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Abstract

The processing of oils is vital to their ultimate use within the food industry. Control over the
physical properties of such materials could be achieved through the application of high-
intensity ultrasound (HIU). However the exact mechanism, centred upon acoustic cavitation,
is currently unclear. The ring-up of a HIU source in an oil media is studied in the presence and
absence of a pre-exsisting bubble population. High-speed imaging and acoustic measurements
within the system is demonstrated to be extremely useful in characterising the dynamics present
under non steady-state conditions. The behaviour of the clusters generated in the first 1000 ms
under these conditions is shown to be signifigantly different depending on the bubble
population. A bifurcated streamer (BiS), originating from a unique bi-cluster event, is only
observable in the presence of a bubble population during the ring-up process to higher cluster
orders. In addition, the lifetime of this BiS event is highly temperature dependent and is shown

to be a good marker for the viscosity of the oil employed.
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Introduction

The processing of food materials possess significant technological challenges. Many different
strategies exist with new processes developed to improve the properties of the resultant
material. For example, edible lipids which provide flavour, mouthfeel, and palatability to
foods, can be affected by the processing conditions. In many cases, the desired properties can
be achieved through control of the amount of solidified lipids and the characteristics of the
crystalline network formed. One promising technology which has been shown to change the
properties of the resultant solid materials formed, when it is used as part of the solidification
process, is high intensity ultrasound (HIU)[1-6]. The positive effects of this technology are
thought to be associated with its ability to alter the kinetics of crystallisation within these oil
matrixes[7-14]. Unfortunately, the exact physical or chemical processes responsible for the
changes observed are unknown at this time. However, considering the possible mechanisms
available, the role of cavitation[15-18] in these systems cannot be overlooked. Hence, an
understanding of the cavitation processes generated through the application of HIU to an edible
oil is timely. To this end, characterisation of the clusters[19,20] and streamer formed at the tip
of a HIU source has been reported[21,22]. These studies have shown a rich and complex
environment which is dynamic and exhibits different characteristics depending on the
amplitude of the HIU source and the state of the tip itself. In addition, local heating and the
dynamics of clusters of bubbles at the tip of the HIU source are important[22,23]. While these
studies are significant, they have focused on the behaviour of the cavitation field under steady
state conditions (where the tip has been operational for a few seconds). While this gives many
details on the physical processes associated with the HIU source, there remains several key
questions. First, as the effects of HIU are dramatic and occur with short exposure time (~10
s), it is unclear what happens in the initial stages of the exposure to ultrasound. Second, how
does the pre-treatment and bubble population of the oil affect these processes? Lastly, how do
the physical characteristics of the oil itself affect the cavitation process? To gather this key
information, it is necessary to study the environment and bubble dynamics with suitable
analytical methods. Here we use acoustic emission and high-speed imaging to gain insight into
the processes occurring under non-steady state conditions (e.g. at initiation of the HIU source).
The results reported will show that the dynamics of the cavitation clusters and the lifetimes of
the types of bubble events generated depend strongly on the physical conditions[24-28]

employed, the pre-existing bubble population and the timescale of the excitation.



Experimental

The experimental set up has been described in some detail previously[23]. Cavitation was
generated using a piston like emitter (PLE, Misonix, XL2000, ~23 kHz) immersed in the
relevant media here an oil (Soybean oil, SBO (Clearsprings) or Sunflower oil, SFO
(Independent)). A 3.2 mm diameter tip was employed in all cases. The tip of the PLE was not
polished as this was found not to be conducive to the formation of stable clusters in these oil
systems (see reference[21]). High-speed imaging (using a Photron APX-RS camera and
Navitar x12 lens, typically at 70 kfps and a shutter speed of 14.3 us) of the region below the
tip in the oil system was combined with a calibrated hydrophone (Reson TC4013) positioned
~ 15 mm to the side of the tip of the probe (itself 15 mm immersed into the oil). The sensitivity
of this sensor is given as -2.66 x 10° V Pa under these conditions at ~22.7 kHz in water (from
the data sheet provided from the manufacturer[29]), however, the calibration of the hydrophone
is assumed not to be 100% accurate within the oil system. Characterisation of the PLE was
achieved with two alternate. First, through standard calorimetry (see ref[21] Sl data). Second,
through monitoring the tip amplitude (see ref [22]and Sl). In addition, a set of ring-up data and
accompanying audio traces are available in the SI.

A 60 mm x 60 mm x 150 mm polycarbonate cell was used to contain the liquid for
imaging experiments. A 70 mm x 70 mm x 170 mm water jacketed cell (See SI) was used with
a water bath (Grant, TC120) to allow temperature control for the BiS lifetime experiments.
Viscosity data was collected by using AR-G2 Rheometer (TA Instruments, New Castle,
Delaware) to identify steady state flow at varying shear rates (0.01-300 st). A digital
oscilloscope (Owon DS7102V DSO) was used to capture the acoustic and light scattering data
(sample rate 1 MHz). The scope, ultrasonic source (through a relay) and the high-speed camera

were triggered by a TTL pulse generated by a suitable voltage source.

A similar approach used to measure light scattering through the cluster has been
described elsewhere for water based experiments[30,31]. DSP analysis was performed using
a bespoke data analysis program (Microsoft Visual Basic 2010 and National Instruments
Measurement Studio). In this an FFT analysis was performed with a window size chosen to
allow many cycles (usually 100 or 1000) of the PLE period to be analysed at one time. This
window was then sequentially moved forward through the data in 1 ms steps. The output of
this process was then used to produce a plot of the intensity of a particular frequency component

as a function of time. This approach is particularly useful as it enables the frequency



components (particularly those related to shock emission as the result of cluster collapse) to be
monitored and displayed.

Results and discussion

One of the experimentally observable characteristics of these lipid systems is that a set of clear
audible “notes’ which can be detected by ear as the drive characteristics of the sound source

are altered[22,23]. In brief as the drive amplitude was increased the cluster dynamics were

Figure 1. Panel (a) shows the frequency components (note the colour scale is in volts) of the signal recorded
by the hydrophone as a function of time as the PLE was initiated (32 W) in sunflower oil. The TTL trigger
for the PLE and high-speed camera was initiated at Time = 0 s. The panel is split into different time regions
where the FFT analysis shows distinct and different behaviour (labelled A-D and correlated to the discussion
in the text). Panel (b) shows a single image of the PLE where the first bubble activity was observed. This
occurred at 178.414 ms after the TTL trigger. The PLE is 3.2 mm in diameter and can be used as a scale for
the images. Panel (c) shows the cluster dynamics and periodicity recorded in section B from panel (a). The
high-speed imaging (70 kfps) shows a cluster periodicity corresponding to f/4 (shown as the yellow
highlighted frames). Panel (d) shows the cluster dynamics and periodicity recorded in section D from panel
(a). The high-speed imaging (70 kfps, shutter speed 14.3 us) shows a cluster periodicity corresponding to f/5
(shown as the yellow highlighted frames). The blue arrows link the lower panels (b-d) to panel (a).



found to exhibit periodicities of differing order with respect to the frequency of the PLE
deployed. The order can be defined as f/n where f is the drive frequency of the PLE and n is

an integer value, typically 2-7. However, these experiments relied on the PLE operating under

steady state (or continuous) conditions. Alternatively, how these clusters develop over time
and how the pre-treatment of the oil (the bubble population for example) affects the behaviour
seen is of interest. This has the potential to provide an enhanced understanding of the
mechanisms present during HIU treatment lipid crystallisation, particularly at short timescales.
To investigate this a set of complimentary experiments were undertaken. High-speed imaging
and acoustic data were recorded simultaneously to correlate the observed pressure signals to

the dynamics of the cluster (or cavitation events) at the surface of the PLE.

Figure 1 shows the results obtained from such an experiment. In this case, the oil had
been allowed to rest for ~ 1-2 hours without disturbance (e.g. exposure to cavitation conditions
or flow). Initially after a ~5 ms delay (because of the activation of the ultrasonic power
amplifier through a relay), an acoustic signal, predominately at 22.68 kHz, was detected. This
signal grew in amplitude until ~ 180 ms into the experiment (this time zone is marked on panel
(a) as section A). High-speed imaging during this time revealed a bubble-free liquid until ~178
ms into the experiment. At this point a single bubble nucleated at the surface of the PLE (see
Figure 1 (b)). After this event had occurred, multiple bubble events were detected, and the
acoustic signature and its corresponding frequency space character altered dramatically (see
Figure 1 sections B, C and D). Figure 1 panel (a) section B then indicates a set of
subharmonics (and corresponding ultraharmonics) with an /4 cluster. In this region the high-
speed imaging shows a well-developed cluster with a repeating period corresponding to f/4 (see
Figure 1 panel (c), where the highlighted frames, read left to right in a raster fashion from the
top). This cluster behaviour results in 3 subharmonic peaks at f/4, /2, and 3f/4. However, this
cluster last for only ~ 30 ms after which time the frequency analysis shows an ill-defined
emission lasting for ~ 350 ms (see Figure 1, Panel (a) section C) where no clear sub or
ultraharmonics were detected. At ~575 ms Figure 1 panel (a) and (d) shows the formation of
an f/5 cluster. This is highlighted in Figure 1 panel (d) by the yellow boxes which show the
period of the cluster which is estimated to be ~16 + 1 frames or 220 ps. It should be noted that
this behaviour is only detected when the liquid has been allowed to stand for an extended time
period (~ 1-2 hours) to enable as many bubbles as possible to be removed through buoyancy

forces or dissolution effects.
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Figure 2. Panel (a) shows the frequency components of the signal recorded by the hydrophone as a function
of time as the PLE was initiated (32 Wms) in sunflower oil pre-populated with gas bubbles through exposure
to cavitation generated by the PLE. The TTL trigger for the PLE and high-speed camera was initiated at t =
0s. The panel is split into different time regions where the FFT analysis shows distinct behaviour (labelled
A, A’, A”’, B-D and correlated to the discussion in the text). Panel (b) shows a single image of the system
prior to initialisation of the PLE. The white dotted circles show the presence of many gas bubbles which
appear stationary on the time scale of the experiment. The PLE is 3.2 mm in diameter and can be used as a
scale. Panel (c) shows the cluster dynamics and periodicity recorded in section A’ from panel (a). The high-
speed imaging (70 kfps, shutter speed = 14.3 ps) shows a cluster periodicity corresponding to f/3 (shown as
the yellow highlighted frames). Panel (d) shows the cluster and streamer dynamics and periodicity recorded
in section A’’ from panel (a). The white arrows show the bifurcated streamer observed under these conditions.

The blue arrows link the lower panels (b-d) to panel (a).

Figure 2 shows the results of a ring-up experiment performed immediately after the
liquid was populated with bubbles (these bubbles are generated by the application for ~10 s of
a sufficiently intense cavitation field sufficient to allow a cluster to form on the tip). In this
case, a different acoustic signature and imaging data was obtained. Again a ~ 5 ms initiation

period was observed. However, once the PLE starts to oscillate, the inherent bubble population
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Figure 3. Plot shows the frequency components of the hydrophone signal, averaged over 10 repeat runs, and
recorded as a function of time as the PLE was driven at a drive amplitude of 13 W in soybean oil. The oil
sample was cooled at 13 °C and pre-populated with gas bubbles through exposure to cavitation generated by
the PLE. The panel is split into different time regions where the FFT analysis shows distinct behaviour (labelled
A, A’, A, and B correlated to the discussion in the text). RD is where the PLE rings down. The PLE was
driven for a time period of ~800 ms. Intiated at 0 ms (green arrow) and then switched off at ~ 800 ms (blue
arrow). The scale bar represents voltage for the frequency components calculated from the hydrophone voltage

time data.

(highlighted in Figure 2 panel (b)), results in the initiation of bubble related emissions after
only ~ 30 ms. At this point a stable cluster was observed with a periodicity of f/3 (see Figure
2, panel (a) section A’). Again, the high-speed imaging indicates that this was as a result of a
stable cluster with a matching periodicity (see Figure 2, panel (c)). This cluster is stable for
~70 ms until the set of subharmonics disappear (see Figure 2 panel (a), section A’*). In this
region the high-speed imaging indicates a bifurcation of the resulting streamer (see Figure 2
panel (d), white arrows showing the two streams detected). This unusual event has been
described previously[22] and results from two bubble clusters formed at the tip of the HIU tip
and oscillating out of phase. The position of the bifurcated streamer appears associated with
surface functionality on the PLE tip (see Sl data). Under these conditions this bifurcated
streamer lasts ~ 50 ms before a sequence consisting of a cluster with f/4 periodicity (Figure 2
panel (a) section B), a mixed region (section C) and then finally a cluster with /5 periodicity
(section D) were detected. Clearly this should be put into the context of the experimental

solution conditions and the characteristics of the PLE.

First, if the liquid oil is relatively bubble free, Figure 1 shows that the tip can ring-up
to a relatively high displacement amplitude before any bubble events are generated. However,
after nucleation and population of the liquid with bubbles has occurred (as in figure 2), the

cluster initiates and immediately forms at a period of f/4 followed by a mixed region then finally



an f/5 period. Second, if the oil is populated with a pre-existing bubble population, a variety
of different stages at the beginning of the sequence were observed. If it is assumed that the
displacement amplitude of the PLE ring-up is the same for both cases; this indicates that the
f/3 and bifurcated streamer are only possible at lower tip amplitudes. The ‘bubble free’
experiments (see Figure 1 for example) do not offer these pre-existing nucleation points
(bubbles) and hence these cluster periodicities will not be observed under those conditions with
lower tip amplitudes. When bubble nucleation finally occurs, the tip amplitude is such that the

higher order clusters
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Figure 4. Schematic representation of the ‘jump-in’
mechanism. If a bubble free oil is employed, the tip amplitude
rings up for a considerable period until a nucleation event
(here labelled ‘BN’ or bubble nucleation) is detected. At this
point an f/4 cluster is the first generated as the tip amplitude
is sufficient to sustain this behaviour. In this case no lower
order clusters are seen (including the BiS event). In a bubble
populated oil, all the lower order clusters are sequentially
accessed as the pre-existing bubble population negates the lag

associated with the nucleation event.

are generated immediately. This ‘jump in” mechanism is represented schematically in figure
4. The BIS event is easily identified within the hydrophone waveform by a clear reduction in
the signal voltage (See Sl data) compared to both the preceding f/3 and succeeding f/4 clusters.
This event was found to be highly reproducible as long as an aged tip was employed. It was
found that the BiS event could be generated in many oil systems (results not shown) and be

produced using different apparatus (although with similar tip sizes and surface functionality).



It was also noted that the duration of BiS event varied considerably with the conditions of the
experiment. To characterise this, a set of experiments where performed to investigate the
lifetime of the BIiS event as the oil temperature was varied. Figure 3 shows an example of
frequency components detected in the hydrophone data during an 800 ms excitation experiment
for one such experiment. Note the oil is populated and under the conditions employed rings
up to form a final cluster with a periodicity of f/4. As seen previously, a set of subharmonic
acoustic emissions were detected ~20 ms after the PLE was initiated, and corresponds to a
cavitation cluster with a periodicity of f/3 (see Figure 3 section A’) which remained stable for
~70 ms. Under the conditions employed, the bifurcated streamer (BiS) event was present for
~110 ms (see Figure 3 section A’’) before an acoustic emission corresponding to a stable cluster
with f/4 periodicity was observed (see Figure 3 section B). The PLE was switched off for the

last 200 ms of the 1000 ms data capture window (see Figure 3 section C). During this
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Figure 5. Plot displaying viscosity of SBO as a function of
temperature (A) between approximately 13-70 °C. The
error bars represent the 95% confidence interval. Average
bifurcated streamer region duration as a function of
temperature (m) overlaid for comparison. The error bars
were calculated for 80 repeat runs. The HIU tip was driven

at 13 Wyms in all cases.

period the PLE ‘rings-down’ and the set of subharmonic frequencies disappear. Repeating this
PLE ring-up experiment (up to 80 times per temperature — see Sl data) and varying the

temperature of the oil allows for a full set of data to be gathered with a degree of confidence.
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Figure 5 shows a comparison of the BiS lifetime as a function of temperature. Plotted on the
same graph is the viscosity of the SBO oil used in this experiment. Figure 5 shows that the
lifetime of the BiS event drops as the temperature of the oil increases. In addition, features
such as a plateau in the BiS lifetime at lower temperature in the range can be seen. This appears
to correlate with the viscosity of the oil which shows very similar trends in its behaviour as a
function of temperature. The lifetime of particular cavitation clusters, such as the unique BiS
event reported here, could be critical to understanding the processes that occur within sonicated
lipid samples at different supercooling temperatures[10,25,32,33]. Lastly, the nature of the
populated media is of interest. Imaging experiments show that there are many bubbles present
in the oil. These are generated through the population process (see figure 2, Image B) by
exposing the oil to a cluster at high tip amplitude, for example. These bubbles are clearly
visible and of many 10’s um in diameter. However, to access this population accurately is non
trivial in this media and hence understand possible changes within it and their effect on the
clusters within this system, more sophisticated experiments are required. This is beyond the

current study and is part of ongoing work.

Conclusions

A sequence of stable cavitation clusters were investigated at an aged PLE tip in an oil/lipid
system, each exhibiting a clear audible note that can be detected by ear. Complementary
acoustic and high-speed imaging data shows that the pre-existing bubble population and the
PLE tip displacement have a significant influence upon the observed cluster dynamics in the
first 1000 ms of HIU treatment. A characteristic of the ring-up process in recently bubble
populated media, is the presence of a bifurcated streamer (BiS). This unique double- or bi-
cluster event is absent under bubble free conditions. Finally, the lifetime of the bifurcated
streamer was reported to be highly temperature dependant, and was shown to decrease from
~114 ms to ~38 ms over a temperature range of 13-60 °C. This appears to correlate to the

viscosity of the oil media employed.
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