenon, some surface of
the atomiser is left unused and the external circular part of the atomiser is left exposed to
atmospheric air or is not wetted by the incoming liquid. Photos were taken to understand this
phenomenon for all conditions of flow rate and power. Intensity (I) was calculated as the
power utilized per unit area covered by the liquid using these photos. It was observed that as
the power increases operational intensity was increased because the area covered by the liquid
on the surface decreases.
In the case of 130kHz atomizer, the area covered by the liquid in all the cases was
same and all the area was utilized but it was observed that increased vibrational amplitude
also leads to an increase in the droplet size as the power increases. Delivered power shown by
the generator of 130 kHz ultrasonic atomizer fluctuated rapidly indicating substantially.
Velocity of the ejected droplets increased with an increase in the power of ultrasound which
can also be attributed to the increase in the vibrational amplitude of the atomizer tip as well as
an increase in the cavitational effects. Gravitational force also affects the kinetic energy of the
droplets for the size greater than 150µm when the motion of the flow is vertical. For the
applications like surface coating, it is not desirable to operate at high power conditions, as
bounce back of droplets after hitting a surface may cause to form irregularities on the surface
leading to non-uniform coating.
2.2.5 Effect of liquid phase viscosity on droplet size:
The observed variation in the droplet size with the liquid phase viscosity has been
shown in Fig.8 (a)(for the 20 kHz atomizer) and (b) (for the 40 kHz atomizer). It can be seen
from the figure that the droplet size marginally decreased with an increase in the liquid phase
viscosity. The observed results can be attributed to the fact that as the liquid viscosity
increases, atomizer requires more energy to disintegrate the liquid layer into droplets.
Initially, there was no immediate disintegration observed and the liquid layer remained on the

surface of the atomizer for a while before splitting into droplets. Thus, during the initial part,
no atomization occurred and the liquid was oscillating on the surface of the atomizer due to
the vibrational amplitude dissipating viscous energy and possible increase in the temperature
due to the same which was not observed in the case of lower viscous liquid like water. After
some time the temperature of the liquid layer on the surface increased due to the heat
dissipation by the cavitational events and then the liquid atomization was observed. Decrease
in droplet size was also observed from the sequence of photographs taken for constant flow
rate, frequency and power. The sauter mean diameter which was calculated using all the
droplets in 10photographs (for checking the reproducibility) was also observed to decrease. It
was also observed that the energy needed for the atomization of high viscous liquids was
more when compared to low viscous liquids (at the same liquid flow rates) and also when the
liquid viscosity increases above the threshold value, no atomization was observed.
In case of highly viscous liquids, the droplet size was also found to depend on the
operating frequency of the atomizer (results shown in Fig.8a and 8b). It was observed that the
droplet size for viscous solution of 40% glycerol (µ= 0.0035 Pa.s) for 20 kHz atomizer with
9W of power was low as compared to the 40 kHz atomizer at the same power. In this case for
a20 kHz atomizer, 9W of power was delivered for 40% amplitude of input power, where
liquid occupied the entire surface of the atomizer and liquid film thickness was low. In the
case of 40kHz atomizer, 9W of power could only be delivered with 80% amplitude, where the
liquid coming on the atomizer surface immediately gets atomized and had a thick layer on the
surface with a conical shape atomized flow, which will result in higher droplet size.
2.2.6 Effect of surface tension on the droplet size:
Effect of surface tension of liquids on the size of atomized droplet with varying
frequencies and flow rates has been shown in Fig.9a and 9b. It can be seen from the figure
that the droplet size decreases with a decrease in the surface tension for both the 20 and 40
kHz atomizers. A decrease in the surface tension leads to a decrease in the surface capillary
wave length and rise in number of capillary waves with higher amplitudes, ejecting the
droplet from crests immediately. Thus, the number of droplet ejection from a liquid film
increased with a corresponding decrease in the droplet size as the liquid flow rate is same.
This can be attributed to the fact that there has to be a conservation of the ultrasonic power
and liquid film surface energy with kinetic and surface energy of the liquid droplets created.
Thus, an increased kinetic energy of the liquid droplets will be associated with a decreased
size of the drops. Also, as the liquid film occupies a very thin layer on the vibrating surface
and nearly sticks to the surface of the atomizer, decrease in the surface tension is likely to
increase the immediate growth of vapour in the cavity bubbles. This leads to collapsing of
bubbles in thin liquid film on the atomizer surface to give droplets with lower size but are

ejected with a higher velocity. Observed higher velocity of the atomized droplets with low
surface tension gives the evidence to the immediate collapse of the cavitation bubble in the
liquid film.
2.2.7 Correlation to predict droplet size:
Based on the variations in the droplet size with different operating parameters (both
equipment as well as that of including physic-chemical properties and flow rates of the
liquid), an empirical correlation has been developed to predict the droplet size. The equation
development was done by incorporating all the experimental values in Polymath professional
software. Number of model equations were tried to get a good fit for the experimental data.
As an initial approximation, a simplest approach was based on fitting a correlation assuming
power law variations for the independent variables (Q, µ, σ, ρ, f, I) and the obtained
correlation with the best fit has been given as follows:

(Range of variables as Q=2.52×10-08 m3/sec, f = 20kHz to 130 kHz, ρ = 912 to 1151 kg/m3, σ
= 0.029 to 0.073 N/m. µ = 0.00089 to 0.088N.s/m2,I = 15907.66 to 913752.9 W/m2)
This equation, though gives a good fit (R2= 0.84) to the existing data, had limitations in terms
of the dependency on the actual value of the variable and does not use non-dimensional
numbers. With an objective of obtaining a cumulative effect of the parameters, a correlation
including the dimensionless numbers was attempted using polymath software. The developed
correlation with R2 = 0.91 has been given as follows:

(Range of variables f = 20 kHz to 130 kHz, ρ = 912 to 1151 kg/m3, σ = 0.029 to 0.073 N/m,
Oh = 2.71 to 161.64, We = 14.8 to 571, In = 3.65×10-13 to 1.92×10-09)
2.2.8 Atomization of Non-Newtonian liquids
In addition to a detailed investigation on the different aspects of Newtonian fluids,
some additional studies were also undertaken with non-Newtonian liquid as some of the
prospective applications of ultrasonic atomization can be based on the use of fluids showing
behaviour non-Newtonian. CMC (carboxyl methyl cellulose) solution was considered as the
model non Newtonian fluid in the present work. Viscosity of non-Newtonian liquids, flow
behaviour index (n) and flow consistency index have been measured by two-parameter power
law model. Experiments were conducted at various conditions of atomization with varying
frequency of atomizer to check the droplet size variation with the viscosity of the liquid and

the effect of varying power of ultrasound on the droplet size. As shown in the Fig.10, droplet
size distribution uniformity changed from broad to narrow as the viscosity of non-Newtonian
liquid increases. It can be attributed to the fact that the detachment of droplet from the
capillary waves from the surface of the liquid layer was not an immediate action in the case of
non-Newtonian liquids. A liquid bridge formed prior to ejection of droplet causes unstable
oscillations on the surface of the atomizer. Increase in the duration of liquid layer contact with
the surface of atomizer increases the temperature of the liquid which results in a decrease in
the viscosity and the shear thinning liquid property of CMC solution also aids to form the
droplet in lower size. Distribution of the atomized droplets of non-Newtonian solution has
been observed to be narrower as compared to the viscous Newtonian liquids. The effect of
frequency on the droplet size of non-Newtonian liquids has been observed to be similar as
compared to the Newtonian liquids as shown in Fig.11 (a). Increase in the frequency
decreases the droplet size and also affects the threshold flow rate. 20 and 40 kHz atomizers
can atomize non-Newtonian liquids even at higher flow rates when compared to 130 kHz
atomizer. High frequency atomizer is not able to disintegrate the viscous non-Newtonian
liquid into droplets as Newtonian fluids and oscillation of pendant drop on the surface of the
atomizer was observed. Effect of flow rate on the droplet size also resembles similar
behaviour of Newtonian liquid and droplet size increases with an increase in the flow rate of
the liquid. The droplet size of non-Newtonian liquid has been also found to increase with an
increase in the power of ultrasound. Initial power required for atomization of the viscous nonNewtonian liquid was observed to be more than the viscous Newtonian fluid. With continuous
atomization process of non-Newtonian liquid there is a decrement in the power required for
liquid atomization after attaining a certain temperature of the liquid. For an operational high
flow rate the required power for 20 and 40 kHz atomizers are about 25W and 17W
respectively whereas for 130 kHz atomizer it has been observed as 9W.

2.3. Conclusions:
A novel approach has been used in this study to explain the phenomena of
atomization. The dependency of the controlling mechanism of atomization based on
cavitation hypothesis and capillary wave hypothesis has been explained by using
photographic analysis. Capillary wave hypothesis was only observed at very low flow rates of
the liquid and low ultrasonic power whereas cavitation was the controlling mechanism at
higher frequencies and higher power dissipation levels which was confirmed with the
measurements of the velocity of the droplets ejected from the surface of the atomizer. The
drop ejection velocity was observed to increase with an increase in the power dissipation
attributed to enhanced cavitational effects. Apart from the equipment operating parameters,

droplet size was also observed to significantly depend on the liquid parameters such as
surface tension and viscosity or the type of the liquid. The droplet size distribution was also
strongly dependent on the flow rate of the liquid and it was established that the distribution
becomes broader with increasing flow rate and two peaks were observed attributed to the
secondary formation of droplets. A new correlation based on the all parameters using nondimensional numbers has been proposed which gives a good fit to the experimental data as
indicated by the parity plot. Overall it can be said that a proper control of the equipment
operating parameters (flow rate, frequency and power dissipation) and the liquid
physicochemical properties (type of the liquid, surface tension and viscosity) is required to
achieve the desired droplet size distribution with the required mean size.
3. Ultrasonic Emulsification:
Emulsification is a process of dispersing one immiscible liquid into another liquid using high
shear energy. Emulsions are generally thermodynamically unstable systems consisting of two
immiscible liquids. Emulsification is an important unit operation in pharmaceutical, cosmetics
and petroleum industries. Droplet size distribution is very important in emulsions especially in
the case of nanoemulsions. Typically narrow emulsion droplet size distribution is preferred
and can be obtained by making the emulsion with high energy input processes or low energy
technique of phase inversion temperature (PIT) method. Conventional high energy systems
like homogenizer, high speed mechanical agitators and high pressurised mixing equipment are
frequently used for the preparation of fine emulsions. But these methods require high input
mechanical energy devices to create disruptive forces to break the liquid interfaces.
Ultrasound can be a useful approach for generation of fine emulsions similar to the
application of crystallization. Scale up of the ultrasonic emulsification process has not been
investigated much in the literature and such study presents the novelty of the current work.
From many years, ultrasonic emulsification has been restricted to the laboratory only, and
recent developments in the design of ultrasonic reactors at larger scales have introduced a
potential for application to the field of emulsification. The present work attempts to study the
emulsification with different processing equipment at different scales of operation delivering
high power. The work also concentrates on the understanding of the effect of operating
conditions of ultrasonic equipment and physicochemical properties of emulsion components.
3.1 Materials and Methods:
Coconut oil (procured from Marico India Pvt. Ltd) has been chosen as the internal phase for
oil in water emulsion. For reducing the interfacial tension of oil and water, two types of
emulsifying agents have been used based on their HLB value. Tween 80 (HLB=15) and Span
80 (HLB=4.3) obtained from S.D. Fine-Chem. Ltd. Mumbai were used as emulsifying agents.

Equipment 1 used in the study is Sonics VCX 750 (Sonics & Materials, Inc. USA) ultrasonic
processor operating at 20 kHz frequency whereas the Equipment 2 is Sonics VC 1500 (Sonics
& Materials, Inc. USA) operating at 20 kHz and rated power dissipation of 1500 W. The third
equipment is Roop Telesonic Ultrasonix (20kHz, maximum power of 1000W). All these
configurations have been shown in Figure 12 and were used to study the effect of power of
ultrasound on the process of emulsification. Malvern Zetasizer nano ZS has been used to
measure the droplet size of emulsion.
For the formation of stable oil in water emulsion (no separation of oil and water phases),
preliminary experiments were conducted with varying volume fraction of emulsifying agents
to get the required HLB for the formation of stable emulsion. It has been established that the
prepared emulsions with HLB values of 9, 10, 11 and 12 are very stable to the destabilization
tests like electrolyte addition and freeze thaw test. Based on these results, average HLB of 10
has been chosen for the further experiments to study the effect of power input and interfacial
tension on the droplet size of internal phase of emulsion.
To study the effect of quantity of emulsifying agent on the droplet size, different
fractions of emulsifying agent to total volume of emulsion as 0.02, 0.04, 0.05, 0.07, 0.09, 0.11
and 0.12 have been used. The wide range of emulsifying agent fractions have been used to
ensure establishing the proper effect on the size and also to check the transparency of
emulsion. Fraction of internal phase (oil) has been varied over the different values as 0.1, 0.2,
0.3 and 0.4. Initially tween 80 has been added to the continuous phase of water and span 80
has been pre-dissolved in coconut oil. Solubility of emulsifying agents in the specific phases
has been ensured by heating the solution to the required temperature for complete dissolution.
Initially surfactant added water was kept under sonication using ultrasonic horn and later
coconut oil has been added drop wise for the preparation of emulsion. The sample was
withdrawn at specific time interval to measure the droplet size. Same experiment was
repeated with varying concentration of internal phase and emulsifying agent.
The droplet size has been measured after taking sample of emulsion in small vials using
Zetasizer nano ZS instrument, operating with He-Ne laser emission at wavelength of 633nm
and at a scattering angle of 1730 at a temperature of 250C. The samples should be transparent
for measuring the droplet size in the zeta sizer as it is based on the principle of Dynamic Light
Scattering. During the analysis, all the samples were diluted 800 times with continuous phase
water. Intensity average hydrodynamic diameter has been used to quantify the average droplet
size and measurements were performed in triplicate. The Z-average diameter is reported as
the average diameter. PDI (Poly Dispersive Index), which is a dimensionless measurement
having typical range from 0.1 to 1, has been used to determine the quality of emulsion in
terms of the distribution of the droplet size in an emulsion. PDI value of about 0.08 indicates

the mono dispersity of droplets and value above 0.7 is indicative of broad range of droplet
size distribution.
3.2 Results and Discussion:
3.2.1 Effect of internal phase volume fraction on droplet size:
Stability of emulsion mainly depends on the internal phase volume. As the internal phase
volume increases, it requires more amount of energy to form an emulsion having a particular
size of droplet. If the supplied energy to the emulsion system is same at different volume
fractions of internal phase, there would be an effect on the droplet size. Initially, a fixed
volume of 50ml emulsion has been prepared with varying internal phase volume fractions as
0.1, 0.2, 0.3 and 0.4 (5, 10, 15 and 20ml). Tween 80 has been added to continuous phase and
subjected to sonication to form the cavitation in the aqueous phase. Later coconut oil mixed
with span 80 has been added gradually. The cavitational energy dissipation in the aqueous
phase tries to break the coconut oil into small droplets. As soon as the quantum of internal
phase increases, there is chance of agglomeration of small droplets with added oil and
simultaneous ultrasonic cavitation tries to decrease the droplet size due to the collapse of the
cavity bubbles at the interface of oil and water. After complete addition of the internal phase,
the continuous occurrence of ultrasonic cavitation will continue to contribute to decrease in
the droplet size of the internal phase. Emulsifying agent fraction was kept constant as 0.02 for
all the formulations with varying sonication time from 1min to 5min. Coconut oil has been
added drop by drop in one minute to the external phase (water) with applying ultrasound in
pulse mode (5sec off and 5sec on). Variation in droplet size with respect to time of
emulsification and internal phase volume fraction and power of ultrasound has been shown in
Figure 13-16. At low internal phase volume fraction of γ =0.1, the prepared emulsion
appeared as translucent emulsion at 5min of sonication and it was opaque for internal phase
volume of γ = 0.4. Increase in droplet size has been observed with an increase in internal
phase volume at constant time of sonication and emulsifying agent volume fraction. The
minimum droplet size for 50ml batch emulsion has been observed as 116nm under conditions
of 5min of sonication, 0.02 volume fraction of emulsifying agent and internal phase volume
fraction of 0.1 with power dissipation of 47.5W as shown in
Figure 13. An increase in droplet size to 182, 323 and 576nm has been observed at same
conditions of emulsifying agent loading and power of ultrasound for an increase in the
internal phase volume fraction to 0.2, 0.3 and 0.4 respectively. The observed results can be
attributed to the fact that same levels of power dissipation cannot break the droplets
efficiently at higher internal phase volume fractions and hence the droplet size increases.

3.2.2 Effect of emulsifying agent concentration on droplet size.
Emulsifying agent is basically used to reduce the interfacial tension between oil and
water phases in an emulsion. Tween 80 and span 80 emulsifying agents have been used at the
required HLB value of 10, which is confirmed by adding the emulsifying agent in different
proportions to prepare stable emulsion at different HLB values. Interfacial tension between
coconut oil and water with varying volume fractions of emulsifying agents have been given in
the Table 1. Effect of emulsifying agent concentration has been studied at constant volume
fraction of internal phase and power density of ultrasound. As the emulsifying agent volume
fraction increases, the droplet size has been observed to decrease. Emulsifying agent
decreases the interfacial tension and hence the shear forces required to break up the droplets
into small droplets are less. As the cavitational events occurring during the process of
ultrasonication increase with time of sonication and power of ultrasound, collision of these
events near the surface of the droplets will also help further to give smaller droplets. Increase
in the emulsifier concentration decreases the chances of coalescence and/or aggregation as the
emulsifier load which is the excess surface concentration of the emulsifier at saturation at the
interfacial area of the droplet decides the extent of coalescence of the droplets. If the
concentration of the emulsifier is less than the emulsifier load, droplet coalescence will occur
and it also depends on the volume fraction of the oil. In the present work, different
emulsifying agent volume fractions considered are 0.02, 0.04, 0.05, 0.07, 0.09 and 0.11. All
these fractions of emulsifying agent resulted in stable emulsion with varying concentrations of
internal phase. Initially the study of effect of emulsifying agent concentration was focussed at
small scale operation (50ml of emulsion) at different dissipation powers of 47W, 67W and
93W. Stable emulsion formation has been observed at all the emulsifying agent
concentrations. As the emulsifying agent concentration increased, the appearance of emulsion
became translucent from white colour, which indicates the formation of the nanoemulsion at
constant power of ultrasound. It was also observed that as the emulsifying agent fraction
increases from 0.02 to 0.11 there is a decrease in droplet size of emulsion at constant power
dissipation of 47.5W. At internal phase volume fraction 0.4 and emulsifying agent volume
fraction of 0.02, the droplet size is 425nm at 1min of sonication and 575nm at 5min of
sonication. This may be due to insufficient emulsifying agent to cover the oil-water interface
and as the time of sonication increases, the possible decrease in droplet enhances the surface
area, which requires higher emulsifier load to keep the small droplets in stable form. As the
loading of emulsifier is not sufficient, it results into agglomeration of droplets and hence
higher droplet size. Also, possibly there is emulsifier degradation occurring at lower loadings
due to the effects of sonication. It can be observed that the droplet decreases with an increase
in emulsifying agent volume fraction above 0.02 with time of sonication also. Depending on
these results, further experiments for understanding the scale up aspects were performed at

emulsifying agent concentration of 0.05, 0.09 and 0.11. Equipment 2 has been used to prepare
the 1 liter of emulsion, where at low emulsifying agent volume fraction ( = 0.05) increase in
droplet size has been observed at constant time of sonication of 3min.
Equipment 3 has been used to prepare 2 L of emulsion using same fractions of
emulsifying agent (0.05 to 0.11) with varying power of ultrasonic flow cell. It has been
observed that the increase in emulsifying agent volume fraction decreases the droplet size of
emulsion at higher capacity of emulsion. The appearance of emulsion changes to translucent
as the emulsifying agent volume fraction increases. Experiments with change in droplet size
with emulsifying agent fraction at constant power of 240W and internal phase volume fraction
of 0.1 confirmed a similar decrease in droplet size with an increase in emulsifying agent
volume fraction.
3.2.3 Effect of ultrasonic power on droplet size.
The ultrasonic power affects the droplet size immensely and it has been observed that critical
power dissipation is always required to break the internal phase into stable droplets. It has
been observed that the power of ultrasound actually dissipated to the liquid is less than the
rated power for ultrasonic equipment. As the rated power is different for the different
equipment, dissipated power has been calculated using calorimetric method to compare the
effect of power on the droplet size. The study is concentrated on the use of high power
ultrasonic equipment for higher processing volume and relatively lower power levels at
smaller capacity. Power dissipation per unit volume (power density, ε) of emulsion has been
considered to compare the effectiveness of emulsion for different ultrasonic processors. As
the ultrasonic power dissipation increases, the temperature of the emulsion increases and the
interfacial tension and viscosity decreases. Decrease in Laplace pressures due to rise in
temperature of emulsion increases the interfacial instabilities to form the smaller droplets.
Increase in the temperature may affect the properties of emulsifying agent added to decrease
the interfacial tension.
The dependency of the droplet size distribution on the power density has been shown
in figure 17. It has been observed that 50ml of emulsion prepared with equipment 1 has
droplet size of 121.5nm at emulsifying agent fraction of 0.11 and low internal phase volume
fraction of 0.1 at 1min of sonication and 950kW/m3 of power density. Under the same
conditions, droplet size decreased to 93nm at power density of 1340kW/m3 and 90nm at
1857kW/m3. There is only marginal decrement in the droplet size at higher power density of
ultrasound. Figure 18 illustrates the effect of power density of ultrasound on the droplet size
of coconut oil at constant volume fraction of emulsifying agent and volume fraction of
internal phase. The data considers all volumes of 50ml, 100ml, 1L and 2L of emulsions

prepared under varying ultrasonic powers depending on the rated powers of equipment 1, 2
and 3. Wide range of power densities from 91kW/m3 to 1857kW/m3 has been investigated as
per the results shown in Figures 18 and 19. As the power density increases, decrease in
droplet size has been observed and also the time of emulsification required for the formation
of stable emulsion was higher in the case of low power density of ultrasound. For low power
density (ε) of 82kW/m3, the droplet size is about 337nm at the constant fraction of oil and
internal phase volume fractions and 5min of sonication. It has been observed that the droplet
size remains constant for increase in sonication time beyond 40min at 210W and 240W
dissipated ultrasonic power with corresponding power densities of 105kW/m3 and 120kW/m3
respectively. The observed results can be attributed to the increase in the number of
cavitational events with an increase in the power of ultrasound resulting in breakage of
droplets to nano size. Mean droplet size also shifts towards the lower size as the power
density increases and PDI is about 0.6.
3.2.4 Effect of time of sonication on droplet size.
The effect of time of sonication on the stability of emulsion and the droplet size at
constant power of ultrasound (47.5W) and varying emulsifying agent fractions was also
investigated. Typically in the experiment, emulsifying agent added water has been taken
initially and oil was added drop wise for 1 minute. As each drop of oil added to the water is
subjected to sonication, it will disintegrate into fine droplets due to the high shear instabilities
generated due to cavitating conditions. As the addition of oil increases further, the volume
fraction of internal phase increases and higher sonication time is required to give stable
emulsion as well as lower droplet size. Typically after 5min of sonication the emulsion
appeared as translucent and very stable. It was also observed that there was no further
decrease in droplet size beyond an optimum time of sonication, which was dependent on the
operating conditions. Droplet size for 50ml of emulsion at power density of 1856kW/m 3 was
122nm at 1min of sonication and 0.02 fraction of emulsifying agent. A further increase in the
sonication time to 5 min resulted in a decrease in the droplet size to 113nm. Droplet size of
emulsion can be correlated with the time of sonication and power density considering a
simple power law variation as

. The values of a and b were found using the

regression analysis of data for droplet size under different conditions of time and power
density using Polymath software and the values of a and b were observed as 1.07 and 3.46.
It has been established that as the volume of emulsion batch increases, the required time for
stable emulsion and lower size increases. Further increase in the time of sonication has no
effect on the droplet size. For equipment 1, 5min is required to prepare stable and translucent
emulsion at any fraction of emulsifying agent. For equipment 2, maximum of 15min

sonication is required whereas for equipment 3, 40min of sonication is required to form the
stable emulsion with minimum possible droplet size. It was also observed that the droplet size
distribution is bimodal distribution at initial time and as the time of sonication increases
droplet size distribution becomes unimodal and shifts towards the lower droplet size.
3.3 Conclusions:
Ultrasonic emulsification has been studied under various operating and equipment
parameters. Suitable emulsifying agent with required HLB value has been used to prepare
stable emulsion. Stability of emulsion has been ensured using the stability studies of emulsion
and the required values of operating parameters have been established. A decrease in the
droplet size of emulsion has been observed and also appearance of emulsion turned from
opaque to transparent with an increase in the emulsification time and emulsifying agent
volume fraction. Increase in droplet size has been observed with increase in volume fraction
of internal phase. Study has been conducted using different ultrasonic processing equipment
with varying capacity and rated power. A decrease in droplet size has been observed with an
increase in the power density. Ultrasonic power density has been used to compare the
emulsification process on droplet size for all types of equipment. It has been concluded that
high power ultrasonic processor can be effectively used for the intensification of
emulsification.

4. Hydrodynamic cavitation assisted Emulsification:
Hydrodynamic cavitation has similar size reduction mechanism as that of ultrasonic cavitation,
though the ultrasonic generators/processors are generally suitable for small scale operations and
more energy intensive. Hydrodynamic cavitation is produced by pressure variation in a flowing
liquid which can be obtained by using constrictions such as orifice and venturi. When the liquid
passes through the constriction, kinetic energy/velocity increases at the expense of the local
pressure. When the pressure at the throat or vena contracta falls below the vapor pressure,
liquid flashes generating a number of vaporous cavities. The generated cavities travel
downstream and finally collapse due to the pressure recovery. The extreme transient conditions
generated in the vicinity and within the collapsing cavitational bubbles can be the controlling
mechanism for the size reduction of the emulsion to the nano-scale just similar to the ultrasonic
emulsification. Hydrodynamic cavitation offers the advantage of being able to process high
volumes and that too in continuous operation. As the setup typically consists of displacement
pump, scale up can be easy. It may have some limitations to produce very low nanosize
emulsions compared to ultrasonic emulsification due to lower cavitational intensities but the
process is noise free and can produce large quantity of emulsion. Although hydrodynamic
cavitation has been used successfully for a variety of applications ranging from nanomaterial
synthesis to waste water treatment, the preparation of nano-emulsion has not been studied
exhaustively. In the present study, the emulsification process has been investigated using the
hydrodynamic cavitation based on orifice plates for the preparation of emulsion.
4.1 Experimental Methodology:
The experiments were performed using hydrodynamic cavitation setup which has a holding
tank of capacity of 20L with positive displacement pump of power rating 1.1kW. The
experimental setup photograph has been shown in Figure 20. The configuration has three
control valves (V1, V2, and V3) to control the flow through the main line which also
accommodates the cavitating device. Bottom of the tank is connected to the suction line of the
pump which has two branches designated as main line and bypass line. The main line consists
of a flange which houses the cavitating device which can be either orifice or a venturi, though
in the present work only venturi has been used. The positive displacement pump used in the
work has the provision to change the flow rate by adjusting the number of piston strokes per
unit time. To control the liquid flow through the main line, an additional valve is also provided
in the bypass. Care has been taken to avoid any induction of air into the liquid by terminating
both the mainline and bypass line well inside the tank below the liquid level. Figure 21 shows
the two types of cavitating device used in this work viz. a circular venturi having 2 mm hole
(HC1) and slit venturi with width of 6 mm and height of 1.9 mm (HC2). The experiments were
carried out over different pressures developed by the positive displacement pump ranging from

1 bar to 20 bar dependent on the type of cavitating device. The temperature of the solution
during experiments was kept in the range of 35 to 40˚C maintained by circulating cooling water
through the jacket.
Preliminary experiments were conducted with varying volume fraction of emulsifying agents to
get the required HLB value for stable emulsion and it was established that the prepared
emulsions with HLB values of 9, 10, 11 and 12 were very stable to the destabilization
techniques like electrolyte addition and freeze thaw test. Based on these results, average HLB
of 10 has been chosen for the experiments to study the effect of number of passes and
cavitating device geometry on the droplet size of emulsion. Emulsifying agent fractions as 0.05,
0.09 and 0.12 have been used to study the effect of interfacial tension on the emulsion droplet
size using different cavitating devices and number of passes. The effect of different values of
internal phase volume fractions as 0.1, 0.2, 0.3 and 0.4 on the droplet size and stability of
emulsion has also been investigated.
In a typical experiment, the two-phase mixture of emulsion taken in the holding tank was
passed through the circular venturi. Depending on the pump discharge of the emulsion, inlet
pressure has been noted using pressure gauge. Initially emulsion has been prepared by passing
it through the circular venturi with internal phase volume fraction as 0.1 and emulsifying agent
volume fraction as 0.05. Water-tween 80 mixture has been added to the holding tank initially
and coconut oil-span 80 mixture has been added slowly as the liquid circulates through the
cavitating device. Time of emulsification has been considered after addition of all internal
phase quantity to the continuous phase. Regular samples of emulsion were withdrawn at each
10min of interval to check the droplet size distribution and poly dispersive index of emulsion.
All the experiments were carried out by varying one parameter at a time.
Flow rate through the hydrodynamic cavitation setup at different pressure were calibrated for
different pump discharge pressures to obtain the number of passes of liquid through the
cavitation zone. The obtained results for velocity and cavitation number have been given in
table 3 for the circular venturi and table 4 for the slit venturi. It can be seen that for each inlet
pressure there is an increase in the flowrate of the liquid and corresponding decrease in the
cavitation number. For all the experimental runs, cavitation number has been observed to be
less than 1 which confirms the formation of cavitation which can create a mechanical shear for
the internal phase of emulsion to break into droplets with size reduction.
The droplet size has been measured, after taking sample of emulsion in small vials, using
Zetasizer nano ZS instrument. The process was similar to that described earlier for the
ultrasonic emulsification.
4.2 Results and Discussion

4.2.1 Effect of operating pressure on the droplet size of emulsion.
Using three inlet pressures of 5, 10 and 20 bar for the circular venture, effect of pressure have
been studied for each concentration of the internal phase and the obtained results are given in
figure 22. A substantial decrease in the mean droplet diameter has been observed at increased
inlet operating pressure, which can be attributed to higher cavitational intensity due to an
increase in the number of violent cavity collapse events resulting into an increased turbulence
and extent of shear forces. Cavitational events and intensity of collapse are directly
proportional to the cavitation number which is inversely proportional to the velocity of the
emulsion passing through the venturi. High inlet pressure results in an increase in the velocity
of the emulsion at the constriction finally reducing the cavitation number. The dissipated
energy for each inlet pressure has been calculated to compare the variation in the droplet size
with power dissipation per unit volume of the emulsion.
Experiments were conducted at each pressure of inlet liquid with same compositions of
emulsifying agent volume fraction and internal phase volume fraction with an objective of
isolating the effect of pressure. At 5bar pressure, the droplet size was observed as 711nm at
10min of emulsification. As the inlet pressure increased to 10bar, the droplet size decreased in
same proportion till 30min of emulsification but after this time there was no further decrease in
droplet size. At 10bar inlet pressure, the droplet size was 332nm after 10min of treatment time.
At 20bar inlet pressure and 395.83W of dissipated power, the droplet size reduced to 233nm.
As the pump discharge pressure is increased, there is an increase in the extent of cavitation in
terms of number of cavitational events and its collapse intensity. As the cavitational activity
increases, the amplitude of the interfacial instability increases which increases the number of
droplets formed, as a result of liquid threads breaking up due to additional forces. With an
increase in the pump discharge pressure, the rate of energy dissipation in the system also
increases contributing to the size reduction. Poly dispersive index for prepared emulsions at
different inlet pressure was measured using zeta sizer. Poly dispersive index was observed to
decrease with an increase in the operating inlet pressure which indicates the formation of stable
emulsion and uniform distribution of the internal phase droplets. Visual observation also
confirmed that appearance of the emulsion turned from white to translucent with an increase in
the operating pressure. Emulsification with passage of oil and water phase through slit venturi
has also been studied under conditions of different pressures. In the case of slit venturi, it has
been observed that at low operating pressures of 1,2,3,4 and 5bar, the flow rate of the liquid
was more as compared to the circular venturi. Due to an increase in the flow rate, number of
passes of the emulsion through slit venturi also increases. In slit venturi, pressure of around
5bar pressure showed flow rate of 1200LPH whereas at 1bar pressure, the flow rate was about
250LPH.

Initial experiments were performed using same volume fractions of emulsifying agent and
internal phase at 1bar pressure. It has been observed that the emulsion formation is very poor
and unstable emulsion has been observed. Even if the flow rate is more at 1bar pressure, energy
supplied was not enough to mix the solution. Cavitation number at this pressure is very high of
about 5.23 which results in lower cavitational intensity, which has not much effect on the
formation of emulsion. Thus, it can be said that certain minimum energy dissipation is required
for the formation of stable emulsion and subsequent reduction in the droplet size.
Emulsification with slit venturi at 5bar pressure has been compared with the emulsification
using circular venturi and the obtained results have been given in figure 23. It can be easily
seen that the droplet size reduced by 3times with slit venturi as compared to circular venturi at
5bar pressure. After 10min of emulsification, it has been observed that droplet size is 711nm
for circular venturi and 310nm in the case of slit venturi. This may be due to an increase in
power dissipation in the case of slit venturi (133W) in comparison to circular venturi where the
power dissipation was 43.3W. The cavitation number observed was also less in the case of slit
venturi as compared to circular venturi at constant 5bar pressure. The flow rate was also more
in the case of slit venturi which gives more number of cavitational events to disintegrate the
droplets to lower size.
4.2.2 Effect of number of passes at constant pump discharge pressure.
The effect of number of passes of liquid through cavitating zone on dispersed phase droplet
size has been investigated at constant pump discharge pressure. The variation in dispersed
phase droplet size with time of emulsification and hence the number of passes has been
depicted in Figure 2424. It has been observed that the dispersed phase droplet size decreases
with an increase in the number of passes of the solution. As the number of passes increased, the
temperature of o/w emulsion was also observed to increase. The increase in the temperature is
expected due to an increase in the cavitational events and also higher dissipation of energy as
heat. With an increase in the temperature, the interfacial tension as well as the viscosity is
expected to decrease. Increase in number of passes also considerably decreases the droplet size
till a certain optimum value, beyond which no effect has been observed for all the cases of
emulsification. For circular venturi, at 5bar pressure with 5min of emulsification, around 7
passes of emulsion through the cavitating device are obtained but these results in formation of
unstable emulsion. The degree of mixing is not able to break the internal phase sufficiently to
form a stable emulsion. Typically, as the breakage of the internal phase occurs, the emulsifying
agent will surround the formed droplet to avoid coalesce of the droplets. In the case of
emulsification using hydrodynamic cavitation, the velocity and pressure of the emulsion passed
through the venturi is more when compared to the stirred vessels, homogenizer and ultrasonic
processors. Due to an increase in velocity, collisions between the droplets increases which

leads to increased agglomeration of the droplets. Droplet size should be small enough for
proper surrounding of the emulsifying agent so that agglomeration with each other after
collision is avoided. To reduce the droplet size, more number of cavitational events are required
such that sufficient energy dissipation is obtained. Internal phase is a viscous liquid which
requires stepwise decrement in the droplet size and hence initial passage of emulsion through
the venturi at lower pressure will have less number of cavitational events to reduce the droplet
size.
It was also observed that the poly dispersive index is 1 for emulsification time as 5min which
indicates the non-uniform distribution of the droplets. As the time of emulsification and the
number of passes increases, the PDI decreases and the droplet size becomes narrower. The
droplet size distribution for the 5bar pressure and circular venturi can be used to clearly
understand the effect of number of passes. It was seen that the mean droplet size decreases
from 1245nm to 405nm and PDI decreased from 1 to 0.515 with increasing number of passes
till a time of emulsification as 30min. Droplet size distribution changes from the bimodal
distribution to unimodal distribution. Mean droplet size also shifted from the higher size
towards lower size. Two peaks have been observed in the case of lower time of emulsification
which indicates that the cavitational events occurred in the emulsion are only capable of
breaking the droplets in a poly disperse form. There are non-uniform droplets formed in the
emulsion which will further be reduced to the fine droplets as the number of passes of emulsion
increases. If we consider the mean droplet size, 5min of emulsification results in a mean droplet
size of 1245nm which is decreased to 711nm after 10min of emulsification. This clearly
confirms the fact that the breakage of droplet is dependent on the number of passes. The droplet
size decreased to 266nm after 70min of emulsification and there was no further decrease which
indicates that there was no effect of hydrodynamic cavitation on the droplet size beyond an
optimum emulsification time. For 10bar pressure, the droplet size has been observed to be
decreased to 215nm from 332nm within 30 min of emulsification. Subsequently there was no
effect with number of passes and time of emulsification. For 20bar pressure, it is observed that
20min of emulsification gives a stable droplet size of 199nm. This clearly shows that there is a
combined effect of both number of passes and inlet pressure of liquid where higher values till
optimum gives more stable emulsion with lower droplet size in the range of nanometers. The
emulsion appeared as translucent and more stable with this combined effect.

4.2.3 Effect of internal phase volume on droplet size of emulsion
It can be expected that as the internal phase volume fraction increases, higher amount of
energy is required for disintegration of the dispersed phase into fine droplets. Considering this,
experiments conducted to study the effect of internal phase volume have been performed using

higher inlet pressure of 20bar and the obtained results are depicted in Figure 2. It can be
observed that the droplet size increased with an increase in internal phase volume fraction from
0.1 to 0.4. The emulsifying agent volume fraction used in the study was kept constant at 0.055.
The cavitational events occurring in the aqueous phase of emulsion release energy near the
surface of the internal phase (coconut oil) resulting in breakage into smaller droplets. As the
internal phase volume increases, efficiency of these cavitational events to disintegrate the
droplets decreases and it requires more number of collapsing events (higher energy) to further
reduce the droplet size to a possible minimum. This hypothesis has been confirmed based on
the fact that as the internal phase fraction increases from 0.1 to 0.4, droplet size increased from
233nm to 620nm for 10 minutes of emulsification.
It has been also observed that as the internal phase volume fraction increases, time of
emulsification to get the stable emulsion also increases. For internal phase volume fraction as
0.4, time required to get stable emulsion with size of 307nm was about 100min whereas for
lower volume fraction of 0.3, 0.2 and 0.1, the required time decreased to 80min, 40min and
20min respectively. The obtained results confirm that the internal phase volume fraction has
significant effect on the emulsion characteristics. At low internal phase volume fraction of 0.1,
the prepared emulsion appeared translucent at 10min of emulsification and it was opaque for
internal phase volume of fraction as 0.4 at similar time.
4.2.4 Effect of emulsifying agent loading on droplet size:
Tween 80 and span 80 have been used to reduce the interfacial tension between the oil
and water interface. The mixture has been added to get the required HLB value of 10 for the
formation of stable emulsion. Effect of emulsifying agent concentration has been studied at
constant volume fraction of internal phase and inlet pressure for the reactor. As the emulsifying
agent volume fraction increases, the droplet size has been observed to decrease as shown in
Figure 26. The presence of emulsifying agent decreases the interfacial tension and hence the
shear forces required to break up the droplets into small droplets are lower. It has been reported
that increase in the emulsifier concentration decreases the chances of coalescence and/or
aggregation, which is also confirmed from the distribution curves of the emulsion droplets and
PDI of the emulsion. In the present work, emulsifying agent volume fractions have been varied
as 0.05, 0.09 and 0.011. All these fractions gave the stable emulsion for fixed concentration of
internal phase as used in the study. As the emulsifying agent concentration increases, the
appearance of emulsion becomes translucent from white colour, which indicates the formation
of the nano emulsion. For all the fractions of emulsifying agent, reduction in droplet size has
been observed within 10min of emulsification. At ϕ = 0.055, droplet size was 233nm and it
decreased to 193nm and 175nm at fractions of 0.09 and 0.11 respectively. As the time of
emulsification increases above 10min with corresponding number of passes, droplet size

decreased to 170nm after 20min of emulsification at fraction of 0.11. The obtained droplet size
was stable and there was no further decrease for a further increase in the treatment time to 30,
40 and 50min.
4.3. Conclusions
Emulsification of coconut oil in water has been studied using hydrodynamic cavitation
investigating the effect of different parameters on the droplet size and stability of emulsion.
Hydrodynamic cavitation has been used effectively at large scale operation and the formation
of nano size emulsion has been confirmed. Minimum droplet size of 170nm has been observed
at volume fraction of emulsifying agent as 0.11 and internal phase volume fraction of 0.1. It has
been concluded from the results that the inlet pressure has beneficial effect on the droplet size
of emulsion and it was observed that there is a decrease in droplet size with an increase in inlet
pressure attributed to an increase in cavitational events. Slit venturi has more pronounced effect
on droplet size reduction as compared to the circular venturi. Lower number of passes were
required to form stable emulsion in the case of slit venturi as compared with circular venturi.
Appearance of emulsion changed from white color to translucent as the number passes
increased confirming typical nano emulsion behaviour.

Temperature at 250C
Solution
surface tension(N/m)

density(kg/m3)

viscosity(N.s/m2)

water

0.0728

997

0.00089

20% glycerol

0.071

1045.25

0.0015

40% glycerol

0.07

1097.1

0.0035

60% glycerol

0.069

1151

0.0088

20% methanol

0.047

965

0.0013

40% methanol

0.036

932

0.0015

60% methanol

0.029

912

0.0014

0.1% CMC

0.063

1001

0.017

0.5% CMC

0.061

1005

0.062

1% CMC

0.062

1007

0.66

Table 1.Properties of the Liquids used in the present study for ultrasonic atomization.

Emulsifying

Interfacial

agent

tension (σ)

fraction ()

mN/m

0.02

31.063

2.887

0.04

26.114

2.324

0.055

23.053

2.116

0.07

18.063

2.651

0.09

15.89

2.134

0.11

13.103

2.056

Standard
deviation

Table 1 Variation in the Interfacial Tension with varying volume fraction of emulsifying agent

Circular Venturi
Inlet

Flow

Flow

Pressure

rate

rate(V)

Diameter

Area(a)

Velocity

Cavitation

at throat

number
P2

(bar)

(LPH)

(m3/s)

(m)

(m2)

(m/s)

ΔP

Pv

Energy (W)
(Cv)

(Pa)

3

370

1.03E-04

0.002

3.14E-06

32.73

1.01E+05

4242

0.18

3.00E+05

3.08E+01

5

390

1.08E-04

0.002

3.14E-06

34.50

1.01E+05

4242

0.16

5.00E+05

5.42E+01

7

450

1.25E-04

0.002

3.14E-06

39.81

1.01E+05

4242

0.12

7.00E+05

8.75E+01

10

550

1.53E-04

0.002

3.14E-06

48.66

1.01E+05

4242

0.08

1.00E+06

1.53E+02

12

610

1.69E-04

0.002

3.14E-06

53.96

1.01E+05

4242

0.07

1.20E+06

2.03E+02

15

665

1.85E-04

0.002

3.14E-06

58.83

1.01E+05

4242

0.06

1.50E+06

2.77E+02

17

700

1.94E-04

0.002

3.14E-06

61.92

1.01E+05

4242

0.05

1.70E+06

3.31E+02

20

750

2.08E-04

0.002

3.14E-06

66.35

1.01E+05

4242

0.04

2.00E+06

4.17E+02

Table 3 Energy and cavitation number calculations for circular venturi

Slit Venturi
Inlet
Pressure
(bar)
1
2
3
4
5

Flow rate Flow rate Diameter
(m)
3
(LPH)
(m /s)
W=6mm,
250
6.9E-05
h=1.9mm
650
0.00018
800
0.00022
950
0.00026
1200
0.00033

Velocity
2
Area (m ) at throat
(m/s)

P2

Pv

Cv

ΔP

Energy
(W)

1.1E-05 6.09

101325

4242

5.23

100000

9.72

1.1E-05
1.1E-05
1.1E-05
1.1E-05

101325
101325
101325
101325

4242
4242
4242
4242

0.77
0.51
0.36
0.23

200000
300000
400000
500000

36.11
66.67
105.56
166.67

15.84
19.49
23.15
29.24

Table 4 Energy and cavitation number calculations for slit venturi

(a)

(b)
Fig.1.(a) Schematic representation of the experimental setup (b) A representative image of the conical
pattern of the atomized droplets.

(a)

(b)
Fig.2.(a) Droplets captured as travelling streaks to measure the velocity of droplet at shutter speed of
1/250sec. (b) Effect liquid flow rate and power of ultrasound on the velocity of droplet.

(a)

(b)

Fig.3.(a)Section of captured image of droplets (b) Processed image with circularity between 0.80 to 1.

Fig.4. Standing capillary waves with regular pattern on the surface of the atomizer (showing 1/4th of the
atomizer surface)

Fig.5. Ejection of droplets with high velocity streaks attributed to the cavitation effect. Streaks are
shown in circles and droplets are shown in squares.

Fig.6. Effect of frequency on the droplet size of water at constant power of 5W.

(a)

(b)
Fig.7. (a) Effect of water flow rate and power on the droplet size in the case of 40 kHz atomizer(b)
Droplet size distribution with varying flow rate for 40 kHz atomizer.

(a)

(b)
Fig.8. Effect of viscosity on droplet size at constant power of 9W with varying viscosity for 20kHz
atomizer (a) for 40kHz atomizer (b)

(a)

(b)
Fig.9.Effect of surface tension on droplet size at constant power of 5w for 20kHz (a) 40kHz atomizers
(b).

Fig.10. Distribution of droplet size with varying viscosities of CMC solution.

(a)

Fig.11. (a) Effect of frequency on droplet size of non-Newtonian liquid. (b) Effect of power on droplet
size of non-Newtonian liquid.

Equipment 1 (Sonics 750W ultrasonic processor) Equipment 2 (Sonics 1500W ultrasonic processor)

Equipment 3 (Telesonic Ultrasonics, 2L capacity, 1000W Processor
Figure 12: Different ultrasound based Equipments used for emulsification studies

Figure 13: Emulsion droplet size at varying volume fractions of emulsifying agent with
sonication time at constant internal phase volume fraction of 0.1 and power of 47.5W
(950kW/m3).

Figure 14: Emulsion droplet size at varying volume fractions of emulsifying agent with
sonication time at constant internal phase volume fraction of 0.2 and power of 47.5W
(950kW/m3).

Figure 15: Emulsion droplet size at varying volume fractions of emulsifying agent with
sonication time at constant internal phase volume fraction of 0.3 and power of 47.5W
(950kW/m3).

Figure 16 Emulsion droplet size at varying volume fractions of emulsifying agent with sonication
time at constant internal phase volume fraction of 0.4 and power of 47.5W (950kW/m3).

Figure 17 Variation in droplet size distributions with ultrasonic power densities and time of
sonication

Figure 18 Variation in the Emulsion droplet size with time of sonication and power of
ultrasound at constant volume fraction of internal phase (γ = 0.1) and emulsifying agent
volume fraction of ϕ = 0.09. (Equipment 3)

Figure 19 Variation in the Emulsion droplet size with time of sonication and power of
ultrasound at constant volume fraction of internal phase (γ = 0.1) and emulsifying agent
volume fraction of ϕ = 0.11. (Equipment 3)

Figure 20 Photograph of actual hydrodynamic cavitation setup

Circular venturi
Orifice plate

Slit venturi

Figure 21 Schematic of cavitating devices

Figure 22 Effect of inlet pressure of emulsion on droplet size with time of emulsification.

Figure 23 Comparison of effect of time of emulsification on droplet size for slit and
circular venturi.

Figure 24 Comparison of effect of number of passes on droplet size for slit and circular
venturies

Figure 25 Effect of number of passes on droplet size at varying inlet pressures of emulsion.

Figure 26 Effect of internal phase volume fraction on droplet size at different times of
emulsification.

