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Acoustic waves can be used for high-precision evaporation of droplets, allowing for fine control over the
droplet diameter. Previous works considered the acoustic field as simply a means for generating relative
velocity u; between a droplet and its surrounding gas, which convects heat and mass from the droplet
while oscillating. In the present work, we experimentally examine the effects of an acoustic field funda-
mental characteristics — pressure and velocity distribution and the phase between them - on a droplet
2010 MSC: evaporation rate. Our results clearly show that the pressure and phase contribute to the evaporation, with
00-01 the latter dramatically affecting the process. We propose a generalization to existing models that account
99-00 only for variations in uy, and demonstrate how the new model outperforms its counterpart when fitted
Keywords: to the experimental data. Our ge_neralized correlation increases R? for fitting the ex_periment_al data from
elsarticle.cls 0.82 to 0.94, when compared with a standard model that only accounts for relative velocity. The new
LaTeX insight may be utilized for enhancement and fine-tuned control over droplet evaporation via acoustics,
Elsevier to be used over a wide range of applications, including lab-on-a-droplet reactions and vapor transport in

template thermoacoustic devices.
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1. Introduction

Acoustics is commonly used to enhance and control evaporation
of droplets in a gaseous environment. Such processes are key in a
variety of fields, including drying sprays in agricultural [1] or phar-
maceutical [2] applications, fine-tuned control over a droplet wa-
ter content in protein reactions [3,4], and the use of mist for vapor
transport by thermoacoustic devices [5,6]. Acoustic-driven evapo-
ration of sub-mm droplets may be classified into high and low fre-
quency regimes, governed by different physical mechanisms and
distinguished by the Strouhal number, St = fR/uq o« R/&;, where
f is the acoustic frequency, R is the droplet radius and u; and
&, oc uy/f are the oscillating gas velocity and displacement, respec-
tively. At high frequencies (St > 1), high-intensity acoustic waves
vibrate the droplet and enhance its vaporization by increasing its
temperature [7-12]. At low frequencies (St « 1), the gas displace-
ment &; is much larger than the droplet radius and the acoustic
field enhances the evaporation by flowing low-vapor-pressure gas
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over the droplet surface. The latter utilizes exergy from the sur-
rounding gas and therefore constitutes an energy-efficient method
for droplet evaporation [13-18].

The enhancement in droplet evaporation rate by presence of a
low-frequency acoustic field is traditionally associated only with
the imposed non-zero relative velocity between the droplet and
gas [14-16]. However, additional inherent features of an acoustic
field may also contribute to the evaporation. The oscillatory pres-
sure field around a droplet induces momentary deviations in the
gas vapor pressure, thus periodically increasing the vapor-pressure
difference between the droplet and gas and subsequently enhance
the evaporation rate. Furthermore, the phase angle between the
oscillating pressure and velocity fields can dramatically affect the
evaporation, synchronizing between the vapor release from the
droplet and the gas velocity that carries it away from the source.
While the interplay between pressure and velocity largely impacts
the performance and efficiency of acoustic systems, to the best of
our knowledge no studies examined how this interplay affects the
evaporation of droplets in an acoustic field. In the present work,
we experimentally examine how characteristic properties of the
standing wave acoustic field enhance the droplet evaporation rate,
and derive a simple model to quantify the relative contribution of
each property to the overall effect.
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Nomenclature

A Droplet surface area (m?)

c Minimization parameter

DR Drive ratio

f Resonance frequency (Hz)

h Averaged heat transfer coefficient (W m~—2 l(—l)

hrg Latent heat of evaporation (] kg1)

H Relative humidity

L Spheroidal droplet long radius (m)

p Pressure (Pa)

P Scaled pressure oscillation amplitude

r Cylinder outer radius (m)

R Spherical droplet radius/Spheroidal droplet short ra-
dius (m)

Re Reynolds number

St Strouhal number

t Time (s)

T Temperature (K)

AT Droplet-gas temperature difference (K)

u Droplet-gas relative velocity (m/s)

X Scaled position within the resonator

Greek symbols

o Minimization parameter

B Minimization parameter

y Minimization parameter

[0) Pressure-velocity phase lag

0 Phase lag deviation from standing wave
& Droplet-gas relative displacement (m)
Subscripts and accents

1 Oscillating

m Time-averaged

max Maximal

N.A No acoustics

- Dimensionless

2. Experimental setup

To examine the evaporation rate of a single, pending droplet in
an acoustic field under varying conditions, an experimental setup
was designed and fabricated. The setup consisted of a standing-
wave acoustic resonator, namely a vertically-oriented closed duct
with square cross-section, made of transparent acrylic (see Fig. 1).
Near the resonator upper surface, a tee junction with a side branch
was installed, housing a loud-speaker (Cerwin Vega U84dD), driven
by a signal generator and an amplifier (Samson Servo 120a), which
generated a monochromatic, standing acoustic wave at the system
first resonant mode of f = 115Hz. A long, rigid rod was inserted
through the center of the resonator upper surface, carrying a hair-
thin glass-filament tube (80 «m in diameter) that was used to gen-
erate a pending droplet with radius R ~ 300 — 350 um via the fol-
lowing methodology. Distilled deionised Water at 25 & 2° C was in-
troduced through the thin tube using a syringe, producing a hang-
ing droplet, ~ 800 um in diameter. The syringe was then pulled,
applying negative pressure to pump excessive water from the tube.
Most of the droplet mass did not flow back into the thin tube, but
rather soared and adhered to the thin tube outer surface due to
the asymmetric shape of the tube opening, creating a spheroid-like
droplet, 550 — 800 um in diameter. The droplet position along the
resonator main axis was adjusted by sliding the rod to enable test-
ing of droplet evaporation at various positions within the acoustic
field. A second rod was inserted alongside the first, equipped with
two pressure gauges (Evdevco 8510-b, accuracy +0.05 Pa at sam-
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Fig. 1. Experimental setup schematic drawing. The droplet attaches to the outer
surface of a thin glass-filament-tube through which it is introduced. A close view
of the droplet shows its spheroid shape, specifying its radii R and L > R. A thin rod,
aligned with the thin tube, carries measurement devices that monitor pressure, hu-
midity and temperature near the droplet and at the resonator upper surface. An ad-
ditional pressure gauge monitors the maximal pressure amplitude at the resonator
floor. A loudspeaker drives acoustic oscillations at the system first resonant mode
(f = 115 Hz), thus enhancing the droplet evaporation rate. The evaporation process
is recorded by a high-speed camera at 500 frames per second.

pling rate 2 kHz), a K-type thermocouple (accuracy +0.1 K) and
a humidity sensor (Rotronic H2C-IE302, accuracy +1%). The acous-
tic pressure oscillation amplitude p;, the temperature T and the
relative humidity H near the vaporizing droplet were measured di-
rectly. The velocity u; was evaluated from two closely located pres-
sure measurements and their respective phase difference ¢, using
the two-microphone method, accurate to within 5% [19]. A third
pressure gauge was located on the resonator bottom to record the
highest pressure amplitude in the system, from which the drive ra-
tio DR = pmax/Pm is calculated, where p;,; ~ 1 bar is the mean pres-
sure measured in the resonator throughout the experiments. The
temperature and relative humidity were also monitored at the res-
onator upper end to reflect the system reference conditions. The
droplet evaporation process was recorded by filming a 3 x 3 mm
field of view, in which the resolution was 5.8 um/pixel, using a
high-speed camera (Ametek MIRO 310) at 500 frames per second,
approximately 4.5 times faster than the acoustic-oscillation cycle
(see supplementary videos 1 and 2 for a representative experiment
footage).

3. Experimental procedure

The overreaching goal of this set of experiments was to exam-
ine whether organic features of an acoustic field that were previ-
ously neglected - p; and ¢ - affect the droplet evaporation rate.
Since velocity and pressure are coupled in an acoustic field, exper-
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Fig. 2. Time-series measurements of the droplet radius R(t) at various dimensionless positions 0 < X < 1, with X = 0 marking the resonator upper surface, for (a) DR = 0.006
(no acoustics result drawn for reference), (b) DR = 0.01 and (c) DR = 0.014. Filled dots represent experimental measurements and the lines are least-squares fit to the data

set from each experiment.

iments were run with two varying parameters to isolate the effects
of p; and ¢ from that of relative velocity between the (immo-
bilized) droplet and gas. Experiments were conducted at 3 loud-
speaker volumes (thereafter quantified as DR values), accounting
for a mutual increase/decrease in both pressure and velocity near
the droplet. At each DR, measurements at 7 droplet positions along
the resonator were conducted, in which a shift in position leads to
an increase in pressure and a decrease in velocity, or vice versa. In-
cluding experiments performed in the absence of acoustics, a total
of 28 unique experimental conditions were examined. All experi-
ments were run for 55 seconds, so as to allow sufficient time for
significant decrease to the droplet radius R all the while avoiding
extreme variations as R — 0.

The resonator was flushed with dry air prior to each experi-
ment to ensure the initial conditions are maintained nearly identi-
cal. Flushing terminated when the temperature and humidity mea-
surements read 25 42 °C and 15 & 1.5%, respectively. To ensure re-
producibility, three repetitions were conducted at all experimen-
tal conditions. The standard deviation from the mean for each set
of repetitions did not exceed 4.5% of the respective mean value.
Camera recordings from each experiment were broken into a series
of 8-bit images on which image analysis was performed to extract
time series for the droplet geometry variations during evaporation.

4. Results and discussion

Representative experimental measurements of the droplet ra-
dius R(t) are presented in Fig. 2, showing three experiments con-
ducted at different positions along the resonator for each DR. 0 <
X <1 marks the scaled position along the resonator with X =0
denoting the resonator upper surface. The results clearly show a
linear trend in R(t), illustrated by the linear regression fitted to
the data. Results form a single, representative experiment with no
acoustics are drawn in Fig. 2a for reference, so as to demonstrate
that these conditions also recover a linear trend with a noticeably
restrained slope.

Since the droplet in our experiments adhered to the outer sur-
face of the thin tube by surface tension, its shape resembled a pro-
late spheroid with radii R and L, through which a cylinder of outer
radius r cuts along its axis (see Fig. 1 and supplementary video).
In Fig. 3a we show a representative example of the diminution of
both radii during an experiment (for X = 0.572 and DR = 0.006).
The data are scaled with Ry = R(t =0) to quantitatively demon-
strate that the difference between the radii is very small, i.e. &€ =
(L—R)/Rg ~ 0.1 « 1. The results clearly show that both radii de-
creased linearly; the lowest value for the coefficient of determi-
nation throughout the measurements was R% = 0.97. Additionally,
both radii decrease linearly with a nearly identical slope. To illus-

trate this further, we calculated time derivatives for R(t) and &(t)
using forward differences, the results of which are presented in
Fig. 3b. In scaled form, it is straightforward that |de/dt| < |dR/dt].
such that € may be safely approximated as a constant.

4.1. Theoretical model

To model the droplet evaporation process, we employed a sim-
ple energy balance, assuming that convection is the sole mecha-
nism by which heat is transferred to the droplet that evaporates,
hence

d —
a(,owzfg) = —hAAT, (1)

where p is the liquid droplet density, V is the droplet volume, h¢,

is the heat of vaporization, ¢ is time, h is the average convective-
heat-transfer coefficient, A is the droplet surface area and AT =
T; — T; > 0 is the temperature difference between the gas and the
droplet. Heat conduction between the droplet and glass tube was
neglected in the model, since the narrow cylindrical surface is
much smaller than the droplet surface, exposed to convection. p
and hy, are generally a function of the droplet temperature Ty(t).
While Ty itself varies only little, the dependency of o and hj, on
the temperature is also weak and therefore we treat them as con-
stants. Accordingly, Eq. (1) simplifies to

A= —hA—T, (2)
Phyg
where
1dv

is defined for convenience. For a spherical droplet A = dR/dt, such
that Eq. (2) simplifies to

dR _ hAT

&~ oy @

The right side of Eq. (4) is generally time-dependent, however vari-
ations in AT are typically small and may therefore be neglected
with no considerable loss of accuracy. The heat-transfer coefficient
h generally depends on R(t); a common model for this dependency
is h « R~!, yielding the well known Spalding law [20]. However,
since here R-1dR/dt is small, namely the droplet radius does not
approach zero and the diminution rate is relatively moderate, h
may be treated as a constant over relatively short periods of time,
while the droplet radius does not yet appreciably decrease. This re-
veals that dR/dt ~ const., in agreement with the experimental ob-
servations in Fig. 2.
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Fig. 3. (a) Representative time-series measurements of the spheroid droplet primary radii R(t) and L(t), scaled by the droplet initial radius Ry = R(t = 0). Filled dots repre-
sent experimental measurements and the lines are least-squares fit to the data. The parameter ¢ = (L — R)/Ro ~ 0.1 satisfies the assumption ¢ « 1, used in § 4.1. (b) Time
derivatives for R and ¢, calculated using finite differences. Solid lines represent the respective means for each set of data. The data reveal that |de/dt| < |dR/dt‘, where

R =R/Ro.

As indicated earlier, the droplet in our experiments deviated
from a perfectly spherical shape. In what follows, we show that
this result is recovered for weakly-spheroidal droplets through an
asymptotic analysis. The volume and surface area of a prolate
spheroid through which a cylinder of radius r cuts along the axis,
are

V= gnRzL—ZLnrz, (5)
L arcsine R\?
_ 2 L _ 2 2_1_ (2
A=27R <1+R . ) 2wre, ec=1 (L) . (6)

We scale the variables as follows
R=RoR, L=Rol, r=Rof, V=47R}V , A=47R2A,
t=w'f, A=RwA (7)

in which a hat sign marks a dimensionless quantity and the scaling
for V and A were chosen such that the scaled form of A remains
unchanged. Next, we rewrite 5-(6) in dimensionless form,

52 12
7= [’;_ rz}(ms), (®)
1 oo R
A= SR+ F(Re)] -5 (9)
in which
e=L—R, (10)
and
A Je(2R+ ¢
F(Re) = & arcsin # : (11)
R /(2R +¢) R+e

Since ¢ « 1, ]-'(1?, 5) may be expanded as a series near ¢ =0,
~ 4
F(R.¢) :1+3—;+O(82). (12)

Taking a derivative of (8) with respect to time, we neglect terms
multiplying de/dt (since |de/df| « |dR/dE|; see Fig. 3b) to obtain

AV (5 7  2Re)\dR
Y | -2 S Wi 13
d ( 2773 )dt (13)

Substituting Eq. (12) into Eq. (9) and using Eq. (13) we recover the

result for a spherical droplet,

. dR

A=—+0(s?), 14
i (%) (14)

for weakly-spheroidal droplets such as the ones in our experi-

ments.

4.2. Empirical correlation

Linear regression to the data of R(t) and L(t) yields constant
values for A ~ dR/dt at varying X and DR. These A data are then
fitted using the parameters measured in each experiment - pres-
sure amplitude (p;), velocity amplitude (u;) and the phase-angle
deviation from /2, expected for a pure standing wave,

0=¢—m/2 (15)

where ¢ denotes the pressure-velocity phase lag. The temperature
and humidity measurements varied negligibly throughout the ex-
periments and hence were taken as constants. In dimensionless
form, we may write A/Aya = f(Re,P,6), where Ay, marks the
value measured in the absence of acoustics, Re = |u;|R/v is the
Reynolds number, with |u;| the maximal droplet-gas relative ve-
locity and v the gas kinematic viscosity, and P = |p;|/pm. Previous
studies on acoustic-driven droplet evaporation treated the acoustic
field simply as a means for generating relative velocity between
the droplet and gas, i.e. A/Aya = f(Re). In most studies, a stan-
dard power-law behavior of the form

A
Ana

is correlated to the data [7,21], where ¢, are two free parame-
ters that are set to optimize the data fitting. Here, we suggest a
generalization to this approach, accounting for variations in P, 6.
Since both P and 6 can locally be zero without terminating the
evaporation (for instance P =0 at X ~ 0.49 in Fig. 4a), extending
the regular power law behavior in the form A « Re*PPOY yields a
non-physical result. Alternatively, we suggest the generalization

= CRe% (16)

A
TNA — CRe(HﬁPJr)/H’ (17)

for which Eq. (16) is retrieved as a limiting case by setting P =
6 =0. B and y are the additional free parameters, physically rep-
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Fig. 4. The spatial distribution of (a) pressure oscillations, (b) velocity oscillations and (c) phase lag deviation from that of a pure standing wave, 6, for all DR. Lines represent
a pure standing wave distribution and markers denote actual measurements. An increase in DR trivially increases p; and u;, however the results clearly indicate that 6 is

nearly independent of DR.
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Fig. 5. Summary of the experiments conducted on the droplet evaporation at varying conditions: (a) Dimensional results of A ~ dR/dt, representing the droplet diminution
rate, at seven positions along the resonator for all DR, as well as in the absence of acoustics. The dashed line marks the average of the 'no acoustics’ measurements. The
error bars mark the range of the measurements through three repetitions. (b) Dimensionless results - Filled circles denote the experimental data, scaled by its respective
value with no acoustics; squares and triangles denote the optimal curve-fitting results for Eqs. (16) and (17), respectively. The solid and dashed lines are splines connecting
between the triangles and squares, respectively, to visualize the trends of the correlations.

resenting the supplementary degrees of freedom that emerge from
consideration of additional acoustic field characteristics besides the
velocity.

Fig. 5 a presents the experimental measurements for A at vary-
ing X and DR (red circles, blue squares and up-facing triangles
for DR = 0.006, 0.01, 0.014, respectively), including values with no
acoustics (black down-facing triangles). Error bars denote the mea-
surement range for three repetitions, and the dashed black line
represents the mean of the no acoustics measurements. As ex-
pected, the evaporation in the absence of acoustics is nearly in-
dependent of position since no velocity is induced. As DR is in-
creased, the evaporation rate trivially increases. In order to closely
study the effect of the acoustic field features on the evaporation,
we scale the results of DR = 0.006, 0.01, 0.014 with their respective
'no acoustics’ counterparts, and present the dimensionless results
(filled circles) in Fig. 5b. Values along the y axis then represent
the evaporation rate multiplying factor by which the acoustics ex-
ceeds the quiescent base state. The squares and triangles represent
the respective values for each experiment, calculated according to
Eqs. 16-(17), respectively, with the constants indicated in the leg-
end. These constants were obtained by regular minimum search for
the optimal curve fitting to the experimental data. The dashed and
solid lines are splines that connect between the values calculated
through Egs. 16-(17), respectively, so as to visualize the trend of
the theoretical predictions.

An increase in DR increases both P and Re, and the evapora-
tion rate, as expected, is naturally enhanced. The largest droplet
diminution rate ¥ DR is observed near the resonator center, where
|6| is maximized, P o |py| is minimized and Re o |uq| nears its
peak (see Fig. 4). As clearly seen, the standard power law corre-
lation in Eq. (16) fails to describe the droplet evaporation rate near
the resonator center and predicts a maximum at X ~ 0.6, where
the velocity is largest, as seen in Fig. 4b. In reality, the highest
evaporation rate was consistently measured at X = 0.464 - not
where the velocity maximizes - such that fitting the data based
solely on relative velocity between the droplet and gas cannot ac-
curately explain the phenomenon. Moreover, a symmetry in |uq|
about the maximal value yields similar Re at small and large X.
Consequently, the standard power law correlation under and over-
predicts the results at small and large X, respectively. The sug-
gested generalization to Eq. (16), which accounts for variations in P
and 6, significantly improves the predictions, increasing the fitting
parameter from R% = 0.82 to R? = 0.94. In particular, it accurately
recovers the maximal evaporation rates due to the abrupt increase
in 6 near the resonator center. The nearly identical values obtained
for ¢ and o when fitting the data with Eqs. 16-(17) validates that
Eq. (17) is indeed a generalized version of Eq. (16), where the role
of relative velocity in enhancing the evaporation rate remains un-
changed. Interestingly, the maximum evaporation rates recorded
at DR =0.006,0.01,0.014 - A/Ana ~ 2.5,4.3,5.8, respectively -
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quantitatively match the respective maxima reported by Berdugo
et al. [18] (Fig. 4a), who investigated the effect of acoustics on the
evaporation rate of a droplet aerosol. This agreement suggests that
the evaporation of a droplet collection in an acoustic field may be
deduced by the elementary physics of a single droplet evaporation
process in similar conditions.

5. Conclusion

We have demonstrated that acoustic-driven droplet evaporation
differs from a simple oscillatory motion of gas over a droplet, and
that the organic characteristics of an acoustic field - pressure, ve-
locity and phase between them - all affect the evaporation rate.
In particular, the phase angle between pressure and velocity was
found to dramatically affect the evaporation rate, in our case en-
hancing the evaporation as the waveform deviates from that of
a standing wave. These findings can dramatically impact the de-
sign of future devices for precise droplet evaporation, where an
increase in |@|, which strongly correlates with an increase in the
droplet evaporation rate, can be easily achieved through addition
of passive flow obstruction elements that distort the acoustic wave
and induce phasing between p; and uy. The suggested correla-
tion, accounting for all the inherent acoustic features, quantita-
tively matches the experimental observations and may therefore
be used for the design of such acoustic-driven droplet vaporizers.
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