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Abstract 

Ultrasonic processing can be performed without a vibrating probe by electromagnetic induction with 

a suitable frequency where resonance conditions can be established. This contactless method is 

suitable for high-temperature or reactive metal alloys providing purity of the melt and durability of 

the equipment. Hydrogen bubbles coming out of solution grow by rectified diffusion, and larger 

bubbles escape from the top surface leading to degassing.  Violent collapses of the remaining 

smaller bubbles help grain refinement. In this study, the application of a contactless 'top-coil' device 

to continuous casting via a launder is considered. Resonance is achieved by the positioning of baffles 

on either side of the coil. Electromagnetic forces also cause strong stirring, increasing residence 

time. The process is modelled using time domain and frequency domain methods, and results for the 

proposed setup are compared with data obtained for the immersed sonotrode. Accuracy and 

sensitivity to process and model parameters are discussed. 
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1. Introduction 

Techniques of improving the quality of light alloy metal billets are of high importance, as reducing 

trapped hydrogen through degassing, grain refinement, and dispersion of metal clusters have been 

linked with improvements in mechanical properties including tensile strength and ductility [1]. One 

such method that has been the subject of a significant amount of recent research is the application 

of ultrasound (UST) while the melt is still in its liquid phase before casting [2]. Traditionally this is 

performed with the use of an immersed mechanical vibrating sonotrode [2,3], and the high acoustic 

pressures directly next to the sonotrode surface result in the rapid growth and then collapse of 

bubbles through inertial cavitation. Unfortunately, inertially cavitating bubbles attenuate the sound 

field through thermal and viscous losses, in addition to acoustic radiation, which prevents cavitation 

from happening further away from the sonotrode surface. An alternative approach which has been 

the subject of recent research has been to replace the mechanical sonotrode with an AC induction 

coil [1,4–6]. This approach relies on resonance to build suitable pressures, and as a result can trigger 

cavitation deep into the melt, far away from the liquid surface. This could have a number of 

advantages, including the repositioning of the active zone for maximum processing efficiency (for 

example, just above the liquid-solid interface during casting, or through the creation of multiple 

active zones at the antinodes of a standing wave). This is in addition to other, already well 

established benefits of contactless processing which include the reduction of contamination due to 

sonotrode erosion, which eventually also results in reduced cost as traditional processing requires 

frequent sonotrode tip replacements [6]. In addition, contactless treatment also allows for the 

processing of high temperature (Ni, Fe, Cu) or reactive (Ti, Zr) melts which cannot be processed using 

a mechanical sonotrode. However, existing work mostly implements contactless UST in small scale 

experiments in a crucible, and work implementing the treatment in a practical casting process is 

limited. One study [4] performed initial numerical simulations demonstrating how contactless UST 

might work with the coil placed directly in the hot top of a DC caster, and showed that it was 



possible to establish a fixed resonant frequency during casting, due to the impedance mismatch at 

the liquid-solid interface. Electromagnetic stirring then provides suitable mixing, transporting 

dendrite fragments which might lead to an evenly refined microstructure. 

An alternative to processing directly on the hot top is to instead process further up in the launder. 

Previously, this has been investigated [3,7,8] for a mechanical sonotrode, and microstructure grain 

analysis has shown that this approach can result in more evenly refined grains. Processing in the 

launder is also less prone to macrosegregation caused by the acoustic streaming jet, and could 

potentially also be induced by the similar electromagnetic jet induced with the contactless method.  

This work attempts to develop this idea further, with full 3D simulations of the fluid flow and 

solidification, and for the first time attempting to apply contactless UST further up in the casting 

process, directly in the launder instead of in the hot top. 

2. Problem Description 

DC casting of aluminium alloy billets has been carried out at the Advanced Metal Casting Centre 

(AMCC) of the Brunel Centre of Advanced Solidification Technology (BCAST). These experiments 

have so far used mechanical sonotrodes, as described in Figure 1a.  These casts used AA6XXX series 

aluminium with an addition of 0.25 wt% Zr but without the addition of an AlTiB grain refiner. The 

diameter of the cast billets measured 152mm. Results from these experiments have previously been 

presented in [8] with a 5-kW magnetostrictive transducer (Reltec) driven at 17.3kHz used to power 

the sonotrode, which has a diameter of 40mm. The sonotrode tip was immersed 12mm below the 

melt surface, oscillating with a peak-to-peak amplitude of 30μm.  Grain analysis showed that by 

applying UST in the launder, grain size decreased twofold and the presence of feathery grains was 

suppressed. The presence of partitions in the launders was also linked with increased acoustic 

pressures and more efficient UST, with the maximum acoustic pressure being twice as high as that 

without partitions, and RMS pressures increasing by 50%. This was linked with an additional grain 

refinement of approximately 10% compared to the same experiments without partitions. 

For simulations investigating the potential effect of replacing the sonotrode with an AC Induction 

coil, the partitions also increase the potential for resonance by adding additional geometry for sound 

  
Figure 1: (a) A typical setup for ultrasonic melt treatment in the launder using a mechanical 

sonotrode. (b) The alternative setup uses an AC induction coil. Partitions are placed in the launder 
for both cases. 



reflection, as the location of these partitions can be modified to target particular acoustic 

frequencies. Numerical simulations are carried out assuming the same experimental conditions and 

partition configuration as the experiments with a sonotrode, but with the induction coil immersed 

into the liquid as shown in Figure 1b. 

 

3. Modelling Approach 

A number of authors have presented models for the frequency domain calculation of the acoustic 

field including the effect of inertially cavitating bubbles [9–11]. In our previous paper [5], the model 

of [9] was modified and a nonlinear Helmholtz equation for cavitation problems including the effect 

of a background source term  𝐹⋆ representing the Lorentz force was obtained. A description of the 

method is given in this section, but for a full description including derivation, please see the cited 

work. The equations governing the propagation of the sound field are given in equations (1)-(2), 

where P represents the complex acoustic pressure field, and 𝑘𝑚
2  is a modified wave number due to 

the attenuation and change of speed of sound that exists in the presence of inertially cavitating 

bubbles.  The nonlinear Helmholtz equation includes terms which allow for the variation in density 

at material boundaries (e.g. containing walls), in addition to the density change that occurs during 

solidification.   
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The dispersion coefficients 𝒜 and ℬ can then be calculated using Equation (3) [9], which considers 

only the change in void faction over the last acoustic period. 
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Where 𝛽 = 4/3𝜋𝑟3𝑁 is the void fraction and N is the number of bubbles. The void fraction must be 

computed with a bubble dynamics simulation, and many choices could be suitable for solving the 

time evolution of bubbles, for example [12,13]. Here, the Keller-Miksis Equation (KME) as given in 

[14] is used due to first order compressibility and acoustic radiation terms and is shown here in 

Equation (4). 

(1 −
𝑅̇

𝐶
) 𝑅𝑅̈ +

3

2
𝑅̇2 (1 −

𝑅̇

3𝑐
) =

1

𝜌𝑙
(1 +

𝑅̇

𝑐
+

𝑅

𝑐

𝑑

𝑑𝑡
 ) [𝑝𝑙 − 𝑝(𝑡)] (4) 

Where 𝑝𝑙  represents the liquid pressure at the liquid gas interface and is defined by Equation (5), 

where σ𝑒  is the surface tension, 𝜇 is the liquid viscosity, and 𝑝𝑔 is the pressure in the gas at the 

interface, which can be assumed to follow the adiabatic equation of state [15] given by Equation (6). 
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Here, 𝛾 = 1.4 is the polytropic exponent, and 𝑝𝑔0 the initial gas pressure in the bubble. A 

background pressure 𝑝(𝑡) = 𝑝0(1 − 𝐴 𝑠𝑖𝑛(ω𝑡)) accounts for both the sinusoidal acoustic pressure 

with dimensionless amplitude 𝐴, and atmospheric pressure. It is important to run the single bubble 
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model for more than one acoustic period so that simulation can converge to a harmonic solution, 

and the number of cycles needed increases with frequency and driving amplitude [9].  In the 

simulations in this paper, 500 cycles are chosen as the cut-off point at which if a harmonic solution 

has not been obtained, interpolation with cubic splines is used instead. 

N is assumed to be a smoothed stepwise function 𝑊(|𝑃|) centred on the Blake pressure, with a 

smoothing distance equal to 𝑃𝑏𝑙𝑎𝑘𝑒 − 𝑃𝑟𝑑 , the difference between the Blake threshold and the 

rectified diffusion threshold, the acoustic pressure required for bubbles to begin growing. Under this 

pressure, hydrogen bubbles begin dissolving back into solution and do not significantly influence the 

acoustic field. Assuming that the driving frequency is far from the bubble resonant frequency, which 

is generally the case in metal processing. The resulting threshold is given by Equation (7) [5], where 

𝐶𝑖 is the concentration of hydrogen in the bulk fluid, 𝐶0 is the saturation concentration, η is the 

polytropic coefficient. 
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For the fluid flow simulation, Equations (8) and (9) describe the continuity and momentum 

equations. An additional term 𝐹𝑠 is included to model the additional stirring due to the influence of a 

background field. For the top mounted induction coil, this term represents the induced Lorentz 

forces, the mean component of which drives the main fluid flow. For an immersed sonotrode, this 

term can be used to represent acoustic streaming, which has been shown in previous work [3,7,8]. 

The Lorentz forces induced by the coil are calculated from a separate simulation using Comsol’s 

Magnetic Fields solver. Solidification at the mould is then included through the use of a continuum 

approach described in [16] and previously used in [7]. The continuum approach adds a Carman–

Kozeny momentum sink term 𝑆𝑑 that forces the fluid velocity to the background velocity 𝑣𝑟𝑒𝑓. This 

was implemented using a custom OpenFOAM solver based on the included “buoyantPimpleFoam” 

solver (a combination of the PISO and SIMPLE algorithms). The electromagnetic source terms were 

exported from Comsol in CSV format and then interpolated onto the OpenFOAM mesh. 

∇ ⋅ 𝑣 = 0 (8) 
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Where 𝜌0 and 𝜇0 are the fluid density and the dynamic viscosity. Turbulence is included in the 

model, using the k-Omega-SST turbulence model. The system is closed by the energy balance, as 

given in Equation (10). 
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where 𝑐𝑝is the specific heat, 𝑇 is the temperature, and 𝑘 is the thermal conductivity, 𝐿𝑓 the latent 

heat of fusion, and 𝑔𝑙  the volume fraction of liquid. In the slurry, the effective dynamic viscosity μeff 

can be calculated from the Stefanescu formula [18,19] given in Equations (11, 12), where μl is the 

liquid viscosity, 𝑓𝑠  is the solid fraction, and 𝑓𝑐  is the dendrite coherency point, chosen to be 0.3. 
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𝐹μ = 0.5 − (1/π) tan−1(100(𝑓𝑠 − 𝑓𝑐)) (12) 

At the water spray, the heat transfer can be described by a Fourier boundary condition with a heat 

flux function depending on the average temperature 𝑇̅ between the surface of the billet and the 

bulk fluid [21]. Including the effect of nucleate boiling above a critical point 𝑞𝑐 = 3910Δ𝑇2.16 the 

heat transfer coefficient takes the form of Equation (13). 
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At the free surface, a surface radiation boundary condition is used and is given by Equation (14), 

where ϵ = 0.3 is the surface emissivity and σ = 5.6708 × 10−8 the Stefan–Boltzmann constant. 
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4. Results 

Following the solution procedure described in [5], target acoustic Eigenfrequencies are first 

calculated from a linear model (achieved by setting N=0), and are then used as an initial guess for 

the resonant frequency including the effect of cavitation. The frequency is then adjusted until 

resonance is achieved in the non-linear case. Target frequencies were taken only if they were below 

30kHz, to target specific modes that could be obtainable by the AC coil. A full list of material 

properties for the liquid aluminium is given in Table 1, and the properties of the copper induction 

coil are given in Table 2. 

Table 1. Model properties of liquid aluminium. Properties obtained from [15]. 

Electrical Conductivity (S/m) 4e6 

Relative permeability 1 

Relative permittivity 1 

Casting velocity (m s−1) 0.0023 

Inlet temperature (K) 1003.15 

Liquidus temperature (K) 929.2 

Solidus temperature (K) 757.4 

Latent Heat (J kg−1) 375696.0 

Density (kg m−3) 2375 

Speed of sound (m s−1) 4600 

Thermal expansion coefficient (K−1) 2.3 × 10−5 

Kinematic viscosity (m2s−1) 5.5 × 10−7 

 

Table 2. Properties of the copper induction coil. 

Electrical Conductivity (S/m) 5.998e7 

Relative permeability 1 

Relative permittivity 1 

Density (Kg m-3) 8700 

 

In the acoustic simulation, a sound soft (𝑃 = 0) boundary condition is used on the top surface, and 

sound hard boundaries are used elsewhere. At the inlet and outlet of the launder, a perfectly 

matched layer was used to prevent reflections, in an attempt to focus on resonant modes present 



due to partitions and to prevent unnatural resonant frequencies that might occur due to not 

simulating the entire launder. Figure 2 shows two chosen eigenfrequencies for the launder with 

partitions. The two Eigenfrequencies occurred at 21564Hz and 23862Hz, corresponding to electrical 

frequencies of 10782Hz and 11931Hz and high pressure regions were located close to the partitions. 

For the rest of the results in this work, the 21564Hz mode will be the target mode that we will use.   

 

The nonlinear Helmholtz solver is then used to compute the acoustic field in the presence of 

cavitating bubbles. The properties of these hydrogen bubbles are given in Table 3. Due to the 

reduction in speed of sound that occurs with an increase in bubble volume fraction, the resonant 

frequency is slightly lower than that of the eigenfrequency study, and the closest frequency is 

calculated to be 21320Hz, a shift of 244Hz. Results for this case are shown in Figure 3b. Peak 

pressures induced by the coil were approximately 180kPa, well above the threshold for cavitation for 

10 micron hydrogen bubbles in liquid aluminium (calculated to be approximately 154kPa [5]). The 

traditional mechanical sonotrode is capable of reaching much higher pressures, up to 600kPa 

directly below the sonotrode surface, but the active region is isolated to the area directly under the 

sonotrode, with acoustic shielding preventing higher pressures elsewhere in the domain. This can be 

seen in Figure 3a. The top coil by comparison resulted in an active zone much deeper below the 

surface, located in the gap between the downstream partition and the base of the launder. 

  

 

 
Figure 2: Obtained Eigenfrequencies from linear theory potentially obtainable by the AC coil. (a) 
(b) The alternative setup uses an AC induction coil. Partitions are placed in the launder for both 

cases. 



 

Table 3. Hydrogen bubble properties [15]. 

Bubble Density N 5e7 

Surface Tension (N m−1) 0.860 

Vapour pressure (Pa) 0 

Specific Heat Capacity (J kg–1 K−1) 717 

Bulk Temperature (K) 1013.15 

Ambient bubble radius 𝑅0 (m) 10 × 10−6 

 

Figure 4 shows the induced magnetic field from the AC induction coil at an electrical frequency of 

10660Hz. The coil interacts with induction currents in the melt to repel the free surface, ensuring 

that no contact is made with the metal. At the electromagnetic skin layer, the magnetic flux density 

reaches a peak of 0.11T, comparable to that in previous work in a crucible [5]. The interacting 

magnetic and electric fields result in a force on the aluminium 𝐹 =  𝐽 × 𝐵. This force has a mean 

component given in Figure 4b which drives the bulk fluid flow, and is used as the source term 𝐹𝑠 in 

Equation (9), and a harmonic oscillating component given in Figure 4c, which is responsible for the 

acoustic field source term 𝐹⋆. The magnitude of the mean part was found to be lower than the 

amplitude of the harmonic part, with peak amplitudes of the order 2e6 and 6e6 respectively. 

  

 
 

 
Figure 3: The induced acoustic field including the effect of inertially cavitating bubbles, using an 
immersed sonotrode operating at 17300Hz  (a) and a top mounted induction coil operating at 

10660Hz (an acoustic frequency of 21320Hz) (b). The black line in both figures indicates the active 
processing zone above the Blake threshold. 



 

 

The fluid flow induced by the sonotrode reached a peak velocity of approximately 1m/s directly 

below the sonotrode, with the acoustic streaming jet having a velocity closer to 0.6m/s. Flow 

patterns for this case can be seen in Figure 5a. The top coil on the other hand, which does not rely 

on acoustic streaming but instead the electromagnetic Lorentz forces, reached a peak velocity of 

approximately 2.5m/s, 2.5x what was obtained by the sonotrode. This results in very strong mixing 

and is likely to result in a very even distribution of processed particles, which has previously been 

linked with improved uniformity in grain size across the final billet [7].  This could then further be 

improved by designing a geometry such that the resonant mode, and therefore the active processing 

region, be located to increase residence time before mixing, as in these simulations the active zone 

primarily acts downstream, which could limit the effectiveness of treatment. The resulting sump 

profile showing the solidification of the billet in the mould and temperature contours are given in 

Figure 5c. 

  

 

 

 
Figure 4: (a) Induced magnetic field from the AC induction coil at 10660Hz, in addition to the 

magnitude of the resulting mean Lorentz force (b) and harmonic component (c)  



 

 

5. Integrated Cylindrical Vessel 

An alternative geometry using a cylindrical vessel integrated into the launder is presented in this 

section. This concept hopes to improve the efficiency of processing by encouraging a central 

resonant mode, with partitions placed to restrict flow in and out of the isolated cylindrical vessel. A 

diagram of this concept is given in Figure 6. 

 

 

 
Figure 5: The fluid flow induced by the acoustic streaming generated traditional mechanical 
sonotrode (a), Lorentz forces generated by the induction coil (b), and the sump profile in the 

mould with temperature contours (c) 



 

Initial simulations were carried out on the cylindrical vessel,  carried out in 3 stages. Initially, an 

electromagnetics solver computes the magnetic and electric fields, then the fluid flow, followed by 

the acoustics. For the electromagnetics and free surface model,  Maxwell’s equations in 

electromagnetic induction approximation are solved numerically via a formulation based on the 

electric field vectors (real and imaginary parts) and Biot-Savart integral [17]. The 3-turn top coil was 

modelled as 3 axisymmetric rings each carrying a current of 1700A at 14580.4Hz. This frequency was 

chosen as the lowest for which the periodic component of the Lorentz force induces acoustic 

resonance in the metal volume with a radius of 96.4 mm and a height of 100 mm. The coils are 

lowered from their initial positions where the lowest turn is 5 mm above the metal surface in steps 

of 1.25 mm and the computational mesh is deformed according to the mean pressure exerted by the 

Lorentz force until a total displacement of 17.5 mm (Figure 7) is reached – just before the 

hydrostatic pressure of the liquid metal under the deformed free surface becomes too high for the 

generated Lorentz force to balance. Both the mean and the periodic components of the Lorentz 

force vectors are saved for the next stages. 

 

 
Figure 6: Launder concept which aims to improve contactless UST processing efficiency by 

integrating an additional cylindrical vessel into the launder. 

 
Figure 7: Vertical central cross-section of the liquid metal volume and top coil showing the 

deformed free surface, electric field contours and amplitude of the periodic component of the 
Lorentz force vectors; ‘real part’ means in phase with the driving coil electrical current. 



The flow of the liquid metal is then caused by the mean component of the Lorentz force. Figure 8 

shows the result of a CFD simulation with a k- turbulence model carried out in the PHYSICA code. 

The calculated maximum velocity in the downward jet is 0.38 m/s, comparable to typical flow 

patterns induced by an immersed sonotrode. This is less than the 2.5m/s jet obtained by the 

frequency domain simulation in the previous section, but this can largely be explained by the coil 

operating at 1700A as opposed to 2000A, which also reduces the induced Lorentz forces. 

 

Acoustic cavitation of any hydrogen bubbles formed in the melt is driven by the periodic part of the 

electromagnetic Lorentz force. It is simulated with a bespoke piece of software [5] capturing the 

time-dependent behaviour of both the acoustic field and the bubbles dispersed in the metal volume.  

32366 acoustic cycles were simulated with time step 1.75x10-7 s, taking about 5 hours on a 32-

processor workstation. The acoustic algorithm [18] needs a regular cartesian grid, so the depression 

of the free surface is not modelled within the acoustic part, but the total volume of liquid metal is 

retained. The equilibrium bubble radius, i.e. the radius without acoustic excitation, is assumed to be 

7 m and the bubble concentration is 1x107 m-1. Acoustically soft (zero pressure amplitude) 

boundary conditions were assumed on all sides of the liquid metal volume. The simulated acoustic 

field as shown in Figure 9 (for RMS pressure p) shows a spheroidal zone with an approximate radius 

of 2 cm around the centre of the domain which is above the Blake threshold for inertial cavitation 

(130 kPa RMS in the simulated case) and is the necessary condition for cavitation treatment of the 

melt. A Lorentz force frequency in the acoustic simulation was set at 29132 Hz, but its amplitude was 

taken from the electromagnetic results. One can see the prescribed frequency is not exactly twice 

the electrical (as expected theoretically) and the slight shift is needed to sustain resonance under 

the bubble action which alters the effective speed of sound in the liquid metal. This is important for 

practical applications as automatic frequency tuning will be needed. 

 
Figure 8: CFD result for the mean flow driven by the steady component of the Lorentz force; 

contours – turbulent viscosity, vectors – flow velocity. 



 

6. Conclusions 

A coupled model for simulating the acoustic field in the presence of bubbles, electromagnetic 

induction from an AC coil, and fluid flow has been presented and has been applied to the potential 

application of contactless UST processing in the launder. It has been shown numerically that it is 

possible to obtain pressures required for processing as the Blake threshold was exceeded deep into 

the launder close to the partitions. This mode was obtained at 10660Hz electrical frequency, 

corresponding to an acoustic frequency of 21320Hz, which is obtainable by the coil. In addition, 

induced flow velocities were 2.5x higher in the launder when using the Lorentz force, as opposed to 

traditional UST processing with a mechanical sonotrode. This could have benefits for enhanced 

mixing and could be used to evenly distribute processed particles that would result in an even 

distribution of refined grains in the final billet. However, as this was not tested further theoretical 

and experimental work needs to be carried out to determine the exact effect that this will have on 

grain refinement.   

In addition, an alternative launder concept has been suggested that might be better suited for 

contactless UST. The new concept integrates a cylindrical vessel into the launder, and a resonant 

mode can then be calculated which results in a large active zone directly in the middle of the vessel. 

Induced flow velocities for this system are comparable to that obtained by traditional UST with a 

sonotrode but needed a higher acoustic frequency of 29132Hz to obtain. 
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