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ARTICLE INFO ABSTRACT

Keywords: In the field of ultrasonic emulsification, the formation and cavitation collapse is one major factor contributing to
COMSOL the formation of micro- and nano-sized emulsion droplets. In this work, a series of experiments were conducted
Acoustics to examine the effects of varying the ultrasonic horn’s position to the sizes of emulsion droplets formed, in an
giﬁzzr:ttf;nal attempt to compare the influence of the simulated acoustic pressure fields to the experimental results. Results

showed that the intensity of the acoustic pressure played a vital role in the formation of smaller emulsion
droplets. Larger areas with acoustic pressure above the cavitation threshold in the water phase have resulted in
the formation of smaller emulsion droplets ca. 250 nm and with polydispersity index of 0.2-0.3. Placing the
ultrasonic horn at the oil-water interface has hindered the formation of small emulsion droplets, due to the
transfer of energy to overcome the interfacial surface tension of oil and water, resulting in a slight reduction in
the maximum acoustic pressure, as well as the total area with acoustic pressures above the cavitation threshold.
This work has demonstrated the influence of the position of the ultrasonic horn in the oil and water system on
the final emulsion droplets formed and can conclude the importance of generating acoustic pressure above the

Particle size
Experimental study

cavitation threshold to achieve small and stable oil-in-water emulsion.

1. Introduction

Ultrasound has been a common tool to use to form emulsion dro-
plets due to its ability to shear the oil and water interface to form micro-
and nano-sized, stable droplets [1]. It began to gain its popularity over
the past few decades following to the success of Wood and Loomis in
1927 [2]. Ever since, scientists around the world have attempted to
utilise this powerful tool to further enhance the properties of emulsion
droplets formed and have thoroughly studied the fundamentals of this
phenomena. Amongst the discoveries, Li and Fogler [3] were one of the
pioneers who have elaborated on the theory of ultrasonic emulsifica-
tion. They deduced that the emulsification process can be separated
into a two-step mechanism. The first step involves the eruption of dis-
persed phase droplets into the continuous phase to form coarse emul-
sion; followed by the second step which involves intense cavitation
collapse, resulting in disruption and mixing of the two phases to form
very small, micro- to nano-sized droplets [4].

There have been many experimental based reports on the formation
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of ultrasonically assisted emulsion droplets. For example, Higgins and
Skauen [5] have studied on the effects of hydrophilic-lipophilic balance
(HLB), surfactants and ultrasonic power on the emulsion droplet sizes.
Mujumdar et al. [6] have evaluated the effects of ultrasonic horn dis-
tance from the interface and irradiation time on the overall physico-
chemical properties of the emulsion droplets formed and found that the
smallest emulsion droplet diameter can be achieved when the ultra-
sonic horn was placed 3 mm from the oil-water interface. Behrend and
co-workers [7] reported a correlation between the hydrostatic pressure,
energy density and the gas content that may affect the overall emulsion
droplet sizes formed. Gaikwad and Pandit [8] studied that the physi-
cochemical properties of the dispersed phase (oil phase) and have
concluded that the viscosity of the dispersed phase have great impact in
the overall formation of emulsion droplets. Apart from the formation of
emulsion, ultrasound was also used to form double emulsion droplets
[9], to separate emulsion droplets [10], to remove arsenic impurities
via ultrasonically formed emulsification [11], and even to demulsify oil-
in-water (O/W) emulsions by the application of ultrasonic standing
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Nomenclature

Attenuation coefficient (m ™)

Density of the liquid medium (kg m ™)
Angular frequency (rads™1)

Cross-sectional area of the ultrasonic horn (m?)
Specific heat capacity of water (Jkg~'°C™ 1)
Speed of sound in liquid medium (m/s)
Ultrasonic intensity (Wm™2)

Length of immersion of ultrasonic horn (cm)

H~cAneo R

Lo Height of oil layer from oil-air interface (cm)
m Mass of water in the system (kg)

Pu: Total power output (W)

D, Acoustic pressure amplitude (Pa)

p Acoustic pressure (Pa)

r Spatial variable, r = [x, y, z]

AT Difference in temperature (°C)

At Difference in time (s)

w Width of the vessel (cm)

X; Point coordinate (m)

waves [12].

Among the many applications of ultrasound in the field of emulsi-
fication, it is of common knowledge that cavitation plays an important
role in both the emulsification and de-emulsification processes. The
formation and eventual collapse of cavitation bubbles depend on var-
ious parameters, varying from the viscosity of the fluid, gas content,
ultrasonic power density, solution temperature, and so on [13]. Among
these parameters, acoustic pressure plays an important role in the for-
mation of transient cavitation, where the acoustic pressure applied to
the system has to reach a certain minimum (termed cavitation
threshold) to shear the liquid molecules apart to form cavities [14].
Owing to the importance of the acoustic pressure in ultrasonic systems,
many have ventured into performing simulation studies on the acoustic
pressure fields in their respective systems. For example, Saez et al. [15]
and Klima et al. [16] showed successful correlation of acoustic pressure
simulation to the experimental data, where areas simulated with high
acoustic pressure showed the greatest cavitation activity in their ex-
periments. Following to that, Tiong et al. [17] and Price et al. [18] have
also employed simulation techniques to determine the factors affecting
the acoustic pressure generated for a dental equipment, whilst Wei and
Weavers [19] have employed similar technique to optimise the design
of their sonoreactor. Sajjadi and co-workers [20] correlated their
computational fluid dynamics (CFD) results to experimental data from
particle image velocimetry, whilst Zhang et al. [21] validated their
fluid-structure interaction harmonic response study via an aluminium
foil erosion test. A recent study on the measurement of sound field in a
sonochemical reactor by Yasuda et al. [22] have revealed in their si-
mulation results that the areas with high sound pressures may result in
weaker reaction fields. On the other hand, others have investigated the
numerical acoustic pressure fields upon the application of a single
frequency [23] and multifrequency ultrasound [24] in their systems.

Other key factors affecting the quality of the resulting emulsion
includes the generation of bulk fluid flows which facilitates macro-
mixing between the oil and water phases. In acoustic systems, these
bulk flows are generated from through acoustic streaming, where fluid
flow is driven by the acoustic pressure driving force. Kojima et al. [25]
experimentally studied the effect of acoustic power on acoustic
streaming and sonochemical efficiency in a reactor. Similarly, studies
conducted by Xu and co-workers [26,27] have provided valuable in-
sight on acoustic streaming phenomena through a series of computa-
tional studies.

Further to that, some researchers have attempted to couple multiple
physics onto their simulation studies. For example, Niazi and co-
workers [28] have performed simulation studies on the acoustic pres-
sure distribution and the thermodynamic conditions in a sonoreactor
designed for the upgrading of crude oil. Whilst others performed mul-
tiphysics simulations by coupling the acoustic field, chemical kinetics,
reactive flow and cavitation attenuation to investigate the feasibility of
a sonoreactor for transesterification [29]. Recently, a study published
by Tian et al. [30] reported the use of a 3D finite element model to
study the effect of acoustic pressure distribution on the cavitation
erosion of ultrasonic sonotrodes in large-scale, ultrasound-assisted
casting systems. Some other researchers have attempted to incorporate
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the cavitation phenomena to the acoustic pressure field, such as the
employment of Eulerian two-fluid approach [31], solving of non-linear
acoustic wave with bubble dynamics [32-34], study on the effects of
bubble clouds upon subjected to ultrasonic waves [35], attempt to si-
mulate the surface cleaning by cavitation bubbles [36], study on the
effects of varying static pressure to the bubble dynamics [37] and an
evaluation on the interaction between cavitation bubble and biological
cells [38].

Despite numerous efforts in performing various simulation of
acoustic pressure fields for the correlation and optimisation of different
ultrasonic systems, to date, there is still a lack of reports in the acoustic
simulation of a two-phase liquid system. Most of the reports on multi-
phase ultrasonic systems focused on the separation of oil-in-water (O/
W) or water-in-oil (W/0) emulsions. For example, Hou et al. [39] have
attempted to simulate the vibration and propagation of ultrasonic wave
in a multiphase system for the oil recovery technology. Wang et al. [40]
attempted to simulate the phase separation of oil-in-water emulsion in
ultrasound field by employing the lattice Boltzmann method. On the
other hand, Pedrotti et al. [41] have recently reported a correlation of
acoustic pressure intensity in an ultrasonic bath to the effectiveness of
separating W/O emulsion droplets. However, there is still no report on
the correlation of acoustic pressure fields in a two-phase system and
how it may eventually affect the properties of the emulsion droplets
formed. Seeing the research gap, this paper aims to evaluate the effects
of the simulated acoustic pressure fields in a two-phase oil and water
system, to correlate the simulated results to the experimental findings
in the formation of O/W emulsion.

2. Methodology
2.1. Acoustic pressure simulation

Calorimetric method was used to determine the actual power dis-
sipated and energy efficiencies of the equipment. The experiment was
carried out by measuring the temperature rise over a period of 10 min
without running cooling water around the system, under sonication
amplitude of 50%, taking the temperature readings every 30 s. The total
power output was calculated using Eq. (1),

mC,AT
At

out — (1)
where P,,, is the power dissipated (W); m is the mass of water (kg); C, is
the specific heat capacity of water (J kg™ °C™1); AT is the change in
temperature (°C); while At is the change in time (s). For the experiment,
200 mL of distilled water was used in a 250 mL beaker.

The ultrasonic system used in this work was a 23 kHz ultrasonic
probe with a probe diameter of ca. 1 cm. The probe was inserted into
the beaker of water at a fixed height with 1 cm for the experiments
conducted to determine the power dissipation into the system.
Subsequent changes in the height of the ultrasonic probe was varied at
0.5, 1.5 and 2 cm from the air-water interface to examine the effects of
ultrasonic probe position to the power dissipated into the system (See
Fig. 1).
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23 kHz sonicator

water

L

s 1cm

Fig. 1. Schematic showing the position of the sonicator immersed in the liquid
at a fixed height of 1 cm from the liquid interface.

The active zones in an ultrasonic system are highly dependent on
the acoustic pressure. Simulations were performed using the pressure
acoustics frequency domain in COMSOL Multiphysics 5.2 using finite
element method (FEM), which encompasses the solving of complex
engineering problems like acoustic propagations governed by partial
differential equations (PDEs) [19].

Intensity, I of the system was obtained based on Eq. (2),

Pout
A

I=

(2

where P, is the total power dissipated into the system, obtained ex-
perimentally through calorimetry; and A is the cross-sectional area of
the ultrasonic horn, calculated to be around 8 x 10~ °m?.

From there, the acoustic pressure amplitude, p, (r), can be obtained
based on Eq. (3) below.

pr(r)

1= 3)

Which will subsequently give,

(a) 5
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where r is the spatial variable (r = [x, y, z]), p is the density of the
medium (kg m ™) and c is the sound velocity in the medium (m s™h.

The acoustic pressure simulation for the ultrasonic system was
performed based on a method described by Tiong et al. [42] by ap-
plying the simplified Helmholtz equation in Eq. (5).

()

where o is the angular frequency (rad s™'); p is the acoustic pressure
(Pa).

The mesh generated for FEM of this study was a predefined tetra-
hedral mesh, validated by increasing the numbers of degree of freedoms
until a negligible effect was obtained, to decrease the pollution effect in
the model [43]. This results in a final amount of 54,405 number of
degrees of freedoms for a 2D axisymmetric simulation. Fig. 2 illustrates
(a) the dimensions and notations used to define the variables in simu-
lation and (b) the mesh generated for the simulation process. To initiate
the simulation on acoustic pressure, the first correlation was performed
to look at the effects of the depth of the ultrasonic horn, L, to the overall
acoustic pressure.

The simulation was conducted using a fixed dimension to emulate
the dimensions of a 250 mL beaker, with width, W of 6.5 cm and overall
liquid height of 6 cm, unless stated otherwise.

Below are the boundary conditions and simulation parameters used.

(i) Air-water interface: simulated as sound soft boundary, indicating
that there is a total reflectance of sound wave upon approaching
the interface, resulting in acoustic pressure, p = 0 at the interface.

(ii) Walls of the ultrasonic tip: Acoustic impedance of titanium, cor-
responding to 28.5MRayl [44], which will result in sound re-
flectance and transmittance to occur based on the properties of the
material.

(iii) Walls of the vessel: simulated based on the acoustic impedance of a
borosilicate glass [45], corresponding to 13 MRayl [46], which will
result in sound reflectance and transmittance to occur based on the
properties of the material.

(b)

oil

oil-water interface |

Fig. 2. (a) Notations used to describe the various dimensions used for the simulation process. Ly;: height of oil from the air-oil interface; L: length of immersion of the
ultrasonic horn and W: width of the vessel (all in cm); (b) Mesh generated for acoustic simulation.

48



T.J. Tiong, et al.

(iv) The entire vessel consists of either 1 or 2 domains.

a. For single phase system when only water is present, the domain
is water, using predefined physical properties provided in the
software.

b. For two phase systems, the upper domain at the upper vessel is
simulated as oil, carrying density of 930 kg m ™2 and speed of
sound of 1456 ms™?* [47].

(v) The linear acoustics model employed for this simulation study
which will consider of the attenuation based on the material
properties and boundary conditions stated.

2.2. Experimental validation

A series of experiments were conducted to validate the simulation
works performed, as described below.

2.2.1. Preparation of oil-in-water emulsion

The oil used in this experiment was palm oil based (Helang, Yee Lee
Edible Oils Sdn. Bhd., Malaysia). Deionised water (Milli-Q®, Merck,
18.2 MQ) was used throughout the entire experiment. Sonication of the
oil-in-water emulsion was performed using a 23kHz Sonics and
Materials ultrasonic probe (VCX 750, 750 W), with a probe diameter of
ca. 1 cm. The oil and water mixture were placed carefully in a 250 mL
(L. D. = 6.5 cm) beaker, with 4 cm in height of water and 2 cm of oil,
corresponding to a total of 200 mL of oil and water mixture.

2.2.2. Video recording

To examine the extent of cavitation in an oil and water mixture, a
series of videos were captured using a digital single lens reflex camera
(dSLR, Nikon D5100), mounted to a Nikon zoom lens (AF-S Nikkor
18-105 mm, F3.5-5.6). The conditions of the video capturing were set
to be constant at 30 fps, ISO 500, F3.5 and at a magnification distance
of 70 mm. The camera was placed at a fixed distance of 40 cm away
from the beaker, and the videos were captured continuously over a
sonication duration of 1 min, as shown in Fig. 3. The experiments were
conducted by varying the position of the ultrasonic probe height, L,
ranging from 0.5, 1.0, 1.5, 1.9 and 2.0 cm from the air-oil interface. The
results were extracted frame-by-frame using an in-built video editing
software (iMovie, iOS 11, Apple Inc.) and the extent of the cavitation
taken place were analysed using ImageJ.

23 kHz

ultrasonic

o ==

horn

oil
e

40 cm

water
dSLR camera to capture the

formation of O/W emulsion

at 30 fps, I1SO 500 and F3.5

for a total of 1 min.

~

Ultrasonics - Sonochemistry 56 (2019) 46-54

wv
N

wv

=

(%3]
T

w
[N
T

50.5 }

49.5

Power output, P, (W)
(9,
3

0 0.5 1 1.5 2
Distance, L (cm)

S
©

2.5

Fig. 4. Power dissipated into the system at various ultrasonic horn length.

2.2.3. Particle size analysis

The mean droplet size and size distribution of O/W emulsion was
determined by means of dynamic light scattering using Zetasizer Nano-
ZS (Malvern Instruments, United Kingdom) and the Zetasizer® software
(version 7.03). Each analysis was carried out at a fixed scattering angle
of 173° at 25°C and was presented with three independent measure-
ments, which comprised of five acquisitions each. For each experi-
mental condition, three independent samples were analysed and the
average value of Z-average and polydispersity index (PDI) was pre-
sented.

3. Results and discussion
3.1. Effects of ultrasonic horn position to the acoustic pressure

The acoustic pressure computational study was initiated by de-
termining the power dissipated into the system. This was achieved by
performing calorimetry at various ultrasonic horn positions, with re-
sults illustrated in Fig. 4. From Fig. 4, the power dissipated into the
system can be seen to have slight variations upon varying the height of
the ultrasonic horn from the air-water interface. However, these dif-
ferences are insignificant (P-value > 0.05), and therefore an average
power output of 50.7 W, corresponding to 1.389 MPa was used for all
subsequent acoustic simulations.

Acoustic pressure simulation of the ultrasonic horn at various horn

O/W emulsion taken out to be analysedvia a
Zetasizer, to obtain the particle size distribution

()0033s (1101675 (#0335 (M067s (103

LTI
| SREIRRFLFT
ekl
L 14 [l ol
CmGaRET

Video frames extracted from camera for visual
analysis

0sem

Fig. 3. Schematic of the experimental setup for the video recording and the particle size analyses for the O/W emulsification process.
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height was first simulated in a single-phase water system, as illustrated
in Fig. 5. The results collated showed that the position of the ultrasonic
horn, had showed significant effects on the acoustic pressure fields.
With reference to Fig. 5(a)-(e), it can be seen that the maximum ab-
solute acoustic pressures (Abs. P,.,), were the greatest when the ul-
trasonic horn was closer to the air-water interface, amounting to ap-
proximately 1 MPa when the ultrasound was 0.5 and 1.0 cm away from
the air-water interface. There is a decreasing trend in the Abs. P,
upon further immersion of the ultrasonic horn in the water system. The
sound wave generated by the ultrasonic horn propagates from the tip of
the horn. The large impedance difference between water and air causes
total reflectance of propagating sound waves back into the water.
Therefore, when the position of the ultrasonic horn is closer to the air-
water interface, this results in a higher level of reflectance in sound
wave, hence generating slightly higher maximum acoustic pressures
[48]. On the other hand, when the ultrasonic horn tip is positioned
lower or further away from the air-water interface, lower magnitudes in
sound reflectance are created due to a certain degree of sound at-
tenuation, therefore resulting in lower maximum acoustic pressure.
Despite generating the highest maximum acoustic pressure when
the ultrasonic horn was close to the air-water interface, it should be
noted that the production of cavitation and sonochemical activities will
only occur when the cavitation threshold pressure is achieved. With
reference to Fig. 5(a), despite generating the highest absolute acoustic
pressure, the main body of the simulated area merely showed regions
with acoustic pressures of < 0.5MPa, suggesting weaker cavitation
activities when it is further down in the beaker, as compared to the
other positions in Fig. 5(b)-(e). This resonates with the report by Mu-
jumdar et al. [6], where they have showed that higher potassium iodine
was deliberated when the ultrasonic horn was placed deeper down in
the water, which may be contributed to wider regions of acoustic
pressures above the cavitation threshold. It was also reported that the
maximum acoustic pressure that can be achieved in the system was
strongly related to the resonance length between the ultrasonic source
to the overall size of the tank [23]. In this work, the simulated fre-
quency was 23 kHz, which corresponds to a sound wavelength of ca.
6.5 cm in water. When the ultrasonic horn tip was placed at 0.5 cm from
the air-water interface, this corresponded it to be closer to the re-
sonating wavelength of the ultrasonic system, hence generating higher
maximum acoustic pressure near the ultrasonic horn tip. Another
contributing factor of the reduction of acoustic pressure generated
when L = 0.5 cm was to do with the attenuation of sound. The litera-
ture reported an attenuation of 40% at 50 mm away from the ultrasonic
source, at comparable ultrasonic intensities and frequency of
0.25 W em ~2 at 24 kHz [49]. This gave rise to a significant attenuation
at the water system when the ultrasonic source was placed further away
from the oil-water interface, resulting in lower acoustic pressures.

L=1.0cm
Abs. P, = 0.999 MPa

max

L=0.5cm L=15cm

Abs. P,,,, = 0.985 MPa

Abs. P, = 0.948 MPa
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3.2. Effects of length of ultrasonic horn, L in L; to the acoustic pressure

Fig. 6 illustrates the acoustic pressure fields at different ultrasonic
horn lengths in an oil and water system. It can be noted that the overall
acoustic pressure fields were similar to those of only water (Fig. 5), but
with slight difference in the Abs. P,,q,. With reference to Fig. 6(a)-(d),
placing the ultrasonic horn in the oil phase have slightly increased the
maximum acoustic pressures by approximately 2-5kPa. Based on Eq.
(5), when the initial pressure supplied to the system remains the same,
submersing the ultrasonic horn in the oil phase, which has lower den-
sity and speed of sound as compared to water, will result in an increase
in the acoustic pressure generated in the system.

Despite having only slight changes in the Abs. P, generated in
both water and oil-water systems, it is interesting to note that placing
the ultrasonic horn right at the oil-water interface, as shown in
Fig. 6(e), has attenuated the acoustic pressure generated. This could be
contributed to the transfer of energy to overcome the interfacial tension
between the oil and water at the interface [6], resulting in a reduction
in acoustic pressure generated. The formation of oil-in-water emulsion
via sonication is highly influenced by the formation of transient cavi-
tation, which is highly dependent on the acoustic pressure generated.
The cavitation threshold is different in oil and water, with an estimated
cavitation threshold to be ca. 1-1.5MPa in oil [50] and 0.5 MPa in
water [51]. Therefore, based on the simulated acoustic pressure fields,
it can be concluded that whilst placing the ultrasonic horn higher up the
beaker will generate a higher Abs. P, it is also important factor to
ensure that the acoustic pressure generated in the water system is
higher than the cavitation threshold, in order to ensure that cavitation
occurs at majority of the areas in the system.

One factor contributing to the formation of ultrasonically induced
O/W emulsion is the formation of cavitation in the water, resulting in
micro oil droplets to be encapsulated in the water system. Table 1
compares of areas with > 0.5 MPa for in the water at different horn
lengths, calculated with the aid of ImageJ. There, it can be seen that
placing the horn too high up in the oil-phase may result in the absence
of acoustic pressure field beyond the cavitation threshold in the water
phase. Hence, despite being able to generate high maximum acoustic
pressure in the oil phase (as shown in Fig. 6), the absence of substantial
acoustic pressure in the water may be one contributing factor to the
formation of coarser O/W emulsion droplets. Further, comparing the
lengths of 1.9 and 2.0 cm, it can be noted that there was a significant
suppression in the acoustic pressure when the horn was placed at the
oil-water interface, forming a relatively lower area with acoustic pres-
sure > 0.5 MPa.

Mujumdar et al. [6] showed that the distance between the ultra-
sonic tip and the oil-water interface had significant effects in the dia-
meter of the O/W emulsion droplets. In their experimental work, they
showed that placing the ultrasonic horn close to the oil-water interface
gave the best results in terms of O/W emulsion with the smallest

x10°
5.0

L=2.0cm
Abs. P, = 0.886 MPa

L=19cm
Abs. P, = 0.897 MPa

[

Fig. 5. Absolute acoustic pressure fields (Pa) obtained upon subjected to sonication in water at initial acoustic pressure of 1.389 x 10° Pa at varying ultrasonic horn

lengths of (a) 0.5 cm; (b) 1.0 cm, (c) 1.5cm, (d) 1.9 cm and (e) 2.0 cm.
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L=10cm
AEs. ,Pmu = 1.0gil\4Pa

L=0.5cm L=15cm

Abs. Py, = 1.01 MPa

Abs. P, = 0.976 MPa
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x10°
5.0

L=2.0cm
Abs. P, = 0.864 MPa

L=19cm
Abs. P, = 0.951 MPa

o

Fig. 6. Absolute acoustic pressure (Pa) obtained upon subjected to sonication in oil (Lo; = 2 cm) and water at initial acoustic pressure of 1.389 x 10° Pa at varying
ultrasonic horn lengths of (a) 0.5 cm; (b) 1.0 cm, () 1.5cm, (d) 1.9 cm and (e) 2.0 cm.

Table 1
Area with > 0.5 MPa at various ultrasonic horn length immersed in the oil and
water system.

Length, L (cm) Area with > 0.5 MPa in the water phase (arbitrary unit, a. u.)

0.5 0
1.0 0
1.5 439
1.9 4304
2.0 3231

particle diameter and higher stability emulsion droplets. With reference
to the simulation results obtained in Figs. 5 and 6, it can be seen that
there is a correlation in this work as compared to the literature [6],
where the area with high acoustic pressure is greater when the ultra-
sonic horn was placed closer to the oil-water interface, which will
subsequently contribute to higher cavitation activity.

(i)0.033s (ii)0.167 s

(a) 0.5cm

(b) 1.0cm

(c) 1.5cm

(d)1.9cm

(e) 2.0cm

(iii) 0.33 s

3.3. Videos of the formation of O/W emulsion at different L

Experiments of the formation of O/W emulsion with a fixed L,; at
varying depth of the ultrasonic horn, L, were performed and compared
to the simulated results. Fig. 7 collates the screenshots of the O/W
emulsion formed at varying time intervals. Here, the frames collated
can roughly be separated into two categories: the first will be for L of
0.5 and 1.0 cm (Fig. 7(a) and (b)), while the second category for L of
1.5, 1.9 and 2.0 cm (Fig. 7(c)—(e)). For the first group, the cavitation
and acoustic streaming process was focused along the middle of the
vessel. Even after sonication of 1s, the water interface was still not
entirely blanketed by the oil phase. Whereas, in the second group, it can
generally be seen that the cavitation and acoustic streaming activity
have resulted in vigorous mixing of the oil and water system, resulting
in almost 100% coverage of oil in water after sonication of 1s. This
shows that there is a close correlation of the O/W emulsion to the po-
sition of the ultrasonic source.

(iv)0.67 s (v)1.0s

23

Fig. 7. Formation of O/W emulsion at varying depth of the ultrasonic horn, L, at different time intervals.
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To further evaluate the performance of the O/W emulsion formed,
Fig. 8 collates the total area of the emulsion ‘cloud’ for the first 5 frames
of the video with the aid of ImageJ. At time < 0.1s, the formation of
emulsion ‘cloud’, containing a mixture of cavitation and results of
acoustic streaming in the system, was insignificant across different
depth of the ultrasonic horn. However, upon reaching the 0.1 s mark,
there was a distinctive difference between L of 1.5 and 1.9 cm, as
compared to the others, where they have managed to form large areas
of emulsion cloud in the water phase.

The reduced intensity of cavitation cloud and streaming activity for
0.5 and 1.0 cm in Fig. 7 can be strongly related to the higher cavitation
threshold in oil. As shown in Fig. 6, the estimated acoustic cavitation
pressure in oil is ca. 1 MPa, which is approximately 2 times higher than
water. Therefore, placing the ultrasonic horn in the middle of the oil
phase will affect the formation of cavitation bubbles, since most of the
oil phase is below its cavitation threshold, which will eventually affect
the quality of the O/W emulsion formed. On the other hand, when the
ultrasonic horn is positioned closer to the oil-water interface, sub-
stantial acoustic pressure above the cavitation threshold will be gen-
erated in the water phase, therefore forming pockets of oil-filled bub-
bles — hence forming O/W emulsion droplets.

The results obtained in Fig. 8 has also correlated well with the si-
mulated acoustic pressure (Fig. 6), where there was a general trend of
lower spread of high acoustic pressure regions when the depth of the
ultrasonic horn was 0.5 and 1 cm. Apart from that, it can also be seen
that when the ultrasonic source was placed exactly at the oil-water
interface, in Fig. 7(e) (ii), there was a distinctive reduction in total area
of emulsion cloud formation, as compared to L of 1.5 and 1.9 cm. As the
ultrasonic energy supplied to the system was used up to overcome the
interfacial tension of the oil-water interface, causing a reduction in the
spread of O/W emulsion clouds formed in the beginning of the emul-
sification process, at t = 0.0033s in Fig. 7. The formation of O/W
emulsion via sonication is highly dependent on formation of transient
cavitation, which is responsible to shear the interfacial force between
the oil-water interface to form small emulsion droplets [52]. Placing the
ultrasonic horn close to the oil-water interface will benefit the pro-
duction of high acoustic pressures, which will increase the tendency of
transient cavitation production, hence producing more O/W emulsion
droplets. When the ultrasonic horn is placed at the oil-water interface,
the presence of interfacial tension between oil and water will result in
the production of a radiation pressure called Rayleigh pressure [53].
Therefore, high fluid particle velocity is required to overcome the
Rayleigh pressure at the interface, before transforming its energy to
produce cavitation bubbles.

3.4. O/W particle size analysis

Further analysis on the emulsion droplets formed was performed on
a Zetasizer to determine the average particle sizes and their distribu-
tion. Results obtained in Fig. 9 shows a distinctive difference in particle
sizes when the horn was at L of 0.5, 1, and 2cm, with particle
sizes > 400 nm and with polydispersity index (PDI) of 0.4-0.5, as
compared to the other horn position of 1.5 and 1.9 cm, which had much
smaller particle sizes in the range of 250 nm and with PDI of 0.2-0.3.
Here, a strong correlation between the areas with high acoustic pres-
sure fields in the water phase is highly responsible in the formation of
stable and smaller O/W emulsion droplets, which is again attributed to
the formation of transient cavitation bubbles under those conditions.

The power supplied to the system, which can be correlated to the
acoustic pressure generated in the system, plays an important role in
the formation of O/W emulsion. Ramisetty and co-workers [54] have
previously reported that higher power supply has resulted in O/W
emulsion with smaller sizes. Since the power supplied to the system will
affect the overall acoustic pressure generated, therefore the influencing
the O/W emulsion sizes. Apart from that, the ultrasonic frequency also
plays a role in contributing to the O/W emulsion droplet sizes.
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Supplying higher frequency of ultrasound will result in the formation of
smaller cavitation, which will eventually form smaller oil droplets [55].
However, it must be noted that this is also highly dependent on the
power supplied to the system, as the cavitation threshold increases with
the ultrasound frequency [55]. Therefore, it was concluded that the
ideal frequencies to conduct ultrasonic emulsification effectively still
lies in the ranges of 20-40 kHz [56], to achieve the desired dispersion of
ultrasonic energy to form stable emulsion droplets.

Li and Fogler [4] have mentioned that the formation of submicronic
emulsions involves two mechanisms: first was to erupt the dispersed
phase into the continuous phase; followed by further cavitation dis-
ruption and mixing into smaller droplet sizes. Therefore, it is important
to have zones with high acoustic pressure near the oil-water interface to
have substantial energy to erupt the interface and allowing the dis-
persed phase (ie. oil) to enter the continuous phase (ie. water), as well
as acoustic pressure zones above the cavitation threshold in the con-
tinuous phase, to further disrupt the oil molecules into smaller O/W
emulsion. This explains the importance of the placement of the ultra-
sonic horn to be at an optimum position which will create sufficient
acoustic pressure in both the oil and water phases, to produce smaller
and hence more stable emulsion droplets.

There were several studies in the literature on the effects of ultra-
sonic horn or bath position to the overall emulsion droplet sizes and
stability [6,57]. Kojima and co-workers [57] found out that there was
an optimum distance of the ultrasonic source from the bottom of the
vessel to produce emulsion with the highest stability. Similarly, this
work showed that ultrasonic horn depth placement of 1.5-1.9 cm has
resulted in emulsions with significantly lower average particle sizes,
and with lower polydispersity, as shown with the error bars in Fig. 9.
Therefore, this concludes that the position of the ultrasonic horn and
the acoustic pressure generated in the oil and water system hold im-
portant roles in the formation of stable, ultrasonically formed O/W
emulsion droplets.

4. Conclusion

This work has successfully correlated the effects of ultrasonic horn
position to the acoustic pressure generated, which have affected the
formation of O/W emulsion droplets. Acoustic pressure simulation
showed that the maximum acoustic pressure generated reduces with the
increase in ultrasonic horn depth into the liquid system, but the overall
area with high acoustic pressure region showed reverse phenomena.
Placing the ultrasonic horn closer to the oil-water interface had gen-
erally resulted in the production of larger areas with acoustic pressures
above the cavitation threshold. Experimental validation showed that
the acoustic pressure generated above cavitation threshold played an
important role to form emulsion droplets. Ultrasonic horn placed closer
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Fig. 8. Area of emulsion ‘cloud’ formed at different depth of the ultrasonic
horn, L, in the system, at varying time intervals.
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Fig. 9. Average particle sizes of the O/W emulsion formed upon sonication for
1 min at varying depth of the ultrasonic horn, L.

to the oil-water interface (at L = 1.5 and 1.9 cm) resulted in the pro-
duction of smaller emulsion droplets of diameters ca. 250 nm, and PDI
of 0.2-0.3, whilst placing right at the oil-water interface showed ad-
verse effect, due to the transformation of ultrasonic energy to overcome
the interfacial surface tension and radiation pressure at the interface.
Therefore, this work concludes that the acoustic pressure generated in
both the oil and water phases possess significant effects in the final
production of stable O/W emulsion droplets.
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