























Materials 2019, 12, 3532

Figure 9. Predicted velocities in the sump during its evolution. (a,d) Conventional casting, (b,e) UST
HT casting, (c,f) UST FRHT casting.

5. Discussion

The results of numerical simulations revealed that introduction of ultrasonic vibrations into
the melt, flowing through the hot-top unit, has little or no effect on the temperature distribution
and sump profile, but has a considerable effect on the melt flow pattern in the sump. Below is a
discussion regarding the obtained simulation results and an additional verification of them versus
experimental observations.

The reason why there is almost no difference in the temperature distribution, volume of mushy
zone, and profile of the sump between these three casting methods is assumed to be as follows. In the

69



Materials 2019, 12, 3532

present simulation, all boundaries except for the primary cooling surface (mold inner surface) and
secondary cooling surface (water cooled part of billet) were set to be adiabatic. However, in the actual
DC casting process, a part of the heat can escape through the melt free surface and walls at the hot-top
unit. Moreover, it is well known that irradiation of ultrasound in liquids including molten metals is
accompanied by generation of heat, which can be added to the melt [1]. In the present study, the heat
generation was ignored. The fact that heat was lost through the melt free surface and hot-top unit
walls can be demonstrated by the following experimental observations.

Figure 10 shows variations of temperature along the vertical distance when the thermocouple
tip passes through the molten bath above the partition plate, partition plate (Figure 3), melt in sump,
mushy zone and finally enters the body of solidified billet. In this figure, vertical broken line in the
left part indicates location of the top surface of partition plate, two vertical broken lines in the middle
part correspond to location of mold of height Hy; = 30 mm, and vertical broken line in the right part
shows an approximate location of the sump depth. Two horizontal broken lines indicate the liquidus,
Tp, and solidus, Ts, temperatures. The measurement details and hot-top arrangement have been
described in the above section. The measurements were conducted using the flow-restricting hot-top
without and with ultrasound application. In the first case, two thermocouples were set in such a
way that the first one passed along the billet centerline, while the second one passed at a distance
of half-radius (R/2) from the center line. In the case of UST casting, the temperature measurements
were performed only at the half-radius distance because the presence of sonotrode made is impossible
to conduct the measurements along the centerline. In the casting without UST, the thermocouples
enter the melt at a temperature of 780 °C, which remains almost the same till the thermocouple tips
enter the melt in the sump (centerline location) or the partition plate (half-radius location). In the
latter case, the measurements show that temperature inside the partition plate is reduced by 70 °C.
After entering the melt inside the sump, the thermocouple indications become significantly dependent
on the locations. At the center line (line 1), the melt temperature is slowly decreased until the upper
boundary of the mushy zone is reached. It should be pointed that in this area, the temperature
shows fluctuations that is in accordance with the results of numerical simulations. After entering the
mushy zone, the temperature is abruptly decreased down, and then remains constant and close to
Tp. This part of mushy zone is assumed to be fully flowable and its length is estimated to be about
100 mm. Then, as the thermocouple tip enters deeper into the mushy zone, temperature starts to
lower (this point is shown by arrow in Figure 10), and finally drops to Ts. Most likely, these parts
correspond to slightly coherent semisolid and fully coherent solid areas within the mushy zone. If one
defines the sump as a zone in which molten metal can still flow, the sump depth becomes as shown by
the right vertical line in Figure 10. At the R/2 location (line 2), the temperature drops more rapidly,
and therefore, reaches the solidus temperature at a much shorter distance from the melt free surface
compared to that at the centerline. However, under application of ultrasonic vibrations, the variation
of temperature with distance is drastically changed (line 3). Firstly, the temperature fluctuates to a
much greater extent than that during the casting without UST. This finding is in good agreement with
the numerical predictions suggesting the generation of small eddies, especially at areas close to the
mushy zone. Secondly, the temperature of the melt above the partition plate is significantly decreased
with the distance from the melt surface. The most likely reason of this temperature drop is acoustic
streaming which occurs in the melt above the partition plate enhancing heat loss through the melt
free surface and hot-top walls. As a result, the temperature inside the partition plate becomes much
lower as compared to that without UST. Thirdly, the temperature in the sump near the mold surface
is decreased down to the liquidus temperature Ty, but then significantly increased up to 720 °C and
decreased again to Tp, with the distance from the partition plate. Finally, the temperature abruptly
drops from Ty, to Ts within a distance which is much shorter than in the case without UST suggesting a
significant thinning of the mushy zone at the R/2 location. Additionally, these findings suggest that the
sump, formed under conditions of ultrasound application, should have substantially greater width
and, probably, depth as compared to the case without UST. However, these findings do not support the
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results of numerical simulation on the sump profile and temperature variation. Thus, although more
experimental observations are needed to clarify this discrepancy, the experimental measurements of
the present study suggest that our acoustic streaming model needs further improvements, particularly
in terms of more accurate descriptions of boundary conditions and mushy zone characteristics.
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Figure 10. Variation of the melt temperature with distance from the melt surface. 1,2—FRHT without
ultrasound irradiation, 3—FRHT with ultrasound irradiation.

It should be pointed out that the method of ultrasonic treatment of the melt in the flow-restricting
hot-top unit has been developed in attempt to improve the efficiency of cavitation treatment of
molten metal, particularly refiner particles in the melt, and to control the melt flow pattern in the
sump. As reported in our earlier work [10], this method allows us to get two effects at the same
time, namely the structural refinement and uniformity. In light of the results of the present numerical
simulation, acoustic streaming, when occurs in the sump of molten aluminum, results less in the
enhancement of convective flow than in the generation of turbulent eddies of relatively small sizes in
the sump. It should be noted that this effect differs from that reported by Lebon et al. [19]. In their
study, the tip of a sonotrode was positioned closer to the sump bottom, and therefore, the role of
convection flow driven by the acoustic streaming was much greater than under conditions of our study.
It is assumed that the generation of turbulent eddies in the sump is favorable from two points of view.
First, the eddies can improve the dispersion of refiner particles and enhance their transport to the
mushy zone. Second, as can be seen from Figure 9, small eddies are produced in the immediate vicinity
of the mold surface, especially in the case of UST in the flow-restricting hot-top. This may be effective
in controlling the billet surface defects, particularly the ripple mark. Our preliminary observations
showed that the appearance of ripple marks on the billet surface are remarkable changed depending
on the casting method and conditions. These issues are the subject of our ongoing research.

6. Conclusions

In the present work, melt flow pattern and temperature distribution in the sump of aluminum
billets produced in a hot-top equipped DC caster conventionally and with ultrasonic irradiation were
investigated, with the main emphasis being placed on the effects of acoustic streaming and hot-top
unit type. As direct observations of flow phenomena in molten aluminum is impossible, the acoustic
streaming characteristics were predicted by using the earlier developed numerical model verified
against results of water model experiments. Then, the acoustic streaming model was applied to
develop a simplified numerical model, which was capable, for the first time, of simulating unsteady
phenomena in the sump during DC casting process. The results of numerical simulations were verified
against measurements performed on an ultrasonic-assisted DC caster producing 203 mm billets of
Al-175i alloy at a casting speed of 200 mm/min. The results of the present study reveal the following.

71



Materials 2019, 12, 3532

(1) According to the numerical simulations, the evolution of the melt sump continues about 3 min
irrespective of the ultrasound application and hot-top type. The final depth and the shape of the
sump are also independent of the casting conditions examined.

(2) Irradiation of ultrasound into the melt at the hot-top unit results in more frequent fluctuations
of the temperature and mushy zone volume around their mean values as compared to the
conventional DC casting case, although the mean values themselves remain the same in both
the cases.

(8) The pattern of melt flow in the sump is drastically changed with the ultrasound application.
The flow velocity becomes faster in general and a lot of relatively small eddies are produced in
the sump bulk and near the mushy zone. The latter causes frequently repeated thinning of the
mushy zone layer.

(4) The experimental verification revealed approximately the same sump depth and shape as those
predicted by the numerical simulations, and confirmed the frequent and large fluctuations of the
melt temperature during ultrasound irradiation. However, the measurements of the temperature
distribution in the sump showed a significant difference between the cases of castings without
and with ultrasound irradiation. This suggests that the present mathematical model should be
further improved, particularly in terms of more accurate descriptions of boundary conditions
and mushy zone characteristics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/21/3532/s1,
Video S1: time variation of sump profile and temperature for conventional casting; Video S2: time variation of
sump profile and temperature for UST HT casting; Video S3: time variation of sump profile and temperature for
UST FRHT casting; Video S4: time variation of sump profile and melt flow for conventional casting; Video S5:
time variation of sump profile and melt flow for UST HT casting; Video S6: time variation of sump profile and
melt flow for UST FRHT casting.
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Abstract: The prediction of the acoustic pressure field and associated streaming is of paramount
importance to ultrasonic melt processing. Hence, the last decade has witnessed the emergence of
various numerical models for predicting acoustic pressures and velocity fields in liquid metals subject
to ultrasonic excitation at large amplitudes. This paper summarizes recent research, arguably the
state of the art, and suggests best practice guidelines in acoustic cavitation modelling as applied
to aluminium melts. We also present the remaining challenges that are to be addressed to pave
the way for a reliable and complete working numerical package that can assist in scaling up this
promising technology.

Keywords: numerical modelling; acoustic cavitation; aluminium; ultrasonic melt treatment;
non-linear bubble dynamics; sonoprocessing

1. Introduction

Process design has the potential to provide a strategic competitive advantage with regards to
customer appeal, product cost and innovation [1,2]. A key element of process innovation involves
a fundamental understanding of how materials and process interactions determine manufacturing
performance [2].

A continuous mode of production is often more desirable than batch production. Advantages of
continuous operations include cheaper unit costs of production, energy savings and homogenization
in the quality of the product. However, converting batch processes to continuous modes is not
straight-forward [3]. In the past six years, the authors have been researching how to upscale the
promising technology of ultrasonic melt processing by moving applications from batch mode to inline
mode [4].

Ultrasonic melt processing (USP) is an effective method for degassing, filtration and grain
refinement of light metal alloys on the industrial scale [5-7]. The beneficial effects of USP are attributed
to acoustic cavitation—the violent pulsation and collapse of gas bubbles under the influence of a strong
acoustic pressure field [8,9], and acoustic streaming—the fluid motion that results from the attenuation
of the acoustic pressure wave as it propagates in the liquid [10]. While USP works well in batch
degassing or grain refining of a single cast billet or ingot in direct-chill (DC) casting [11], it does not
scale up very well for continuous processing, unless multiple ultrasound sources are used [4]. Current
research is now focusing on upscaling this promising technology and achieving high efficiency when
treating large melt volumes in continuous mode and with a minimum number of ultrasound sources.

To optimize USP, recirculation patterns and mass exchanges between the cavitation zone and
the rest of the liquid bulk need to be adequately quantified. In addition, melt recirculation reduces
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temperature gradients and promotes a preferred equiaxed grain structure [12]. In DC casting, acoustic
streaming improves chemical homogeneity and promotes grain refinement through deagglomeration
of clusters, wetting of inclusions, dispersion of substrates and solid-phase fragmentation [7,13,14].
However, it is challenging to visualize acoustic streaming in liquid aluminium due to its opaqueness
and high operating temperature. Therefore, studies of acoustic streaming must include modelling in
conjunction with X-ray imaging [15-18] to predict the generation of cavitation bubbles, their transport
and acoustic propagation in the presence of attenuation.

A recent review of acoustic pressure modelling presents the challenges facing acoustic cavitation
modelling [19] and has been the starting point for the model that resulted from a joint collaboration
between Brunel and Greenwich universities in the U.K. [4]. Since then, a novel ‘advanced” model
that incorporates acoustic streaming with cavitation dynamics has been made available [20], enabling
more accurate predictions of processing simulations involving cavitation bubbles at an affordable
computational cost. This recent progress is summarised in this overview giving readers a good starting
point in ultrasonic process modelling.

2. Existing Models

2.1. Acoustic Cavitation Model

The theory is reproduced here as a comprehensive summary of acoustic cavitation treatment in
modelling of ultrasonic melt processing. The starting point of acoustic cavitation modelling is the
Caflisch equations [21]. Sound propagation in a liquid containing bubbles has been studied with a set of
nonlinear equations postulated by van Wijngaarden in the 1960s [22], and then derived mathematically
by Caflisch et al. [21] using Foldy’s method [23]:

9p 99
En + poIZV'u = PICZZE’ and 1)

u
piop +Vp=F (2

where p is the acoustic pressure, u are the velocities, p; is the (pure) liquid density, ¢ is the speed of
sound in pure liquid, ¢ = VN = %nNR3 is the bubble phase fraction for a bubbly system with a bubble
density of N, consisting of identical bubbles each of radius R and V denotes the volume of a single
bubble. The bubble density is assumed to be given by a step function:

_ [ Noif|P|> Pp 3)
“ | 0if|Pl<Pg
where Pp = 1+ 4/ % % is the Blake threshold [24,25], with the dimensionless Laplace tension S = ;%,

o is the surface tension between the liquid and gas, py is the atmospheric pressure, and Ry is the
equilibrium radius of the bubbles. The momentum source term F can be used to prescribe acoustic
velocity sources, e.g., due to the vibrating horn.

The radius of a bubble is obtained by solving a second-order ordinary differential equation (ODE).
For an accurate bubble dynamics representation at high forcing pressures, compressibility has to
be taken into account. For liquid metals, bubble dynamics can be represented by the Keller—-Miksis

equation [26]:
R) . 3 R).2 R Rd
pl[[l_c_l)RR+ 5[1—3—C1]R —[1+C—Z+C—ZE]

where p;, is the vapour pressure of the gas in the bubble, ; is the dynamic viscosity of the pure liquid,
A is the normalized pressure amplitude (relative to pp) and w is the angular frequency of the ultrasonic
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source. Taking into account the effect of heat transfer during bubble dynamics [27,28], the gas pressure
pg is evaluated by solving the following ODE:

dpg 3 dT
g E[(V‘”"a

- ypgR|, 5)
- YPg ] (
where k is the thermal conductivity of the bubble gas, T is the temperature inside the bubble and y is
the polytropic exponent. When assuming adiabatic bubble pulsation, the polytropic exponent is given
by y = 1.4. The temperature gradient at the bubble surface is approximated linearly following the
method of Toegel et al. in water [29]:

ar
dr

T-Tw

= JRD)/fpy - 1R)

where T, is the liquid bulk temperature and D is the gas diffusivity. The bubble temperature is solved
for by using another ODE expressing the first law of thermodynamics:

(6)

T = anR2% L ; Too _ eV, @)
th

%, %) and c, is the specific heat capacity of the gas.

where the thermal diffusion length Iy, = min(

Solving the Caflisch equations coupled with the above ODEs is very computationally intensive.
In general, the acoustic pressure p is required to compute the momentum source term that corresponds
to acoustic streaming. To optimize the computational procedure and reduce its time cost, the following
approximation is used in recent works.

‘R(Pei‘”t) denotes the harmonic part of the acoustic pressure p. A nonlinear extension [25,30] of
the linear Helmholtz equation originally derived by Commander and Prosperetti [31] from the Caflisch
equations approximately describes the complex amplitude P as:

V2P + K?P = 0. (8)

Commander and Prosperetti defined the complex wavenumber K using:

2 4mc?NR
ﬁ—%ﬁ-T—%le. ©
q wy — w* + 2jbw
where wj is the resonant frequency of the bubbles, j is the complex number satisfying j* = —1 and

b is the damping factor defined elsewhere [31]. Louisnard [25] generalized this linear model while
keeping realistic values for dissipation of energy in inertial cavitation, resulting in a nonlinear model.
However, this model suffers from two deficiencies: (1) the real part of K> was taken to approach that of
Commander and Prosperetti, and (2) the Helmholtz equation used by the model comes from the linear
theory. To address these issues, the real and imaginary parts of the coefficient K2 have been rigorously
re-derived by Trujillo [30] as:

2
N w A
R(K?) = ? By and (10)
B
3(K?) =~ an
where 2 o g
A= —% S 8_1(2 COS(T + g)d”c, (12)
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where the non-dimensional time 7 is within one period, i.e., [0, 27]. The boundary conditions for the
nonlinear Helmholtz equation are generally defined as:

e VP = 0 for infinitely hard boundaries (such as crucible walls);

e P = APy at the surface of the sonotrode;

e  Setting P = 0 in the cell layer above the liquid level to approximate the 7 phase shift that occurs
upon reflection from the free surface [32].

This nonlinear Helmholtz equation is rather simple to solve using the finite element method
(FEM), thereby facilitating the numerical evaluation of the acoustic field in the presence of cavitation
bubbles [19,20,25,30] in commercial packages such as COMSOL Multiphysics. The solution of this
equation using the finite volume method (FVM) is trickier and requires special preconditioning [32];
however, the flow equations are simpler to solve in the FVM framework.

2.2. Macroscopic Flow Model

Acoustic streaming models in the literature generally follow the work of Eckart [33] by
incorporating the streaming force f as:

f= —V(plv ® v), (16)
where v is the acoustic velocity to the continuity and momentum conservation equations, leading to:
0= V-(pm) + V-(p0), (7

0=f-Vp+uVu, (18)

where p; is the density variation that is caused by the primary acoustic field. However, Equation (18) is
the momentum equation of a creeping flow driven by the acoustic streaming and is therefore applicable
to Reynolds numbers much smaller than 1 [20]. Since acoustic cavitation processes would involve much
larger Reynolds numbers, the streaming velocity should instead be calculated from a full steady-state
Navier-Stokes equation [34]:

V(pu®u) =f-Vp+ uVu. (19)

However, the solution of Equation (19) is difficult since the streaming flow observed experimentally
is turbulent [35], and resolving small-scale eddies with the Navier-Stokes equation is not trivial [20].
Instead of solving for streaming directly, the latest papers follow the approach of Louisnard [20] by
computing the streaming force from the solution of the nonlinear Helmholtz Equation (8) and injecting
the result into the momentum equation. This approach has been validated in recent works describing
acoustic streaming [20,35-37] and has also been applied to DC casting [38].

3. Numerical Simulations of the Acoustic Field in Crucibles, Moulds and Launders

There is a dearth of contributions in the literature regarding the specific modelling of ultrasonic
melt processing. This is not surprising since accurate measurements of acoustic pressures in aluminium
have only recently been made available [39,40]. Some of the first modelling contributions are
those of Nastac [41-43], who presented two approaches for modelling grain refinement of an A356
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alloy. A similar approach is followed by other authors to model nanoparticle dispersion [44] and
the distribution of acoustic pressure in a launder [45]. The first method consists of solving the
Reynolds-Averaged Navier-Stokes (RANS) equations using a classical hydrodynamic cavitation
model [46] that is implemented in commercial Computational Fluid Dynamics (CFD) packages. The
essence of this method can be summarized as follows. The liquid-bubble mass transfer is governed by
a bubble transport equation in the following form:

D(py¢)
Dt

=R - Rc, (20)

where pj, is the bubble density and the source terms R and R¢ account for bubble growth and collapse,
respectively. These source terms are calculated using the growth of a single spherical bubble based on
a bubble dynamics model (e.g., Rayleigh—Plesset [47], Keller-Miksis [26], Neppiras-Noltingk [48]).
This equation is coupled with the flow conservation equations, together with a suitable closure for
turbulence. However, as beautifully as it is presented by Louisnard [20], this model is restricted to
bubbly liquids containing vapour bubbles only. With the vapour pressure of aluminium at the melting
point being negligible [49], it is unlikely that aluminium vapour bubbles would form in the melt
bulk [50] with gas, hydrogen-filled bubbles, forming instead. This therefore, prohibits the use of any
hydrodynamic cavitation models for the inertial acoustic cavitation bubbles that are present in liquid
aluminium treatment.

The second approach in Nastac’s contribution is, however, more appropriate and is a precursor to
the method highlighted in this overview. In this indirect method, the acoustic field is solved by using a
linear Helmholtz equation, closed with the Neppiras-Noltingk model [48]. However, as argued in
the previous section, this method suffers from various deficiencies: the linear Helmholtz model is
inadequate in the presence of cavitation bubbles, since pressure propagation is nonlinear in this regime.
The Neppiras-Noltingk model does not account for acoustic radiation, which is crucial at high forcing
pressures. Other authors also used a linear acoustic propagation model to study the treatment of
AlSi7Mg alloy melt in sand casting, even though pressures larger than 2 MPa have been predicted [51].
A linear model was also employed to compute the acoustic pressure field in a SCN-1 wt% camphor
alloy, which is often used as a transparent analogue to aluminium melt [13,52].

Another attempt to obtain an accurate prediction of the acoustic pressure field was through the
solution of the Caflisch equations (Equations (1) and (2)) [38]. In this approach, Lebon et al. directly
computed the acoustic field using the nonlinear equations governing sound propagation in bubble
liquids [21,53,54] and validated the model using experimental data from the literature as shown in
Figure 1.
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Figure 1. Validation of Caflisch approach to computing acoustic pressures [54] using experimental data
from Campos-Pozuelo et al. [10].

Adequate pressures were predicted as compared with the measurements using a calibrated
cavitometer [39,40] enabling the extension of the model to account for nanoparticle deagglomeration [55],
fragmentation of dendrites [56], the erosion of thermally-sprayed splats [57] or contactless ultrasound
due to Lorentz forces from an electromagnetic coil [58]. However, this method suffers from various
drawbacks. A bubble dynamics ODE must be solved in each computational cell of the domain, with
the use of an adaptive time-stepping scheme to stabilize the solution procedure for each computational
cell. The method is also prone to numerical diffusion and requires the use of high-order discretisation
schemes in space and time, and a special staggering scheme [59]. These issues prohibit the application
of the model to complex 3D geometries due to the extreme computational requirements.

More recently, nonlinear models of pressure propagation have been used in the context of melt
processing. Nonlinear models are required to more adequately capture the attenuation of pressure
due to the presence of cavitating bubbles as shown in Figure 2. Huang et al. [60] used an improved
nonlinear Helmholtz model [61] to predict the cavitation depth in sonication of an AlICu melt. Lebon
et al. used Louisnard’s model to compute acoustic pressures in water and aluminium vessels [35]. This
model was adapted and improved to model acoustic pressures in DC casting [38]. The same approach
has also been used by Yamamoto and Komarov [37]. The last two studies are conducted in conjunction
with acoustic streaming and are discussed in the next section.
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Figure 2. The difference in predicted acoustic pressures between linear and nonlinear models. The
nonlinear model includes the attenuating effect of cavitating bubbles below the sonotrode. The
dash-dotted line denotes the Blake threshold for hydrogen bubbles in aluminium, with Ry = 3 pm.

4. Effect of Acoustic Streaming

The numerical study of acoustic streaming in melt processing is even sparser in the literature.
A prediction of ultrasonic DC clad casting using the Navier-Stokes equations only has been recently
published [62]. Acoustic streaming is implemented by a direct solution of the sonotrode motion in
ANSYS Fluent and applying the transient effects in steady-state equations, although the implementation
details of the process are not described. The model does not include the effect of cavitation bubbles, so
acoustic shielding is not considered. As reported in [63], this method does not appear to capture the
flow reversal observed at certain irradiation powers.

Other significant contributions, however, employ acoustic streaming models computing the
acoustic streaming force as per Equation (16). Simulation of convective flow for an Al-2% Cu alloy has
been performed by Wang et al. [12,64,65] using the Lighthill approach [34]. This approach predicts a
fast velocity jet below the sonotrode, and comparison with a corresponding experiment reveals that the
fast streaming flattens the temperature gradient and promotes an equiaxed grain structure. Another
approach involved the use of the Ffowcs Williams and Hawkings (FW—H) equation generally used
to compute the propagation of aerodynamic noise to model the acoustic pressure in Fluent [66,67].
Another commercial CFD software package, Flow3D, has been used to model acoustic streaming
during the treatment of an A356 alloy melt without detailing the modelling procedure [68].

Inspired by Louisnard’s nonlinear model coupled with acoustic streaming, Lebon et al. [35]
validated an acoustic streaming model using results from a particle image velocimetry (PIV) experiment
using a TSI system [63] as shown in Figure 3. While the model offers only qualitative agreement with
the experiment, this progress is encouraging because:

1. Despite simulating the problem in two dimensions, the correct order of magnitude of acoustic
streaming is recovered.

2. The net flow reversal below the sonotrode observed at low operating powers is predicted by
the model.

3. The comparison holds for a time-averaged analysis of transient results, which mimics the way
velocities are recorded by PIV.

4. The model is tractable since the Helmholtz equation is easier to solve than a system of ODEs
representing bubble dynamics.
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Figure 3. Comparison between measured velocities using particle image velocimetry (PIV) [63] in
water and predictions of acoustic streaming using the numerical model described in [35]. The velocities
are in m s™!. The grey bar at the top of each contour represents the vibrating surface. The dataset used
to reproduce these results is available elsewhere [69].

However, a remaining challenge is the suitable choice of the bubble number density as a parameter
for the simulation. This study of acoustic streaming in water revealed that the predicted flow field is
sensitive to the assumed bubble volume fraction, and therefore of bubble density by extension. The
bubble density can also vary spatially, although a step function such as the one described by Equation (3)
helps in limiting the presence of bubbles in regions below the Blake threshold. Semi-empirical values
in the range 10°~10'> m~3 have been reported to lead to acceptable results [32,35,54,70-72]. Aside of
the difficulties in choosing the appropriate bubble density for a particular simulation, variation in
bubble density due to differences in melt quality, presence of impurities and agglomerates or variation
in degassing times presents further challenges.

This model was further improved using Trujillo’s mathematically rigorous derivation of the
complex wavenumber (9) and was then applied to DC casting using a continuum model [38]. Figure 4
shows the results of a numerical model of ultrasonic processing in DC casting. The predicted sump
profile is altered by the fast streaming jet of hot liquid aluminium down the axis of the billet, thereby
shortening the transition region at the centre of the billet. Observed grain orientations at the centre of
cast billets confirm this prediction [38]. The model also predicts a slightly increased rate of porosity
defects at the centre of billet cast with ultrasonic processing, as shown by the increased Niyama
criterion at the centre of the domain (Figure 5). However, any experimental observation of increased
porosity has not been reported so far.

Another research group independently used the same acoustic pressure formulation: Yamamoto
and Komarov applied a similar model to aluminium [37] to reveal that attenuation of ultrasound and
wavenumbers are larger in the molten aluminium than in water and that acoustic streaming flow is
slower in the aluminium melt as compared with water. This is in agreement with our experimental
study in [40], where shielding and acoustic damping were found to be more pronounced in liquid
aluminium compared to water, obstructing the wave propagation into the bulk.
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Figure 4. Comparison of sump profiles between conventional DC casting (left) and ultrasonic-assisted
DC casting (right). fs is the solid fraction using the casting conditions defined in [38]. Arrows are
shown for the scale of the velocity field. The red dash-dotted line represents the liquidus temperature
and the blue dash-dotted line denotes the coherency temperature (solid packing fraction). The dataset
used to reproduce these results is available elsewhere [73].
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Figure 5. Comparison using the Niyama criterion between conventional DC casting (left) and
ultrasonically assisted DC casting (right) using the casting conditions defined in [38]. The larger values
upon sonication indicate an increased probability of porosity defects at the centre of the cast billet.

5. Current Challenges and Future Outlook

This summary has highlighted the requirement of considering the appropriate physics when
modelling the complex phenomenon of ultrasonic melt treatment. However, more effort is required
for an accurate prediction of actual treatment conditions. Aside from a recent contribution studying
resonance in crucibles [58], the boundary conditions used in the models encountered in USP modelling
so far are basic and do not take into account the vibration of the solid walls of a sonoreactor or reflection
off real, rough crucible walls. Crevices in the walls could also act as seeds for nucleating bubbles and
these are not taken into account by any model encountered so far. This is crucial in situations where
resonance is required and both the changing bubbly media and imperfect container walls affect the
resonant frequency of the system [58,74].

The stability of the heat balance solver upon mesh deformation and solidification front motion
is still an issue for accurate modelling of ultrasonic processing in the presence of solidification. This
limits the accuracy of casting simulations and need to be addressed for more accurate sump profile
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predictions. There is also uncertainty on the effect of the entrained cavitating bubbles and acoustic
streaming jet on the packing fraction in the semi-solid region of a casting domain, and therefore on
the delimitation between slurry and mushy zones. These need to be quantified accurately for more
reliable predictions.

Since acoustic streaming modifies the grain morphology of the billet, the coherency temperature
is expected to vary locally in the sump. Further study is required to determine the dependency of this
parameter on the flow. However, an accurate a priori prediction is rendered difficult since the knowledge
of the grain size and morphology is required before choosing the correct solid packing fraction.
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Abstract: Quantitative understanding of the interactions of ultrasonic waves with liquid and
solidifying metals is essential for developing optimal processing strategies for ultrasound processing
of metal alloys in the solidification processes. In this research, we used the synchrotron X-ray
high-speed imaging facility at Beamline I12 of the Diamond Light Source, UK to study the dynamics
of ultrasonic bubbles in a liquid Sn-30wt%Cu alloy. A new method based on the X-ray attenuation
for a white X-ray beam was developed to extract quantitative information about the bubble clouds
in the chaotic and quasi-static cavitation regions. Statistical analyses were made on the bubble size
distribution, and velocity distribution. Such rich statistical data provide more quantitative information
about the characteristics of ultrasonic bubble clouds and cavitation in opaque, high-temperature
liquid metals.

Keywords: ultrasonic bubble clouds; synchrotron X-ray imaging; metal solidification; ultrasound
melt processing

1. Introduction

Ultrasonic cavitation created by high-power ultrasound in liquids is a highly dynamic and
nonlinear process. It has very wide applications in industry, for example, ultrasound cleaning [1],
sonochemistry [2], metallurgy [3,4]. Historically, cavitation was first studied by Lord Rayleigh in the
late 19th century, when he considered the collapse of a spherical void within a liquid [4,5]. During and
after the 2nd World War, cavitation in water was studied extensively in the field of hydrodynamics,
because it was a very common phenomenon that significantly affected the efficiency of pumps and
propellers used for ships [6,7]. For ultrasonic cavitation, many invasive and non-invasive experimental
methods have been developed for measuring and characterizing ultrasonic cavitation zone and its
intensity. For example, acoustic hydrophones, cavitation meters and foil testing are typical invasive
techniques. The probe/sensor or testing foil is inserted into the ultrasonic cavitation region to measure
the characteristics of the cavitation zone, its size, position and intensity [8-10]. Non-invasive techniques
include ultrasonic phase array transducers with ultrasonic imaging, visible light imaging [8,11,12] and
Optical Diffraction Tomography (ODT) [13,14]. In non-invasive measurement techniques, no probes
are used to interfere with the acoustic/cavitation field.

Photography is a common method for measuring ultrasound cavitation in light transparent liquids.
For example, luminol mapping can measure cavitation intensity distribution directly [15,16] based
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on the brilliance of the emitted light in the cavitation process. ODT uses the diffraction of light by
ultrasound and a tomographic technique to form images for the pressure in a plane perpendicular to the
ultrasound propagation direction. However, to study the highly dynamic behavior of cavitation, higher
temporal and spatial resolution are needed. Hence, high-speed cameras with a higher magnification
objective lens is often used [8,17]. For example, Geisler studied bubble oscillation using an acquisition
rate of 2 million frames per second in a view field of 160 um x 160 um. While Ohl investigated
bubble collapse in water using an exposure time of 48 ns, but a single-shot image in a view field of
1.5 mm X 1.8 mm [8,17]. These high-speed imaging studies resulted in significant progress on the
understanding of bubble oscillation, bubble shock wave emission, bubble luminescence and liquid
flow in the vicinity of bubbles. However, in the cases of opaque, high-viscosity and high-temperature
materials such as liquid metals, the methods described above are not suitable.

An in-depth understanding of the interactions of ultrasonic waves with liquid and solidifying
metals is essential for developing optimal processing strategies for ultrasound processing of metal
alloys [4,18,19]. Recently, researchers in Mi’s group have extensively studied the dynamics of ultrasonic
bubbles in liquid metals and their interactions with the growing phases in the liquid, and with the
solid-liquid interface [20-24]. These studies have provided real-time and convincing evidence to
clarify that (1) the shock wave created at bubble implosion, and (2) the cyclic fatigue effects due to
bubble oscillation are the most important mechanisms for the fragmentation of growing dendritic
structures and intermetallic phases during the metal solidification processes. High-power ultrasound
normally produces a large amount of bubbles in liquid metals (often called a bubble cloud). So far,
a quantitative characterisation of those bubble clouds in liquid metals have not been reported. In this
aspect, real-time and quantitative studies of ultrasonic bubble clouds in liquid metal can provide more
in-depth understanding of the characteristics of ultrasonic bubble clouds.

2. Experiments

2.1. Alloy and Sample Preparation

A Sn-30wt%Cu alloy was chosen as the experimental alloy. It has a wide solidification range,
allowing ultrasound to be applied over a wide range of temperatures (from 250 to 750 °C). Furthermore,
the Sn—Cu binary system [25] is the key alloy system for lead-free soldering materials, and intermetallic
compounds such as CugSns are promising candidates for enhancing the storage capacity of Lithium
ion-based batteries. Samples were contained inside specially made quartz capsules with a flattened
“hourglass” shape, as shown in Figure 1. The thin central window section of the capsule was 300 pm
thick to allow good X-ray penetration. The sonotrode was positioned in the upper end of the hourglass,
with the tip close to the top of the thin section. A heat sink made of a stainless steel rod was placed at
the bottom reservoir of the hourglass capsule to create a thermal gradient. The alloy in the capsule was
melted inside a small cartridge heater furnace [26]. Sample temperature was monitored and recorded
by three K-type thermocouples placed at the top, middle and bottom of the thin window section.
The details of the experiment are very similar to those described in [22,24].
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Figure 1. A 3D CAD rendition, showing the experimental set-up; and a 2D sketch of the structure of
sample holder, sonotrode and thermal couple (TC 1, 2 and 3) position.

2.2. High-Speed Synchrotron X-ray Imaging

The experiment was carried out at Beamline 112, Diamond Light Source, Oxford, UK [27], with the
set up illustrated in Figure 1.

112 has a wiggler source that delivers a peak flux of ~1.7 x 10! photons/s/mm?2/0.1%BW in the
first experimental hutch. Filtered white beam was used to give maximum X-ray flux on the sample for
high-speed image acquisition. Filtration of the beam (4 mm of copper) was necessary to reduce heat load
on the sample and reduce the risk of damage to the X-ray detector. The X-ray camera system consisted
of a 200 um thick LYSO scintillator lens coupled to a Miro 310M high-speed CMOS camera operating
at a 1280 x 800 pixel image size with a resolution of 4 um X 4 um per pixel. Under these conditions
with the given samples, frame rates of 2000 frames per second (fps) were obtained, using an exposure
of 499 ps, for a total recording time of 4 s. The recording time was limited by the camera’s fast onboard
memory buffer (12GB). However, this was adequate for observing the ultrasonic phenomena in the
experiments. Flat field images without a sample were recorded to enable correction for non-uniformity
in the incident beam intensity profile and imperfections in the imaging system.

Once the desired target temperature (675 °C) was reached and stabilized in the liquid metal, a TTL
trigger unit was used to initiate recording of images using a high-speed X-ray camera. After a ~10 ms
delay, ultrasound was applied to the liquid metal. The ultrasound was generated using an UP100H
ultrasonic processor with an MS2 sonotrode (Hielscher ultrasound technology Ltd., Teltow, Germany).
Ultrasound powers of 20 W, 60 W and 100 W were used in the experiment to create bubble clouds with
different characteristics. In this way, the whole process of ultrasound bubble nucleation, growth and
propagation can be captured.

Two X-ray videos were taken for each ultrasonic power setting. The first video was taken of the
area just below the sonotrode tip, with the aim of studying cavitation phenomena close to the tip.
In this paper, the location is referred to as chaotic cavitation region (CCR). A second video was taken
1.5 mm below the first set of images. This second video was targeted at phenomena which happen
further away from the sonotrode tip, referred to as the quasi static cavitation region (SCR) in this paper.
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3. Image Processing and Data Analysis

Flat-field images were taken without any sample between the X-ray source and detector, as shown
in Figure 2a. The images were then filtered using the Remove Outlier function in Image] [28] to remove
random bright outlier pixels caused by direct X-ray strikes on the camera sensor. Such strikes are the
consequence of the high-intensity, high-energy beam and cannot totally be eliminated by shielding of
the camera system. The acquired videos were flat-field corrected by dividing the flat-field image to
remove the effect of non-uniform X-ray beam intensity and compensate for systematic variations in
the detector system, such as vignetting, or dust or scratches on the scintillator. Dark count and bad
pixel correction were also performed by the camera hardware. Typical images obtained after flat-field
correction and filtering are presented in Figure 2b,c.

Table 1. Grey level and thickness of the three locations, gy, g1 and g, shown in Figure 2.

Position Thickness of Liquid Metal (mm) Grey Level

0 0 145
g1 2 89
2@ 03 97

(@) (b) (c)

Figure 2. X-ray images of liquid Sn-30wt%Cu alloy, without the application of ultrasound, (a) a typical
flat-field image, and the black regions at the corners of the images are from the lens mount of the
camera. (b) in the chaotic cavitation region with the sonotrode (marked with the white dotted line) in
the view field; (c) in the quasi static cavitation region, i.e., 1.5 mm below the sonotrode. go, g1 and g»
mark the locations (including the grey level) where the thicknesses of the liquid metal are known as
listed in Table 1.

In the experiments, high-speed images sequences in the CCR and SCR regions were captured
under different ultrasound powers. In the CCR, the ultrasonic bubbles are highly dynamic and
interconnected. In the SCR, individual ultrasonic bubbles were clearly seen. As bubbles attenuate
much less X-rays than the liquid Sn-30wt%Cu alloy, they had a higher grey level in images than the
surrounding liquid alloy and can be segmented, and individually counted and measured. To quantify
the different cavitation characteristics, different methods were used. Cavitation in the CCR was
analysed based on grey-level differences, while cavitation in the SCR was analysed by counting and
measuring individual bubbles.

3.1. Bubble Volume Fraction in the Chaotic Cavitation Region

In the CCR region, ultrasonic bubbles were highly dynamic and interconnected to form bubble
clouds. It was impossible, at 2000 fps, to capture and distinguish the individual bubbles. To characterise
the collective behaviour of the bubble clouds, the acquired images were analysed based on the grey-level
distribution caused by the presence of the bubble clouds, because they have lower X-ray attenuation,
and result in a brighter area in the images. If monochromatic (single-wavelength) X-rays were used,
the transmitted intensity through the sample can be calculated analytically from a known X-ray mass
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attenuation coefficient u using the Beer-Lambert Law [29]. For an incident intensity I,, the transmitted
intensity I through a material of density p and thickness d is given by:

I = Le #ed 1)

W is a material property and it is a function of photon energy. However, in this study, monochromatic
X-rays do not have sufficient flux to achieve the short exposure times associated with the high frame
rate that is required in this experiment. Instead, broad spectrum multi-wavelength X-rays, known as
white-beam X-rays, were used. For white-beam X-rays, the Beer-Lambert exponential attenuation
law cannot be used directly, because both the mass attenuation coefficient of the sample and the
X-ray detector response are photon-energy-dependent. Therefore, an approximation method based
on grey-level measurement is adopted to calculate the bubble cloud volume fraction in this paper.
The diameter of the sonotrode tip was 2 mm, which means that the thickness of the material just under
the sonotrode tip, indicated by the rectangle in Figure 2b, was approximately 2 mm. As showed in the
insert of Figure 1, the narrow tube thickness was 0.3 mm (the corresponding X-ray image through this
area is illustrated in Figure 2c). The thicknesses at these two positions were used as the reference to
calculate the overall attenuation coefficients. We assumed that the sample thickness and grey level are
exponentially related. At both positions, the empirical attenuation coefficients were approximated by
the equation below:

g = goe s s )

Here, gy is the grey level of the corresponding position in the flat-field image, x is the transmitting
distance and ag and ¢ are the empirical attenuation coefficients, representing the attenuation parameters
in this case. Using the grey levels found at the locations of go, g1 and g, (see Table 1), a; and ¢ are
calculated as 124.2 and —0.33, respectively. Equation (2) was then used to calculate the thickness of the
liquid Sn-30wt%Cu (i.e., x in Equation (2)). The line density along the X-ray propagation direction
where ultrasonic bubbles were found can be calculated by using:

LD = (Do~ D)/Do 6)

where Dj is the thickness of the liquid metal without ultrasonic bubbles, and D is the thickness of the
sample containing ultrasonic bubbles. Both are calculated by Equation (2). For a unit volume, (a unit
area perpendicular to the X-ray transmission direction times a unit length along the X-ray direction),
the volume fractions of the bubbles in this unit volume at the CCR can be calculated using Equation (3)
and are actually represented by LD.

3.2. Bubble Volume Fraction in the Quasi Static Cavitation Region

For the SCR region (1.5 mm below the region that contains the sonotrode), individual ultrasonic
bubbles or bubble clouds were observed and recorded. To count these bubbles, the images were firstly
normalized by the X-ray images that were taken without ultrasound treatment (UST) to remove any
non-uniform grey level caused by the non-uniform thickness of the glass cell windows. Secondly,
the contrast between bubbles and background was enhanced by using the inverse of a natural
exponential function as demonstrated in Figure 3c. Thirdly, the image was converted into binary
images based on the predefined grey-level threshold. Finally, the bubble dimensions and positions
were determined using the MATLAB Image Processing Toolbox, which is illustrated in Figure 3d.
In this way, a statistical analysis of ultrasonic bubbles was made and described in Section 4.
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Figure 3. A typical X-ray raw image taken in the SCR region. (a) before image processing; (b) after
flat-field correction; (c) cropped X-ray image after normalization by image taken without UST,
and contrast enhancement; (d) The final binary image, which was used to extract the position and size

of ultrasonic bubbles.

4. Experimental Results

4.1. Bubble Cloud in the Chaotic Cavitation Region

The ultrasound bubble clouds observed in the CCR, at different ultrasound powers (20 W, 60 W

and 100 W, respectively) are illustrated in Figure 4. In each case, 10 sequential X-ray images were
averaged to reduce background noise, so that each result in the figure contained the information
averaged over 5 ms. Figure 4d—f, shows the bubble volume fraction calculated using Equation (3).

Y -ais, o

(@) (b) (C)

K-3xis, MM w-axis, mm x-3xis, mm

(d) (e) U]

Figure 4. High-speed synchrotron X-ray images of ultrasonic bubble clouds near the sonotrode tip at
different ultrasound powers of (a) 20 W, (b) 60 W, (c) 100 W respectively. (d-f) show the corresponding
bubble volume fraction calculated based on Equation (3).
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Figure 4d-f clearly show that the bubble volume fraction increases with increasing ultrasound
power. Figure 5 further plots the line distribution characteristics in the horizontal and vertical directions.
Figure 5b clearly shows that the maximum cavitation occurred near the sonotrode tip. Measurements
of cavitation intensity and cavitation cloud dimensions are summarized in Table 2. Cavitation cloud
width and length in the x and y direction are characterised by the full width at half maximum (FWHM).
The measurement indicated that there was no significant variation in the physical dimensions of the
cavitation cloud. However, cavitation intensity, which was evaluated in terms of the average bubble
volume fraction, increased significantly with the increase of ultrasound power.
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Figure 5. The averaged bubble volume fraction in (a) horizontal direction from position —1.5 mm to

1.5 mm (X-axis), to show bubble volume fraction distribution in horizontal direction; in (b) vertical

direction from sonotrode tip to 0.5 mm (Y-axis), to show bubble volume fraction distribution in

vertical direction.

Table 2. Ultrasonic bubble cloud characteristics due to different ultrasonic powers.

Ultrasonic Ultrasonic Bubble Maximum Maximum
Ultrasound Bubble Cloud Cloud FWHM in Averaged Bubble  Averaged Bubble
Power (W) * FWHM in . Volume Fraction Volume Fraction
. Y-axis (mm) . . . .
X-axis (mm) in X-axis in Y-axis

20 1.15 0.30 0.22 0.31

60 1.26 0.30 0.38 0.52

100 1.26 0.34 0.71 0.78

* FWHM is the full width at half maximum.
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4.2. Bubble Cloud in the Quasi-Static Cavitation Region

In the SCR, individual bubbles were observed and hence tracking and counting of the imaged
bubbles are possible. MATLAB was employed to track and measure bubble sizes and velocities.
The region of interest for the measurement is shown by the yellow box in Figure 6. The region of
interest was further divided into three sub regions: Section 1 (1.2 mm to 2 mm, distance to sonotrode),
Section 2 (2 mm to 2.8 mm, distance to sonotrode), Section 3 (2.8 mm to 3.6 mm, distance to sonotrode).
A statistical study of bubbles was performed on a sequence of 2000 X-ray images (1 s duration of
ultrasound processing) acquired in a quasi steady-state condition (1 s after the ultrasound was turned
on, and a steady-state condition was established in the liquid alloy).

- th

Y-axiz, mm
ka2
[,]

15

3 25 -2 1.5 -1 08 0 05 1 15
X-axis, mm

Figure 6. A typical X-ray image of the SCR and three sub-regions where data analysis was made.
4.2.1. Bubble Size Distribution

Figure 7 shows the bubble size distribution for different ultrasound powers. The Kernel probability
density function [30] was used to calculate the probability densities of these bubble size distributions.
The maximum probability density occurred at a bubble size of 0.0078 mm?, 0.0098 mm? and 0.0096 mm?
(in Table 3) for 20 W, 60 W and 100 W ultrasonic powers, respectively. These results indicate that bubbles
with a diameter of approximately 0.01 mm? were dominant in the bubble population. The observed
bubble size was mainly dependent on two factors: (1) the initial bubble radius (i.e., the nuclei size),
which is related to the liquid properties (viscosity, density, etc.) and (2) ultrasound pressure magnitude
and frequency. It should note that the camera resolution is 4 um per pixel, which means that a bubble
diameter smaller than 10 um cannot be resolved.

The statistical results show that 20 W ultrasound power generated 16 bubbles with an area larger
than 0.1 mm?, which is 1.6% of its total bubble population. A 60 W ultrasound power generated
234 bubbles with an area larger than 0.1 mm?, which is 9.1% of its total bubble population; a 100 W
ultrasound power generated 1151 bubbles with an area larger than 0.1 mm?, which is 17.5% of
its total bubble population. Clearly, a higher ultrasound power resulted in a larger probability of
bigger-sized bubbles.
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Figure 7. Ultrasonic bubble sizes distribution in the SCR with ultrasound power of (a) 20 W, (b) 60 W
and (c) 100 W respectively.

Table 3. Ultrasonic bubble size and velocity distribution.

Bubble Size at Maximum Bubble Velocity at Maximum

Ultrasound Power (W) Probability Density (mm?) Probability Density (m/s)
20 0.0078 0.15m/s
60 0.0098 0.28 m/s
100 0.0096 0.17 m/s

4.2.2. Bubble Velocity Distribution

Individual bubble velocities were calculated by comparing the position of a bubble centroid in
consecutive images. The distances between the centroids of the same bubble in consecutive frames
were taken as the distance travelled in the interframe time of the image sequence. The velocities of
bubbles were calculated by dividing the measured distance during the interframe time. By measuring
the bubble velocities in a one second image sequence, velocity distributions were obtained and are
plotted as histograms in Figure 8 with the probability densities plotted as dashed lines. The velocities
corresponding to the maximum probability density were 0.15 m/s, 0.28 m/s and 0.17 m/s, for 20 W,
60 W and 100 W ultrasonic powers, respectively. The most probable velocity at 100 W (0.17 m/s)
was lower than that at 60 W. We think this may be due to the imaging method we used. At 100 W
power, some bubble velocities were too fast for the same bubble to be captured in two consecutive
images. This means that some fast-moving bubbles are missing from the bubble velocity datasets,
and statistical analysis was only performed on bubbles that were moving slowly enough to be captured
in two consecutive frames.

Imaging at higher frame rates would be able to measure the velocity of fast-moving bubbles in
the 100 W case. However, with the given camera sensitivity, sample and X-ray source characteristics,
the signal/noise ratio in even higher-speed images would be lower, making bubble identification
more difficult.
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Figure 8. Bubble velocity distributions in the SCR at ultrasound powers of (a) 20 W, (b) 60 W,
(c) 100 W, respectively.

4.3. Limitation of the Imaging Method

In this research, we acquired many terabytes of image sequences. To extract useful information
from these large-scale image datasets, a simple but robust method had to be developed. In our case,
ultrasound bubbles away from the sonotrode, which we refer it as SCR, were identified based on the grey
level. It is interesting to see that, in the field of view of the images taken in this research, the bubble size
distribution away from the sonotrode does not change significantly as the ultrasound power increases,
although normally, a higher acoustic pressure would lead to larger bubbles. For characterising the
bubbles, the imaging method was limited by the acquisition frame rate (2000 fps), especially for the
case of 100 W, where bubbles can travel out of the view field in two consecutive images, making the
tracking of the exact location of the bubble more difficult.

In our experiment, the ultrasound cavitation bubble cloud is found to be in a relative stable shape,
and it is due to the higher ultrasound attenuation of the liquid metal.

5. Conclusions

Synchrotron X-ray high-speed imaging was used to study the aggregate behaviour of ultrasonic
cavitation bubbles, i.e., bubble cloud in a liquid alloy Sn-30%wtCu. A new method based on the X-ray
attenuation for a white X-ray beam was developed to extract the quantitative information about the
bubble clouds in the chaotic and quasi-static cavitation regions. This method is generic and applicable
to all liquid metals. Statistical analyses were made on the bubble size distribution, and velocity
distribution. Such rich statistical data provide more quantitative information about the characteristics
of ultrasonic bubble clouds and cavitation in opaque, high-temperature liquid metals.
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