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Abstract

Aerospace engine efficiency is directly linked to the hot source temperature. Due to the very
high temperature and mechanical stresses, turbine blades and discs have to be manufactured
using alloys with exceptional high temperature properties. Nickel-based superalloys combine
these properties. Conventional manufacturing processes are expensive, so manufacturers are
promoting digital design methods. But numerical models rely on accurate thermophysical
databases to be effectively representative of real processes. Due to the high chemical reactivity
of molten nickel-based superalloys, viscosity and surface tension measurements are difficult.
We have developed a non-contact metrological apparatus based on the acoustic levitation
phenomenon, to perform these measurements on samples in liquid form. In order to develop
this complex device, we have already carried out some measurements on water and low melting
point Ga samples. This first phase of development has allowed us to identify improvements to
be made in order to levitate high melting point reactive alloys.

Introduction

Thermodynamics is at the heart of open-cycle turbomachines used to propel modern aircrafts
[1], [2]. First principle tells us that the higher the temperature difference between hot and cold
sources, the more energy efficient the cycle. The most convenient mean to reach this goal is to
increase the temperature of the hot source. But this leads to tremendous combined thermal and
mechanical loads on parts, especially turbine blades and discs, running in these environments.
Ni-based superalloys are particularly good at accommodating such constraints. On top of that,
in order to reach mechanical performances required in aerospace engines, specific complex and
expensive solidification processes, such as single crystal casting, must be used.

This leads to an ever more growing usage of numerical simulations to design these processes
and predict their behavior [3]-[7]. But without accurate databases for fundamental material
properties, such as surface tension, viscosity, density or thermal expansion for both solid and
liquid states, numerical models are far less reliable for real processes description and control.
These properties are not easily deduced from individual element characteristics, making it
compulsory to perform specific measurements for each specific alloy.

Unfortunately, this type of alloy is highly reactive when taken into liquid state for elaboration
purposes. To do so, chemically neutral environment, such as vacuum or inert gas atmosphere,



is needed. Also, lowering contact between samples and any solid surface, to prevent chemical
pollution and parasitic interference regarding mechanical and solidification behaviors, is of
paramount importance. These specifications are typically achieved by contactless methods
such as levitation apparatus. Well-known and reliable techniques are ground or space-based
electrostatic and magnetic levitation [8]-[11]. Nevertheless, to achieve perfect stability of
levitated samples, they require complex regulated systems which are in the grasp of very few
teams worldwide. Contrary to that, we developed a device based on acoustic levitation, which
takes the advantage of acoustic standing waves to suspend high density samples in mid-air
using quite passive systems.

In this work, we took advantage of water and Gallium samples, which are liquid at or close to
room temperature, to train on measurement routes and to optimize our levitation system.
Thanks to previous work [12], [13] and some theoretical considerations developed below, we
try to demonstrate that the results obtained here for surface tension and viscosity of water and
Ga samples, may help us to address measurements on high melting point reactive alloys, such
as Ni-based superalloys.

Materials and Methods

Acoustic Levitation Device

We developed a levitating device, inspired by the work of Marzo and al. [14], later called the
levitator, based on acoustic levitation technique. This method consists in the superposition of
two acoustic waves producing a standing wave. The two original waves, which are travelling
on the same path but in opposite directions, have same amplitudes and frequencies. This results
in areas where time-averaged acoustic radiation pressure is either above or equal to ambient
pressure. Locations of zero mean pressure amplitude variation are called nodes. These nodes
are acoustic potential wells prone to trapping objects. The magnitude of this phenomenon can
be numerically evaluated using Gork’ov potential [14]. Levitation and horizontal trapping
efficiency are improved by arranging the piezoelectric ultrasound acoustic sources in
hemispheres, forcing acoustic wave fronts to converge in a focal point. Our device is made of
two hemispheres facing each other, comprised of fifty-height electrically connected in parallel
40 kHz emitters (ref.: Manorshi MSO-A1640HH10T) each, used to levitate samples. Piezo-
buzzers are driven by a power system composed of a RS PRO RSDG 805 low frequency
generator, supplying a driving low amplitude 40 kHz sinusoidal signal to an Audiophonics
MA-CXO02 linear amplifier. Hemispheres are driven m rad out of phase from each other. Output
power is monitored and used to trim the acoustic pressure by using a RS PRO RSDM 3055A
voltmeter in parallel with the whole levitator. Driving voltage is ranging from 3 to 40 V.

Materials

Initial studies were done using deionized water samples. This is done because heating while
levitating is quite tricky and requires laser powered device to preserve the contactless interest
of this kind of characterization techniques. Once levitated, the samples take the form of small
droplets, more or less deviating from spherical shape, depending on the applied acoustic
radiative pressure and gravity effect. Typical droplets volumes range from 2 to 10 pl.

Our ultimate goal is to achieve measurements on liquid metal. Because we don’t have any
appropriate heating mean yet, and as results discussed below on water droplets were quite
satisfying, we then worked on molten Ga. This metal has a very low melting point of 29.8 °C



[15] which is near room temperature, making it suitable for preliminary tests. Knowledges
acquired on water were supposed to be transferable on liquid metal, especially on Ga as melting
point of both substances are quite close, compared to high melting point alloys. Relevance of
this method is detailed in the Discussions section. Ga droplets are prepared by pumping
preliminarily melted 99.999 % grade Ga (sourced from Aldrich Chem Co.) with a syringe and
depositing them on a cool glass or metal surface. The quite good purity of the metal used
induces a supercooling phenomenon, leaving droplets liquid even if substrate temperature is
below Ga solidification point. This is overcome by touching the droplets with the stainless steel
tip of the syringe, triggering their solidification.

Tests are made at room temperature and the temperature is monitored with a K type
thermocouple (ref.: RS PRO IFC K T/C 1 mm x 0.25 m). Temperature is not controllable for
the moment. As Ga tends to strongly oxidize under air, measurements are made inside a glove
box filled with Ar gas (Air Liquide Ar Alphagaz 1 99.999 % purity).

Oscillating Droplets Measurement Methods

There are many different methods to perform measurements of thermophysical properties of
high melting point materials [16], [17]. When using contactless devices as described in the
Introduction section, oscillatory methods are the main tools. As far as acoustic levitation is
concerned, several tentative have been successfully conducted on water at room temperature
[18]-[20]. In parallel, different works have used oscillations to characterize liquid metals [8]—
[10]. Two major techniques, namely the Freely Decaying (FD) oscillations method and the
Frequency Response Function (FRF) technique, are used to measure viscosity and surface
tension. These methods are largely based on Lamb and Lord Rayleigh theories of viscous
oscillating spheres [21], [22].

FD method consists in applying a variable force, generally with an amplitude modulated
sinusoidal shape at a given frequency, on the spherical liquid sample to be characterized. When
shape oscillation is in a stationary state, the modulation is stopped. This allows the sphere to
freely oscillate at its eigenfrequency while oscillation amplitude is being damped by viscous
fluid flows. This phenomenon can be described by monitoring the shape of the droplet,
especially its equivalent spherical radius, which may be expressed according to the following
relationship:

R(t) = Ry + A.exp(—1t).cos(2mf,t) (D

where R(t) is the droplet instantaneous radius in m, R, is its radius at rest in m, A is the
maximum amplitude of radius in m, 7 is the oscillations damping constant in s™1, t is the time
in s and fj is the oscillations eigenfrequency in Hz. In this model, the droplet is supposed to
be spherical, which is not the case in reality, as gravity and radiative acoustic pressure tend to
flatten it. The droplet has an ellipsoidal shape. In equation (1) R, will thus be defined as the
radius of the sphere of the same volume as the real droplet. Through data fitting procedures,
this model can theoretically be used to simultaneously determine t and f,,. Multiple parasitic
frequencies are being present during experiments on water droplets, probably because of
relatively low viscosity and imperfect stability of levitated samples. So we only use this model
to determine 7. This reduces equation (1) to equation (2) when considering only raw signal
envelope



R(t) = Ry + A.exp(—1t) 2

Figure 1 shows the typical pattern of a FD experiment on a water droplet. Droplet shape is
captured using a high speed camera. For every instant of the experiment, an image processing
algorithm is used to compute the surface area of the 2D projection of the droplet. One can see
an oscillating stationary state at the beginning (0.0 to 1.1 s of experiment), corresponding to
the period when the droplet oscillates under the action of the modulated acoustic pressure. A
second period where the amplitude of the oscillations is progressively reduced is visible (1.1 s
to end). This corresponds to the effective FD experiment when the forced oscillations are
stopped. The droplet starts to oscillate following its eigenfrequency mode and the oscillations
are damped as described before. Final state corresponds to the droplet at rest, its surface area
being constant through time.
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Figure 1. (a) Freely Decaying experiment on a 10 pl water droplet using a
PHOTRON FASTCAM SAS5 high speed camera, droplet surface versus
time, 2000 images/s frame rate, 70 Hz modulation frequency, 2.5 %
modulation amplitude, (b) focus on the oscillations damping time interval.

Further post-processing work is done with the raw signal shown on Figure 1, in order to be able
to determine the damping constant. Figure 2 shows (a) the resulting signal when peaks of the
envelope of the raw signal are identified and (b) the final state data when linear regression is
performed on the log values of these peaks. The damping constant T corresponds to the slope
of the curve. Evaluations are performed using droplet area and not only equatorial or polar
radius. This allows a measurement error reduction while equations (1) and (2) are still valid.
We then use images of the droplet at rest to perform a dimensional control. This provides
accurate values for R, which is used in conjunction with 7 to determine the dynamic viscosity
of water droplets, using Lamb and Lord Rayleigh models given in equation (3):

__ PR 3)
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Where [ is the dimensionless degree of the Legendre polynomial used to model the shape of
the 2D projection of the oscillating droplet and u is the dynamic viscosity in Pa.s. The
modulated acoustic pressure imposed on the droplets to drive their oscillations is applied in the
vertical direction and mainly activate the fundamental oblate-prolate mode. This means that
[ = 2 and reduces equations (3) and (5) to equations (4) and (6).
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Figure 2. Post-processing of high speed camera data output, (a) droplet
free oscillations envelope and (b) damping constant evaluation algorithm.

As discussed above, even if theoretically feasible, the use of FD experiment data to compute
surface tension by using free oscillations eigenfrequency is quite tricky. In order to get this
information, we performed FRF experiments. Figure 3 shows typical results on a water droplet.
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Figure 3. Frequency Response Function experiment performed on a 9 pl
water droplet with shadowscopy setup, 72 to 92 Hz modulation frequency
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A FRF experiment consists in modulating the acoustic pressure on the samples the same way
as explained for FD technique. However, forced oscillations are not released, but modulation
frequency is swept over a range in which the theoretical eigenfrequency is supposed to be found.
Mean amplitude of the oscillations is computed and correlated with modulation frequency.
Frequency where amplitude is at its maximum is considered as eigenfrequency. Equations (5)
and (6) then allow to evaluate surface tension:
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Where o is the surface tension in N.m ™! and f; is the measured eigenfrequency in Hz. The
FRF experiment were performed using an alternative technique to high speed camera. It is
called “shadowscopy”. It consists in illuminating the sample with a telecentric light source,
which essentially means that light rays are almost parallel when hitting the droplets. The
projected shadow of the sample is then observed using a photodiode. The luminous signal is
converted in an electrical signal by the diode. When the droplet is at rest, a mean voltage level
is given as an output signal. During FRF experiments, the surface oscillations of the droplet
are transduced in voltage oscillations. FD experiments have also been performed using this
setup. General trends are quite equivalent to high speed imaging but shadowscopy have some
advantages, especially on accuracy, that will be considered in the Results and Discussions
section. Because a protective atmosphere is needed for experiments on Ga samples, only high
speed camera setup, which can be placed outside of the glove box, was used. Indeed, at the
moment when tests were conducted, shadowscopy setup was not implemented inside the box.

Results and Discussions

High speed camera technique was the first approach used to measure viscosity. It is interesting
because with reasonable post-processing development it can supply quite rich sets of data.
Especially, we are able to determine at each instant of the experiments R, and R, which are
respectively the polar and equatorial radii of the ellipse 2D projection of the droplets surface
area. This allows us to determine the R, radius and use the models presented earlier. This also
helps us to analyze the impact of the deviation to sphericity of the samples on the viscosity
measurement accuracy. We also evaluated Ohnesorge number Oh, which represents a criterion
for determining the applicability of the models to our samples. Kremer et al. [19] indicate that
Oh should be lower than 0.1, which is the case for all of our experiments. Over the four
considered trials, mean viscosity is equal to 1.431 mPa.s, which represents 43 % of error
compared to the previous literature reference value of 1.0 mPa.s at room temperature.
Nevertheless, the order of magnitude is respected, despite the fact that uncertainty evaluation
is not available for now. Limitation of high speed imaging is its inaccuracy when trying to
further reduce the modulation amplitude. Too small oscillations cannot be captured and data
are no longer exploitable. Indeed droplets oscillations cannot be identified among the
background noise. On the other hand, quality of data fitting improves when acoustic radiative
pressure increased. But as this tends to flatten the droplets, their geometry deviates from
theoretical model hypothesis and thus error on viscosity also increases. Even if image
processing provides a qualitative comprehension to how the droplets behave during
experiments, it is unable to provide the required accuracy to reach metrological quality.

That’s why we moved to shadowscopy. The sensitivity of the technique to small movements
allows us to analyze smaller samples with lower modulation amplitudes. Results achieved with
shadowscopy on intermediate size samples with important modulation amplitude are similar to
those obtained with high speed camera. Mean viscosity is 1.220 mPa. s, which corresponds to
22 % of error with literature reference. But when volumes of around 2 pl are reached, viscosity
measurement error starts to decrease significantly while still having satisfying oscillations



damping behavior. Considering the available results, mean viscosity is 1.020 mPa. s, lowering
the relative error to only 2 %. The improvement of the quality of the results might be explained
by the greater sphericity of the droplets under the action of surface tension and large reduction
of parasitic macroscopic deformations because of small size. Nonetheless, as shadowscopy
doesn’t provide geometry information on the droplets, it is compulsory to take droplet
geometry calibration pictures to perform calculations for viscosity evaluation.

Complementary results for surface tension on water were obtained using shadowscopy.
Levitation configuration is quite similar to FD experiments. The volumes of the tested water
samples are comprised between 8 and 10 pl. Average measured surface tension over seven
experiments is 70.2 mN.m!, which corresponds to 2.5 % absolute error with respect to
literature reference of 72 mN.m™!. Some of the trials show two FRF peaks. After analysis, each
of them can be identified as evolutive resonance because of droplet evaporation throughout the
experiment duration, which is approximately 100 s (5 s recording for each frequency step).
Results are quite satisfying even if massive testing would be necessary to improve
reproducibility and accuracy, by averaging measurement results.

A major conclusion of precedent experiments is that reducing the volume, thus approaching
sample sphericity, and lowering modulation amplitude largely improve the measurements
quality, in agreement with the conclusions of Kremer et al. [19] and Hosseinzadeh and Holt
[20].

These results and know-hows being consolidated on quite easy access room temperature water
measurements, transferability to liquid metal is now considered. In order to validate
assumptions used for water, we worked on liquid Ga. We used the same methods and tools
used for water. Ga is liquid nearly at room temperature, contrary to other metals tested in [15],
[23]. As we don’t have any powerful heating source compatible with acoustic levitation (i.e.
induction heating or laser), using a simple IR lamp was enough to melt Ga samples while
levitated. Weak power of this heating source prevent molten Ga to significantly exceed its
melting point 6. Meaning viscosity can be considered quite equivalent to that at melting point.
Figure 4 introduces typical results obtained on Ga samples with high speed camera monitoring.
Oblate-prolate oscillations are clearly visible on Figure 4.a time-lapse. Near-resonance
modulation is quite tricky because it is prone to easily trigger undesired oscillation modes such
as “rocking” and rotation. That is why we performed our FD experiments with a frequency
shift with respect to resonance. Note that for the first tests on Ga, modulation amplitude was
set relatively high compared to that used for water, in order to distinguish forced oscillations
from background noise. In figure Figure 4.b, we were able to monitor polar radius R,

oscillations damping with a T of 2.2 s, which corresponds to a dynamic viscosity u of
approximately 3.05 mPa.s, given the R, radius of 1.06 mm of the considered sample. This
result is quite promising when compared to the first results on water and improvements made
later on. The viscosity value is in the appropriate order of magnitude. 56 % shift to 1.95 mPa.s
literature value might be explained by the shift in modulation frequency explained above.
Indeed, mechanical impedance of the droplet equivalent oscillator is higher when modulating
away from resonance. Consequently, over-damping is faced and effective viscosity is greater
than that at resonance.

Improvements may be achievable by reducing modulation amplitude, in order to prevent
parasitic oscillations and thus allow measurement exactly on resonance.
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Figure 4.(a) Ga droplet oscillation time-lapse, (b) FD
experiment on 1.06 mm R, radius droplet at 120 Hz
modulation frequency and 10 % amplitude, (c) FRF experiment
on 1.04 mm R, radius droplet with a 1 Hz modulation
frequency step at 1.5 % amplitude.

Figure 4.c shows typical results obtained when performing FRF experiments. Important
oscillation amplitude increase is detected when sweeping forcing frequency around theoretical
resonance at 145.5 Hz. This was done using a 1 Hz step between 140 and 156 Hz. Using a
Lorentzian function fitting model like [9], we were able to forecast a resonance frequency of
about 146.4 Hz. Given the 1.04 mm R, radius of that particular sample, measured surface
tension is 716.3 mN.m™!, which corresponds to a 1.17 % shift from typical literature value of
approximately 708 mN.m™! [23]. As surface tension variation with temperature is quite small,
even if temperature control is not achieved for the moment, we are quite confident concerning
surface tension measurements. Improvements can still be made regarding two particular points.
First, sampling step shall be reduced in order to more precisely identify resonance, thus
improving surface tension accuracy. As FRF measurements are done “on the fly” while
constantly increasing the forcing frequency every second during a 17 s time period, dynamic
parasitic movements during frequency transitions may reduce measurement quality.
Stabilization between steps could help overcome that issue. Then, oxygen management must
be improved. 0, concentration in the protective atmosphere has to be further reduced.
Nevertheless, during development process to achieve measurements on Ga, we introduced a
purifying system of the Ar supply, which led to 0, concentrations of about 1.1071? ppm. On
top of that, Ga is quite reactive to oxygen present in the atmosphere during samples preparation.



So we also developed a process to remove Ga,05 oxide by acid pickling before levitating
samples.

Even if not straightforward, applicability of methods and measurement tools to Ga and
consequently to higher melting point reactive alloys seem to be consolidated. Especially, FD
and FRF techniques developed on water and efforts put to improve atmosphere cleanliness on
Ga seem to open a promising path for Ni-based superalloys characterization.

Conclusions

The surface tension and viscosity of water and liquid Ga were investigated by the oscillating
droplet method using an innovative acoustic levitation device. Good agreement with previous
literature using different characterization methods, such as electromagnetic or electrostatic
levitation, was obtained. Critical points to improve measurement accuracy are reducing
samples size and modulation amplitude, which implies using more sensitive measurement
methods such as shadowscopy. Better oxygen management in the atmosphere control box is
also needed to prevent oxide deposition, introducing parasitic behaviors during oscillations.
Results obtained are quite encouraging for future developments on high melting point reactive
alloys, such as Ni-based superalloys for aerospace applications. Given the sheer simplicity of
acoustic levitation compared to previous techniques used for such characterizations, it is
possible to envisage the development of a wider user community in the future.
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