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Influence of Viscosity in Fluid Atomization 11 this work, aqueous glycerol solutions are atomized to investigate the influence of
with Surface Acoustic Waves. Open Journai  the viscosity on the droplet size and the general atomization behavior in a setup us-
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acoustic path. Depending on the fluid viscosity, the produced aerosols have a mo-
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1. Introduction

Surface Acoustic Wave (SAW) fluid atomizers have the demonstrated ability to gener-
ate droplets without the need for moving parts or nozzles. Their great potential for in-
tegration is expected to lead to an economic production of hand-held and even dispos-
able devices, with a single functionality or integrated in more complex superior systems.
The principle of fluid atomization using surface acoustic waves on piezoelectric chips
was demonstrated by Kurosawa et al in 1995 [1] [2]. Since then, this phenomenon has
been investigated regarding the underlying physical phenomena [3]-[6] or possible ap-
plications, including inhalation therapy [7] [8], olfactory displays [9], micro- and na-
noparticle synthesis [10]-[12], thin film deposition [13]-[15] and mass spectroscopy of
non-volatile fluids [16]-[18].

In principle, SAW-based fluid atomization is the result of the interaction of an

acoustic wave on the surface of a piezoelectric substrate with a fluid placed in its prop-
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agation path. The droplet generation appears to be a near field effect, taking place in a
film of liquid with a characteristic thickness in the range of the acoustic wavelength,
generated and stabilized by the SAW out of a parent liquid body. The most important
effect associated with such a liquid film is its acoustically-driven transient development,
spreading and thinning (termed “acoustowetting”) [19] [20]. The geometrical proper-
ties of the fluid film are expected to depend on the wavefield, the method and position
of fluid supply and the fluid properties. However, the dimensions of the fluid film with
a thickness in the order of magnitude of the acoustic wavelength and its dynamic beha-
vior are difficult to analyze and more thorough investigations are necessary in order to
optimize the acoustofluidic interaction for future devices.

Existing studies on the atomization mechanism concentrated mainly on low viscosity
fluids including water and basic organic solvents. However, fluids including mono-/
polymer solutions and those used in olfactory systems or in sol-gel deposition can ex-
hibit a significantly higher viscosity. The fluid viscosity hereby is expected to have a
significant influence on the atomization mechanism and the obtainable droplet size.
This work concentrates on the atomization of aqueous glycerol solutions as model flu-

ids with high viscosity.

2. Experimental

Pairs of interdigital transducers (4/4 IDT, A = 20 to 120 um, 28 to 50 electrode pairs, 0.5
mm aperture) matched to 50 Q2 impedance by design and made of subsequent layers of
Ti (5 nm) and highly-textured Al (295 nm) were prepared via electron-beam evapora-
tion and lift-off technique on a 128° YX-LiNbOj; substrate (128° rotated Y-cut Lithium
Niobate with X-propagation direction, 8 mm x 9 mm or 8 mm x 14 mm chip size). In
the used layout, the IDTs oppose each other with a distance of 6 mm (delay line) for
standing SAW (sSAW) excitation. A 1000 nm thick SiO, layer [21] was sputter-depo-
sited on the chip surface in order to inhibit aluminum corrosion and to establish a
chemically compatible surface on the piezoelectric substrate. The chip was placed on a
CNC milled and anodized aluminum platform using an interlayer of thermally conduc-
tive foil (TFO-X200-SI, HalaContec GmbH & Co. KG). The chips were electrically
contacted and mechanically retained using two printed circuit board conductor plates
with strip lines matched to 50 Q impedance and gold-coated spring pins. Radio fre-
quency (rf) signals were supplied at the working frequency of the transducers, Ze. at
minimum power reflection, via SMA cables from a dual-channel Power SAW F20 sig-
nal source (BelektroniG GmbH, Germany) with a load power of up to approximately
3.5 W supplied to each IDT. A sketch of the chip setup is shown in Figure 1(a).
Subsequent to the positioning of a stainless steel capillary (45° angled dosage tip,
Gauge 30, Nordson Co.) at the boundary of the acoustic wavefield and the excitation of
sSAW, the fluid was delivered to the chip surface. Aqueous glycerol solutions (0 to
85%v glycerol content) were used as model fluids in this study. The fluid flow rate was
maintained constant up to 400 pl/min via a neMESYS syringe pump (Cetoni GmbH,
Germany). Characterization of the aerosol with respect to its droplet size distribution in
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Figure 1. SSAW atomization setup. (a) Sketch; (b) Side view on ato-
mization of a highly viscous aqueous glycerol solution (85% glycerol).

the range of 1 to 100 um was carried out using a Helos KR laser diffractometer (Sym-
patec GmbH, Germany). Here, the droplet size distribution of the aerosol jet was
measured for 90 s in a distance of 30 mm to the chip surface with a laser spot of ap-
proximately 20 mm diameter. An extraction unit was used to collect the aerosol above
the measurement spot in order to prohibit fluid condensation on the diffractometer
lenses. Droplet sizes were calculated using the Mie scattering theory [22]. The ampli-
tude distributions of selected IDTs were measured with a UHF 120 laser Doppler vi-
brometer (Polytec GmbH, Germany). The measurement point density used here was
2.1 points/wavelength in y-direction and 500 um in x-direction. Fluid contact angles

were measured using a CAM 101 setup (KSV Instruments Inc.).

3. Results & Discussion
3.1. Wavefield and Diffraction

In order to investigate the influence of the viscosity on the aerosol generation process,
different aqueous glycerol solutions were used as model fluids. The non-toxic and over
a large frequency-range Newtonian fluids [23] are ideally suited for this task. By
changing the water-glycerol ratio between 0 to 85%v, the viscosity can be changed from
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17 =1 to approx. 124 mPas. Thereby, only slight changes are measured in the density (p
=1 to 1.22 g/cm®) and the surface tension (y = 72.1 to 64.4 mN/m) [24]. The influence
of the conductivity of the fluids on the electrical field of the SAW can be neglected in a
first approximation due to the high dielectricity (& = 20 - 40) of glycerol at MHz fre-
quencies and moderate temperatures [25].

In previous work, the advantages of the boundary fluid supply approach in SAW-
based fluid atomization [26] were already demonstrated, including (I) the prevention of
a larger fluid volume in the SAW propagation path, (II) a spatial separation of atomiza-
tion zone and fluid supply and (III) minimized interaction between SAW and the
means of fluid supply. Therefore, the experiments described here were carried out using
sSAW with a fluid supply via a stainless steel capillary positioned at the boundary of the
acoustic path (Figure 1). Figure 2 shows a tilted camera view on the chip surface dur-
ing such an experimental setup during the atomization of water (see also supplementa-
ry video 1). The locations of the capillary fluid supply, the meniscus, the fluid film and
the atomization zone are clearly visible. Moreover, the oscillation of the meniscus due
to Eckart streaming, the high temporal stability of the aerosol beam and the spatial sta-
bility of the atomization zone can be observed.

It is assumed, that the SAW wavefield, Ze the lateral distribution of amplitude (and
phase), is the key to these issues. In Figure 3, the amplitude distributions of individual
IDTs with wavelengths of 30 to 90 pm and a constant aperture of 0.5 mm are shown. As
the IDT's used in this study have a separation of 6 mm, they are located to the left and
to the right of the diagrams or at position 0 and 6 mm, respectively (indicated in Figure
3(b) by red bars). The fluid was supplied in the chip middle (x- or propagation-direc-
tion), at the boundary of the acoustic path (y-direction, blue region). While Figure 3(a)
shows the amplitude distribution of a travelling wave, excited by the left IDT, the
standing wave amplitude could also be obtained. In order to get the approximate
maximum amplitude distribution u; max for the used standing wave setup, the travelling
wavefields can be horizontally mirrored and combined by vectorial addition (as in Fig-
ure 3(b)).

e

Capillary Atomization zone
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Fluid meF\?ébus
200um

Figure 2. Tilted view on chip surface during atomization: overview and inset
showing the atomization zone with fluid meniscus, fluid film and aerosol
stream.
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Figure 3. SAW amplitude distributions for IDTs with three different wavelengths and
an aperture of 0.5 mm (2 x 100 mW load power, damping mass on chip edges): (a)
Measured amplitude usmax for travelling SAW (one side of a bidirectional IDT posi-
tioned at x = 0 mm); (b) Standing SAW (sSAW) amplitude usmax (between two IDTSs)
obtained by vectorial addition of two mirrored distributions from (a); approximate
positions of fluid supply (white dotted circle), atomization zone (black dotted circle)
and IDT position (red bar) indicated.

The wavefield properties, e.g. the existence and distribution of amplitude minima/
maxima or their lateral extension, are mainly determined by SAW diffraction. It was
found that the lateral extension of the propagation path in y-direction as well as the ex-
isting amplitude and amplitude gradient distribution depend strongly on the SAW wa-
velength and the number of finger electrodes—for fixed aperture, electrode height and
electrode material. Thereby, the amplitude and its gradient is responsible for the trans-
port of the fluid into the atomization zone. The distance between the position of the
fluid supply at the boundary of the acoustic path (marked by white circle) and the ato-
mization zone in the center (black circle) here varies between approximately 0.3 and 0.7
mm, in 3 mm distance from the IDTs, respectively. This leads to differing fluid film
dimensions for the different setups or—more general—for different diffraction condi-
tions, which could be very relevant for practical applications. The amplitude in the
beam center and the lateral extension of the amplitude maximum in the atomization
zone also depend on the diffraction conditions. Both effects could generate changed
geometrical fluid film conditions in the atomization zone and, hence, changed atomiza-
tion conditions, including the maximum flow rate, the droplet size distribution and the

droplet impulse.

3.2. General Observations

The fluids viscosity itself influences the atomization process in various ways. At a fixed
load power and setup, the increase of the viscosity seems to limit the applicable SAW

wavelength. While water could be atomized in a broad wavelength range (20 to 120 um),
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a solution with 30%v glycerol content could only be atomized using wavelengths of 30
to 90 um. A further increase of glycerol concentration limited the usable wavelength
range to 30 to 60 pum, or frequencies of approximately 65 to 135 MHz, respectively.
Again, the wavefield or more specific the maximum surface-normal amplitude U3 max
and its lateral distribution may be responsible for this. An increase in viscosity was also
found to reduce the maximum possible fluid flow rate as well as the height of the aero-
sol jet. While water can be atomized in the setup with flow rates up to 400 pl/min and
approx. 50 mm height, a maximum flow rate of 30 pl/min at 20 mm aerosol height was
possible for the highest viscosity glycerol solution. Here, the increased viscous damping
of the longitudinal pressure wave induced in the fluid film may be causative, as it may
reduce the amplitude of capillary waves at the fluid-gas interphase and thus, it may
hinder the droplet breakup and reduce their initial speed.

It should also be mentioned, that an increased viscosity could furthermore lead to
more localized dissipation of the acoustic energy associated with significant heat pro-
duction in the fluid film and local temperature increase in the presence of insufficient
heat conduction to the chip holder. In a recent study, temperatures of up to 90°C in the
atomization zone were measured even during the atomization of low viscous fluids [27].
Such high temperatures could lead to damage of the chip or of fluidic components.
However, this study was carried out without any heat dissipation means and the tem-
perature of the almost transparent setup was measured with by an unreliable optical
technique. Another study came to the opposite result, namely that delicate proteins and
even yeast cells could be atomized without damage [28]. While further investigations of
the local temperature in the atomization zone are necessary, an effective heat dissipa-
tion through the SAW chip has to be guaranteed in order to minimize the influence of

the temperature on the atomization process.

3.3. Droplet Size Distribution

Figure 4(a) shows the measured droplet size distributions for six different glycerol so-
lutions at fixed wavelength, flow rate and load power. All distributions are modal, 7e
only certain droplet sizes exist, causing peaks of different height and width. For high
glycerol content (>50%v), a monomodal distribution was observed, whereby the size of
the produced droplets and its standard deviation are gradually decreasing with increas-
ing viscosity. At low glycerol content (0 and 30%vV), several droplet fractions exist, in-
dicating different physical droplet production mechanisms. For pure water, three addi-
tional droplet fractions are visible. The origin of the small droplets (<2 um), also ob-
served for water in earlier studies [3] [15], could not be clarified so far. A droplet brea-
kup in the gas phase could be neglected, as the droplet’s mean Weber number (We <
0.1) is too low, even for the basic vibrational droplet breakup [29]. The main peak itself
shows a shoulder towards lower droplet sizes (also existent for the 30%v solution),
which origin is also unclear.

Larger droplets (>30 pm) are with high probability the product of fluid jetting, oc-
curring when the fluid volume present in the acoustic propagation path exceeds the
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Figure 4. Droplet size distribution for different aqueous glycerol solu-
tions atomized using sSSAW (4 = 60 pm, 30 pl/min). (a) Size distribu-
tion density; (b) Peak value of the main droplet fraction and median
value (xs03), fitted trends for thedroplet size proportionality to viscos-
ity indicated by dotted (D~ 1/u) or dashed (D~ 1/4*?) lines.

film condition, Ze. for fluid dimensions larger than the wavelength of the longitudinal
wave. Jetting was observed to occur at sufficient SAW amplitude on hydrophobic sur-
faces [30], Le for contact angles above the complementary longitudinal wave radiation
angle (90° minus the Rayleigh angle &), i.e. approx. 70° measured from the surface.
Our measurements show a linear decrease of the static contact angle on the sputter-
deposited SiO, surface with increasing glycerol concentration. While pure water shows
a contact angle of approx. 55 + 2°, the contact angle reduces to approx. 42 + 2° for an
85%v glycerol solution. Larger droplets were only measured for water, which had the
highest contact angle. Therefore, the pressure exerted by the longitudinal wave on the
fluid-gas interphase seems to be causative: For contact angles well below 90°— G, the

reflection of the travelling longitudinal pressure wave at the fluid-air interface and, thus,
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the development of a vertical longitudinal standing wave is eased. Thereby, the forma-
tion of the fluid film should be favorable. However, as the pressure exerted on the fluid-
gas interphase could increase the contact angle under SAW influence, a condition for
jetting could be fulfilled for contact angles below, but close to 90°— 6. This could be
the case for the solutions with very low glycerol content. However, due to the propor-
tionality of the droplet volume with &, only few large droplets—compared to the other
fractions—are sufficient to form a measurable peak. In addition, first investigations
show that the reduction of the contact angle, e.g. by appropriate functionalization of the
chip surface, hinders large droplet formation. Other less probable, but possible me-
chanisms for large peak production could be the agglomeration of droplets in the gas
phase or a change of the local refractivity due to water evaporation.

When only the droplets of the main fraction, originating from the fluid film atomiza-
tion mechanism, are considered (Figure 4(b), main fraction values), a continuous re-
duction of the droplet size and its standard deviation with increasing viscosity can be
observed. The currently existing atomization model by Collins et al. [3]

2
b7 H ? We?
w2 f

(1)

assumes an indirect proportionality of the droplet size D to the dynamic viscosity .
However, so far the model was evaluated only for water and not for fluids with higher
viscosity. In addition, only travelling waves were investigated in the underlying study
and the L/ Hratio, i.e. the ratio of fluid film length to height, is not directly applicable to
the observations in a standing wave setup. Our results show an approximate propor-
tionality of D ~ 1/u'* for the droplets of the main peak. As expected, the integration of
all droplet fractions, as it is done in the median value xs3, does not show this clear rela-

tionship.

4. Conclusion

In this work, the successful SAW-based atomization of highly viscous aqueous glycerol
solutions was demonstrated in a setup using standing surface acoustic waves (sSSAW)
and a fluid supply at the boundary of the acoustic path. Thereby, the droplet size in the
main droplet fraction and its standard deviation decrease with increasing viscosity. Ad-
ditional peaks originating from other physical droplet production mechanisms occur
for the low viscosity fluids. The aim for any application-relevant problem should
therefore be the prevention of secondary droplet production mechanisms by optimiza-
tion of the fluid supply, the acoustic wavefield and the surface chemistry. The applica-
ble wavelength, the maximum fluid flow rate and the aerosol height seem to be limited
by the viscosity of the fluid and the wavefield properties. Our results indicate that the
local wavefield conditions are crucial for the atomization process and have to be taken
into account together with the surface chemistry for design and optimization of future

application-relevant devices.
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