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ABSTRACT
This paper presents the work in progress on the optical characterization of the evaporation of large non spherical
droplets of pure or complex fluids that are trapped in an acoustic field. The characteristics and control system of the
evaporation chamber are detailed. A special emphasis is put on the design of a new acoustic-reflector/ steam-jetnozzle allowing to dump the vortices induced by the trap around the levitated droplet. This work is validated with
a PIV analysis of the gas flow structures around the droplet. It is shown that the rainbow diffractometry coupled
with an advanced geometrical optics light scattering model allows retrieval of the spheroid droplets principal radii
and refractive index/temperature with a rather good accuracy. However, and while indirectly proven with
numerical simulations, some fluctuations in the measured temperature are attributed to fluctuations in the droplet
orientation regarding to the light scattering plane.

1. Introduction
The optimization of the spray-drying processes of colloidal suspensions is a major issue in
various industries (biotechnology, chemistry, food, etc.), e.g. Kudra (2009), Iskandar (2003). In the
year 2000, there were more than 20 000 dryer units in the world with, however, widely varying
capacities. Basically, this technological process consists in atomizing an aqueous nano suspension
in droplets of a few hundred microns that are dried by a hot air flow to produce, at the end, a
fine powder. The latter is composed of micro to millimeter sized particles themselves formed by
the agglomeration of nanoparticles. The operator seeks to control the quantity and the quality of
the particles produced in terms of mass, residual solvent contains and morphology (e.g., size and
shape, porosity and specific surface). This requires upstream the development of predictive
modeling tools which can address the multiphysics nature (atomization, heat and-mass-transfer,
turbulence, soft matter, ...) and the multi-scale aspects (from the particles nanopores to the drier
decametric dimensions) of the whole drying process. This is a challenging task since, at least,
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multiple underlying physical aspects are not yet understood in the process. In this perspective,
this paper presents a laboratory work aiming to deepen our basic knowledge's on the drying of a
single droplet. The latter is trapped in an acoustic field to allow a better control of the parameters
of the drying process (air flow velocity, temperature and humidity, solvent composition, etc.),
without introducing irrelevant problems linked, for instance, to the triple line (droplets on
surfaces), while allowing on-line and real-time laboratory diagnostics.
Within the framework of this conference, a special emphasize is put in section 2 on the
laser and imaging techniques implemented for this study: PIV, shadowgraph and rainbow
diffractometry (RD). This section describes also the material and methods related to the acoustics
levitation itself as well as the evaporation chamber. Then, section 3 summarizes experimental
results obtained on the dynamics and the interaction of the droplet with the surrounding gas,
and a method to dump the acoustic streaming acting as a disruptive effect of the droplet shape
and position. Finally, the sensitivity of the RD to the droplet non-sphericity is discussed with the
help of numerical simulations performed with an advanced geometrical optics model.
2. Materials and Methods
The whole experiment is built around an ultrasonic levitator operating at 100 𝑘Hz and
located within an evaporation chamber, see Fig. 1 (a) and (b) respectively. With this setup a single
droplet is trapped slightly below the pressure nodes, between the ultrasound emitter and
reflector. Due to the symmetry of the system, the droplet shape is expected to be axisymmetrical
with principal radius b (along the gravity and emitter reflector direction), and horizontal radii a
and c. Due to the external forces acting on the droplet (gravity, acoustic field, drag,...), the droplet
shape is expected to be predominantly oblate: for large droplets and/or high sound pressure
level (SPL; i.e. ξ = b a < 1 with a≡c), then spherical (small droplets and SPL, i.e. a = b = c) and
in certain circumstances prolate (i.e. ξ > 1 with a = c), e.g. Yarin et al (1999), Zaitone et al (2009),
Onofri et al (2015). The temperature and humidity within the evaporation chamber are adjusted
using an evaporation and mixing rate (CEM) system which, basically, allows producing from
liquid water and dry air a dry to wet steam flow impacting the droplet. This flow takes the form
of a nearly laminar free jet with a well-defined temperature and relative humidity, with Reynolds
number ranging from 𝑅𝑒9 = 50 to 3200. In practice, the jet exits from a circular nozzle in the
acoustic reflector with radius ranging from 𝑅9 = 0.5 to 1.25 𝑚𝑚. The drag force induced by the
jet partly counterbalance the gravity force. To perform a parametric study, the stream jet relative
humidity and flow rate are adjusted via the measurement of the inlet mass flow rate of dry air
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(0.06 to 2 𝑙. 𝑚𝑖𝑛DE ) and mass flow rate of water (0.016 to 100 𝑔. 𝑚𝑖𝑛DE ). Due to technical
limitations of the ultrasonic levitator (from tec5 AG), the setup can only be operated in the
temperature range 20 − 70°𝐶. To control the temperature of the whole evaporation chamber, and
most notably to avoid condensation problems, the temperature of the evaporation chamber is
regulated via a double wall systems and an external thermal loop. The evaporation chamber is
also equipped of eight optical windows for optical inspection and laser diagnostics. Experiments
are performed on droplets of pure fluid: distilled water and Di-Ethyl-Hexyl-Sebacat (DEHS),
complex fluid: boehmite (an aluminum oxide provided by IFPEN) and silica gels.
A classical particle image velocimetry (PIV) system is used to analyze the flow structures
around the droplet. In practice, the laser beams of a double pulsed YAG laser (wavelength: λ =
532 nm; energy for this study limited to 2×10 mJ), collimating and focusing optics produce a
vertical laser sheet, with a thickness of 300 µm at the droplet location. The evaporation chamber
and the steam jet are seeded with incense smoke. Depending on the parametric conditions and
location in the flow, the time delay between the two pulses is adjusted between 1 µs to 250 µs. A
PIV camera (4 Mpix, 14 bits) and a raid system are used to capture and store long-term data
series with an acquisition rate from 7 to 14 Hz. The acquisition sequence and the PIV processing
are performed with the software Davis (LaVision GmbH).

(a)
(b)
Fig. 1 (a) Experimental setup (the thermophysical loop and evaporation chamber are not shown for clarity), (b) Close view of
the evaporation chamber.

The RD system (also called a “Rainbow interferometer” or “Rainbow refractometer”) is
composed of an emitting and a detection optics. The emitting allows the illumination of the
droplet along the z-axis with a large, collimated, perpendicular polarized, coherent and
continuous laser beam with wavelength λ = 532.130 nm and local waist radius ωU = 5.5 mm,
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with ωU a ≪ 1. The perpendicular polarization, i.e., the incident wave vector 𝐤 and electrical
field 𝐄 are both in the yz-plane, see Fig. 1 (a), provides rainbow fringes with highest contrast. The
high coherence length and high laser power (up to 1 W in the probe volume) of the laser source,
as well as the limited exposure time of the CCD camera (35 µs), are required to obtain both the
fine and coarse structures of the droplet light scattering patterns. The detection optics of the RDsystem records the droplet far-field scattering pattern in the vicinity of the droplet equatorial
plane (xz-plane). This detection system is almost identical to the one developed for the study of
the critical scattering generated by bubbles (Onofri et al, 2009) or, more recently, for the study on
the inter-caustics scattering patterns of oblate droplets (Onofri et al, 2015). It is composed of three
parts: (i) a collection optics imaging the droplet in the plane of an iris diaphragm (i.e. spatial
filter), (ii) an achromatic doublet that performs the Fourier transform of the previously spatially
filtered signal onto the (iii) chip of a high resolution CCD camera (4 Mpix, 14 bits). The latter is
synchronized with the shadowgraph or PIV systems. For the present study, the angular
resolution of the RD-system is adjusted from δθ ≃ 0.003° to 0.02°/pixel for a maximum angular
field of view of Δθ ≈ 5° to 29° respectively. A shadowgraph imaging (SI) system is used for the
comparison of size measurements. Its emission optics backlights the droplet by producing a
band-pass, pulsed and collimated beam (flash duration of 5 µs). The detection of the SI-system is
simply composed of a pass-band filter, a double telecentric video lens and a CCD camera
identical to, and synchronized with, that of the RD-system. The SI-system's micrometer to pixel
calibration factor is 0.674 pix/µm. Classically, the droplet diameter is obtained from its
normalized contrast function and a sub-pixel interpolation scheme (Fdida and Blaisot, 2010)
Recently, the present authors have introduced and validated a Vectorial Complex Ray
Model (VCRM, Ren et al, 2011; Onofri at, 2015; Yan et al, 2015) allowing predicting the light
scattering patterns of large and arbitrary shaped particles (with, however, a smooth surface [3]).
For this study, VCRM is used to analyze experimental data of oblate (b > 𝑎, 𝑐) or prolate (b <
𝑎, 𝑐) droplets. On a desktop computer, VCRM takes only few milliseconds to calculate the whole
scattering pattern of a large spheroidal droplet. However, because the fine structure of the
scattering patterns is extremely sensitive to the droplet parameters, it is necessary to calculate
millions of scattering diagrams to retrieve these parameters when comparing experimental and
numerical scattering patterns. Our method is to pre-calculate and store the VCRM calculations in
a four-dimensional look-up table. This matrix contains Nf ×Ng ×Nh ×Ni elements Sk,∝,m,n
representing the far-field intensity in the droplet equatorial plane and in the direction θk , with i =
1, 2, … , Ni , that is scattered by a droplet characterized by an horizontal principal radius a∝ with ∝
= 1, 2, … , Ng , a vertical principal radius bm with β = 1, 2, … , Nh and a real refractive index mn with
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µ = 1, 2, … , Nf . To retrieve the droplet parameters, a simple unconstrained least-square
minimization of the function ε is performed:
a, b, m ≡

a ∝ , b m , mn

min

g∝ ,hs ,ft

ε , with ε a∝ , bm , mn =

kz{
kz|

w
Sk,∝,m,n
− Ekw

y

(1)

w
where Sk,∝,m,n
is the normalized scattered intensity calculated with VCRM and Ekw is the

experimental intensity interpolated for the scattering angle θk . For given values of a∝ , bm , and mn ,
VCRM and experimental scattered intensities are normalized in the same angular range, θ| ,
θ|}E , …, θ{ , with v ≥ 1 and w ≤ Ni :
w
Sk,∝,m,n
= Sk,€,m,n

kz{
kz| Sk,€,m,n

, Ekw = Ek

kz{
kz| Ek

(2)

For best performance, the angular range used for the normalization and minimization function
may be dependent on the droplet’s properties, i.e., 𝑣 ≡ v a∝ , bm , mn and w ≡ w a∝ , bm , mn .

(a)
(b)
Fig. 2 (a) Velocity and vorticity fields in the plan of symmetry of a 1 mm water droplet trapped in an acoustic field (SPL:
140dB). The colored background represents the vorticity while vectors represent the velocity in the imaging plane. The elliptical
black line stands for the contour of the PIV mask hiding the droplet (slightly smaller than the mask); (b) Like in Fig. 2 (a) but
when an optimized acoustic reflector allows generating a steam jet (coming from the bottom and blowing on the droplet) to
prevent/dump acoustic streaming effects.

3. Results and Discussion
The acoustic field generates a flow (known as the acoustic streaming) around the levitated
droplet. According to the literature (Yarin et al, 1999; Zaitone et al, 2009), this flow can be divided
into an inner acoustic streaming zone (located near the droplet external surface) and an outer
acoustic streaming region. The inner acoustic streaming is related to the acoustic boundary layer.
Its dimensions are too small to be analyzed with a PIV system (at least a conventional one). The
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outer acoustic streaming generates larger toroidal eddies (i.e. four vortices in the imaging plane)
which are expected to significantly influence the evaporation process. Fig. 2 (a) shows typical
velocity and vorticity fields recorded for a water droplet of 1 mm evaporating in an (initially)
quite atmosphere (no steam jet in the present case). These results were time-averaged over 60 s
(i.e. 500 instantaneous fields). It is found that in addition to the four vortices predicted by the
theory (the largest ones in Fig. 2 (a)), four supplementary while smaller vortices are observed.
This behavior was observed with two different and carefully aligned acoustic levitators (both
from tec5 AG).

(a)
(b)
Fig. 3 (a) Schematic and (b) pictures of the new acoustic reflectors (with honeycomb, convergent and various nozzle diameters)

Whether they are four or eight, these vortices are clearly undesirable regarding the aim of
this work, i.e. the spray-drying process. To minimize their influence, the idea is to advect them
(or prevent their formation) far from the droplet with a laminar jet. While, the emitter of the tec5
AG system comes with a nozzle, the characteristics of the latter are not appropriate for this
purpose (i.e. internal flow not controlled enough). For this reason, and because in our setup the
acoustic levitator is operated in the upside-down position in order to compensate the drag force,
a specific acoustic reflector has been designed. The challenging point here was to increase the air
nozzle diameter (to limit the turbulence and velocity gradients onto the droplet surface), while
keeping the reflection efficiency of the acoustic reflector. Fig. 3 (a) shows a schematic and a
picture of new acoustic reflectors (with different nozzle diameters, Fig. 3 (b)). Basically, the steam
flow passes through a honeycomb prior to enter an optimized convergent (Metha et al, 1979)
with a circular nozzle of radius R . Fig. 4 shows PIV analyses illustrating the improvement
N

achieved with one of these (a) new acoustic reflectors (R ‡ = 1.25 mm) and (b) the default one
(tec5 AG, R ‡ = 0.5 mm). The PIV results were time-averaged over 140 s (i.e. 1000 instantaneous
fields). Regarding the flatness of the velocity profile obtained, the improvement achieved is clear:
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the vortices have almost completely disappeared. One additional advantage of these optimized
acoustic reflectors is that they allow varying the droplet effective droplet Reynolds number
(Reˆ ) over a larger range.

(a)
(b)
Fig. 4 Velocity fields of an air jet in the plan of symmetry of the acoustic transducer and reflector : (a) Optimized reflectornozzle and (a) default reflector-nozzle.

Results obtained with the RD-system are illustrated in Fig. 5 (a) by a typical scattering
pattern (in false colors) recorded for a droplet of Di-Ethyl-Hexyl-Sebacat (DEHS, provided by
Topas GmbH) with aspect ratio ξ = 0.8938. Due to DEHS’s low vapor pressure, the volume of
the droplet is expected to be fairly constant during the course of the experiment (providing by
this means a convenient criteria to test the inversion procedure and light scattering models). The
shadowgraph image justifies our hypothesis that, apparently, the droplet is oblate in this case.
However, two rather unusual trends emerge when compared to the spherical case: the elliptical
curvature of the primary rainbow fringe and the complex pattern associated to the hyperbolic
umbrilic diffraction catastrophe (HUDC) (Nye, 1999). As reported earlier (Nye, 1984; Marston
and Trinh, 1984), the latter seems to originate from the backward direction. In fact, the primary
fringe of the HUDC move towards the primary rainbow fringe for decreasing aspect ratios. It is
obvious that the observed patterns (cusp edge, focus, hexagonal lattice, ripple, ...) are more
complex than those observed with time-averaged scattering patterns. By extracting the scattered
intensity profile in the scattering plane (i.e. dashed line in Fig. 5 (a), see also Fig. 1 (a)), and
comparing them with VCRM predictions, one can retrieve the droplet parameters (Onofri et al,
2015). Fig. 5 (b) compares experimental and numerical intensity profiles of three droplets with
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different aspect ratio (case (a) corresponds to the pattern shown in Fig. 5 (a)). The jet flow was
not used for these experiments. The first conclusion is rather straightforward. Within
experimental uncertainties, VCRM predictions fit the experimental scattering patterns in the
inter-caustic region very well. The agreement is more qualitative in the immediate vicinity of the
aforementioned diffraction catastrophes, as well in the backward scattering region.

(a)

(b)

Fig. 5 (a) Experimental far-field scattering patterns and shadowgraph of a droplet with aspect ratio 𝜉 =0.8938 (scattering angle
range: 150°-172°). (b) Comparison of VCRM and experimental normalized equatorial scattering diagrams.

The reasons for this are known and expected. According to Marston and Trinh, as well as Nye’s
terminology, the current VCRM calculations are expected to be valid only in the “zero-ray
region” (i.e., Alexander's dark band, where there is no contribution from p=2 rays) and the “tworay region” (i.e., the inter-caustics region, where two p=2 rays propagating in the droplet
equatorial plane are responsible for the rainbow phenomena. The same holds true for the “fourrays” region, where the complex scattering pattern is mainly attributed to the contributions of
two p=2 rays propagating in the droplet equatorial plane and two skew p=2 rays propagating
above and below the droplet equatorial plane. Thus, to retrieve the droplet parameters, our
analyses are limited to the range θ = 152.3 − 157.3°. The evolutions of the principal radii
obtained with the SI- and RD-systems when the SPL is decreased (like the droplet aspect ratio)
are compared in Fig. 6 (a). The results match fairly well. More interesting, Fig. 6 (b) shows that
the droplet temperature (derived from the measurement of the droplet refractive index) increases
significantly during the course of the experiment, while its spherical equivalent diameter
remains almost constant, R ‹Œ• = bay

E Ž

≈ 137.47 ± 0.21 µm. While unexpected, this behavior is

attributed to the heating induced by the acoustic trap and the extremely low evaporation rate of
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DEHS (note that, due to technical difficulties, the total acquisition time was limited to 60s so that
it was impossible with our setup to reach droplet equilibrium temperature). In any event, the
fluctuations in the droplet temperature are questionable. Going back to Fig. 2, one can notice a
small dissymmetry in the flow generated by the acoustic streaming and, may be, some nonaxisymmetric disturbances, thus breaking the droplet shape symmetry, one basic assumption of
our inversion procedure. Understanding in detail the influence of the droplet's shape on the
response of the RD-system is thus of first importance.

Fig. 6 (a) Principal radii measured with the RD- and SI-Systems and (b) corresponding evolution for the droplet refractive
during the course of the experiment.

For this purpose, a numerical study is carried out with VCRM and the Lorenz-Mie theory
(LMT). VCRM, whose predictions have been validated with rigorous electromagnetic models
(e.g. Yang et al, 2015), is used to generate the light scattering patterns of different spheroidal
droplets (oblate with aspect ratios ξ = 1.01, 1.02, 1.05, 1.1; prolate with ξ = 0.99, 0.98, 0.95, 0.90
and spherical, with ξ = 1.0). Thus, VCRM results are threaten as experimental data to be
inversed with Eq. (1) and the LMT as the light scattering model. As an illustration, Fig. 7 (a)
compares the recovered and nominal diameters obtained for pure water droplets at T=24°C (real
refractive index: m=1.3350). In the case of spheres, both diameters fit almost perfectly. When the
droplet shape differs from the sphericity, the discrepancy between nominal and recovered
diameters increases linearly while being rather limited. Fig. 7 (b) shows the corresponding
difference between both diameters, where the error bars represent mostly the amplitude of the
local fluctuations associated to the step increment used for the diameters (1 µm in the present
case). Some of the related statistics are summarized in Table 1. These fluctuations are also related
to the difficulty to capture all details of the ripple structure of the scattering diagrams. As shown
in Fig. 8 (a), the angular frequency of the ripple increases almost linearly with the aspect ratio
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(i.e. small variations around one). Fig. 8 (b) shows the evolution of the angular position of the
rainbow angle (θ , pure geometrical optics) and the maxima of the first second bright fringes (θ ,
r

2

VCRM) for oblate and probate spheroids whose principal plan of symmetry is tilted (angle, γ=-5,
0 and 5°) with respect to the illuminating beam direction (z-axis). The conclusion is
straightforward, even a small tilt angle has harmful consequences on the localization of the
rainbow scattering pattern (while not shown, the same hold for the ripple frequency). An effect
that have been systematically neglected in the literature and that must be taken into account to
obtain high-precision measurements.
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Fig. 7 (a) Comparison between the nominal and recovered diameter for droplets with different aspect ratios. (b) Evolution in the
difference of the nominal and recovered diameters (water droplets, T=24°C, m=1.3350).
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Fig. 8 VCRM calculations for the experimental parameters of Fig. 7: (a) Evolution of the angular frequency of the ripple for
various aspect ratios versus the droplet radius b (droplets with different volumes); (b) Evolution of the angular position of the
rainbow angle and the second bright fringe for oblate and probate spheroids whose principal plan of symmetry is tilted with
respect to the illuminating beam direction (droplets with a constant volume, b is fixed).
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4. Conclusion and Perspectives
This paper presents the work in progress to study the evaporation of large non spherical droplets
of pure and complex fluids that are trapped in an acoustic field. A simple solution, validated
with PIV analyses, is proposed to dump the vortices induced by the trap around the levitated
droplet. It is shown that VCRM allows accurate predictions of the scattering patterns of large
oblate droplets provided that the analyses are performed outside the caustics regions. With this
model, the rainbow diffractometry allows the retrieval of the droplets principal radii and
refractive index/temperature with a good accuracy, opening up perspectives to study the
evaporation of droplets of pure and complex fluids. However, and while indirectly proven with
numerical simulations, a higher resolution on these parameters requires an accurate control of
the droplet tilt angle(s) with respect to the scattering plane.
Recovered diameter [µm]

800

Linear regression slope
Error on the diameter b [µm]
Aspect ratio, ξ
0.1000
1.10
80.1 ± 1.43
0.0496
1.05
39.7 ± 1.47
0.0198
1.02
15.9 ± 1.28
0.0103
1.01
8.20 ± 1.57
2.18.10
1.00
0.02 ± 1.60
0.1000
1.10
4.10 ± 1.43
0.0496
1.05
2.15 ± 1.47
0.0198
1.02
0.80 ± 1.28
0.0103
1.01
0.36 ± 1.57
2.18.10
1.00
0.02 ± 1.60
Table 1 Associated relative errors of results presented on Fig. 7.
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