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Abstract: In particle engineering, spray drying is an essential technique that depends on producing
sprays, ideally made of equal-sized droplets. Ultrasonic sprays appear to be the best option to achieve
it, and Faraday waves are the background mechanism of ultrasonic atomization. The characterization
of sprays in this atomization strategy is commonly related to the relation between characteristic drop
sizes and the capillary length produced by the forcing frequency of wavy patterns on thin liquid films.
However, although this atomization approach is practical when the intended outcome is to produce
sprays with droplets of the same size, drop sizes are diverse in real applications. Therefore, adequate
characterization of drop size is paramount to establishing the relations between empirical approaches
proposed in the literature and the outcome of ultrasonic atomization in actual operating conditions.
In this sense, this work explores new approaches to spray characterization applied to ultrasonic
sprays produced with different solvents. The first two introduced are the role of redundancy in
drop size measurements to avoid resolution limitation in the measurement technique and compare
using regular versus variable bin widths when building the histograms of drop size. Another
spray characterization tool is the Drop Size Diversity to understand the limitations of characterizing
ultrasonic sprays solely based on representative diameters or moments of drop size distributions.
The results of ultrasonic spray characterization obtained emphasize: the lack of universality in the
relation between a characteristic diameter and the capillary length associated with Faraday waves; the
variability on drop size induced by both liquid properties and flow rate on the atomization outcome,
namely, lower capillary lengths produce smaller droplets but less efficiently; the higher sensibility of
the polydispersion and heterogeneity degrees in Drop Size Diversity when using variable bin widths
to build the histograms of drop size; the higher drop size diversity for lower flow rates expressed by
the presence of multiple clusters of droplets with similar characteristics leading to multimodal drop
size distributions; and the gamma and log-normal mathematical probability functions are the ones
that best describe the organization of drop size data in ultrasonic sprays.

Keywords: Faraday waves; liquid atomization; ultrasonic sprays; spray characterization; drop size
diversity; information theory

1. Introduction

Spray drying is an essential technique in particle engineering for obtaining high per-
formance pharmaceutical products, namely, direct compressibles (for oral dosage forms)
or breathable particles (for inhalation products). The process begins with the formation
of a spray from a feed solution containing an Active Pharmaceutical Ingredient (API) and
excipients inside a chamber. A stream of hot gas interacts with the spray droplets, and evap-
orates the solvent precipitating the solids forming the powder used in pharmaceutical
products. For the preparation of inhalation drug products, these solutions are usually
dilute and since the atomization process depends on the properties of the liquid, the solvent
becomes the determining factor defining drop sizes. The objective is to produce a spray
with droplets of the same size, but the closest method to achieve it is to use mono-size
injectors, which unnecessarily increases the complexity of the spray system. Instead, the in-
dustry explored ultrasonic sprays using Faraday waves as the atomization mechanism that
produces droplets.
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1.1. Atomization by Faraday Waves

In 1831, Michael Faraday documented the emergence of capillary wave patterns
in a liquid free-surface when subjected a vibration with a certain amplitude [1]. Later,
Rayleigh [2] reported the work of Kelvin on the definition of the dominant wavelength
produced by these capillary waves as

λc =

(
8πσ

ρL f 2

)1/3
(1)

which considers the influence liquid properties, such as the surface tension (σ) and density
(ρL), as well as the forcing frequency, f . Only in 1927 did Wood and Loomis [3] produced
for the first time an aerosol spray from a liquid film using ultrasounds. When the wavy
patterns reach certain instability levels, the hydrodynamic structures form jets that can
destabilize into droplets and this is the basic physical phenomena forming ultrasonic
sprays through the capillary wave hypothesis. However, the forcing frequency range in
this hypothesis is within the kHz. When the range increases to MHz, Söllner [4] showed
proposed an alternative cavitation hypothesis where hydraulic shocks produced by im-
plosion of bubbles generated by cavitation lead to liquid atomization near its surface.
Later, Boguslavski [5] joined these two hypothesis into a “conjuction theory” stating cap-
illary waves induced by cavitation bubbles would eventually disintegrate into droplets.
Although capillary waves depend on the forcing frequency, their regular nature should
result in drop size distributions with a high uniformity degree, meaning an approach to
the ideal case of mono-sized droplets. However, given the random nature of droplets
produced by cavitation, ultrasonic sprays increase their drop size diversity, as demon-
strated by Avvaru et al. [6]. Additionally, Qi et al. [7] showed with experiments that for
higher frequencies, deviations are high from the capillary wave hypothesis. However,
instead of exploring the cavitation alternative, the authors attribute deviations to the nature
of the capillary frequency—viscous or inertia—which could induce some variability in
the relation between drop size and the capillary length depending on the experimental
conditions.

Considering the capillary wave hypothesis, Lang [8] in his seminal work on this
ultrasonic atomization strategy, empirically found a constant relation between the number-
median diameter D50n (not the area-weighted mean diameter, d32, as some authors report)
and this wavelength as

D50n

λc
≈ Cλ (2)

where D50n corresponds to the droplet diameter value that represents 50% of the droplets in
a spray. Or, in statistical terms, when the droplet size distribution represented is cumulative
(0 ≤ F(d) ≤ 1), F(D50n) = 0.5. However, Lang’s empirical proposal is not universal. The
value determined by Lang [8] was Cλ ≈ 0.34, and Donnelly et al. [9] later validated this
value with more experiments obtaining Cλ = 0.35± 0.03. However, in the analysis of
Peskin and Raco [10], Cλ = 0.5, the results reported by Nedeljković et al. [11] point to
an experimental value of Cλ = 0.74, and, recently, Kooij et al. [12] reported experimental
relations for D50n/λ between 0.17 and 0.65, depending of the ultrasonic devices. Therefore,
it appears the relation between a characteristic drop size and the capillary wavelength is
not well-established or restricted to a single value. Therefore, it underlines the value of
developing a clearer definition of the physical phenomena involved in the onset of ultra-
sonic atomization by Faraday waves. A noteworthy argument made by Paneva et al. [13]
and Mwakikunga [14] is that the characteristic size of droplets considered by different
authors may not be the same, eventually leading to these differences, but Mwakikunga [14]
also advances two other reasons: (i) the Kelvin assumption leading to Equation (1) is not
universal; (ii) or the effect of viscosity (µL) and volumetric flow rate (V̇f r) should be taken
into consideration. Although there is a lack of systematic research investigating the first
reason, several works tackled with the second one. Namely, Li and Fogler [15] understood
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that including the viscous term in the instability function describing wave patterns implies
fulfilling a criterion where the acoustic wave amplitude destabilizes and atomizes when it

is larger than εc =
16π2µL
λc f ρL

.
Rajan and Pandit [16] explored several of these alternative correlations with an inter-

mediate step. Instead of predicting a characteristic or representative drop size (dp) from
the capillary length (λc), as in Equation (2), they considered the characteristic diameter of
the jet (dj) produced by instabilities in the Faraday wavy pattern, and then predicted the
size of droplets through the itinerary: λc → dj → dp. Therefore, the constant Cλ becomes
a function of the assumptions defining the size of the jets dj and corresponding breakup
mechanisms. However, what is the role of the liquid properties in this itinerary?

A noteworthy effect is the amplitude voltage of the signal generating the acoustic wave
which affect the atomization rate [17], but not the median diameter [18]. This appears con-
trary to the results earlier obtained by Peskin and Raco [10], but one should point that these
authors used lower forcing frequencies where the capillary wave hypothesis dominates
droplet production, while Barreras et al. [18] operated on the cavitation hypothesis domain.

In applications such as spray drying for the pharmaceutical industry, choosing the
solvent is a major concern because of its possible effect on liquid atomization. Addition-
ally, how much does changing the liquid properties affects the diversity of drop sizes?
The following section synthesizes the main works on the effect of liquid properties on
ultrasonic atomization.

1.2. Effect of Liquid Properties in Ultrasonic Atomization

An early work by Mizutani et al. [19] investigated the effect of (σL/ρL) and µL on
ultrasonic drop sizes and observed a conflict. An increase in (σL/ρL) that leads to larger
capillary wavelengths λc led to smaller mean drop sizes, contradicting the relation of
Lang [8] and other authors. The explanation provided states that Lang’s relation correctly
represents the effect of the vibration frequency, but not the effect of liquid properties in the
atomization process. However, Mizutani et al. [19] measured drop sizes using a glass-slide
on which the capturing liquid drops spread, measuring the distribution with photographs.
The authors do not provide detailed information about this method, although it is reason-
able to consider that the diameter of spreading droplets is larger than their size before
impact. Additionally, the impact velocity affects spreading, questioning their measurement
of mean drop diameters. In fact, Lacas et al. [20] used a Phase-Doppler Interferometer
to measure drop size distributions for different fluids using the same flow rate, and Sin-
dayihebura et al. [21], Cousin et al. [22] used a laser diffraction technique to measure the
Sauter mean diameter, and all these works present experimental results congruent with
Lang’s relation.

Mizutani et al. [19] further investigated the effect of the dynamic viscosity and observed
an increase in the Sauter mean diameter with this property in the range 1 < µL < 6 cP.
However, Sindayihebura et al. [21] experimental results showed no effect within that range.
Only Rajan and Pandit [16] made experiments showing an effect of the dynamic viscosity
but considered µL > 10 cP. Dalmoro et al. [23] provides an interesting explanation for
the decrease in drop size for liquids with a higher dynamic viscosity. They state that
more viscous liquids delay the atomization by increasing the liquid’s residence time on
the atomizing surface, causing an increase in its temperature as a result of the energy
dissipation through vibration. The induced thermal effect decreases liquid viscosity to
a critical point where the hydrodynamic structures generate smaller droplets. Therefore,
since the viscosity values in Mizutani et al. [19] were below 10 cP, one does not expect
an effect induced by the liquid’s dynamic viscosity in the atomization outcome. Are the
differences in the proportional relation between a characteristic size and the capillary length
due to differences in the thermophysical properties of the fluid? Or is it an effect of the flow
rate as noted by Mwakikunga [14]?
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Yasuda et al. [24] addressed the effect of the liquid’s dynamic viscosity and modified
Lang’s equation to

D50n

λc
= 0.956 · µ−0.18

n (3)

with µn = µ/µw, and µw as the dynamic viscosity of water. However, by modifying Lang’s
equation, Yasuda et al. [24] assumes the predominance of the capillary wave hypothesis
as the ultrasonic atomization mechanism over the capillary hypothesis. Lozano et al. [17]
also found a strong effect of the viscosity on the atomization rate, but does not appear to
consider the cavitation hypothesis.

Other effects, such as surface tension have been found to produce little effect by
Lioubashevski et al. [25], but not by Lozano et al. [17], which means further research is still
needed. A final comment relates to drop size distributions.

The advantage of ultrasonic sprays is the production of micro-size droplets with a low
diversity. However, Barreras et al. [18] measured the formation of a distinct cluster of larger
droplets and attributed to the higher degree of instabilities induced by the vibration of the
transducer. Later, Lozano et al. [17] observed these larger droplets emerged from crests in
the surface wavy pattern attributing their formation to the capillary wave hypothesis.

The purpose of the research reported here is to investigate the effect of liquid proper-
ties in ultrasonic atomization using a more advanced analysis of the spray characteristics
based on the drop size distributions. Although laser diffraction techniques allow mea-
suring drop size distributions, and laser interferometry the size and velocity of droplets,
most approaches to spray characterization are statistical, presenting data in the form of
characteristic diameters (mean and representative quantities, depending on using discrete
or cumulative probability distributions, respectively), or plot the distributions without
specifying the reasoning behind the building of distribution classes. However, despite the
usefulness of characteristic diameters such as the Sauter mean diameter to evaluate the
atomization efficiency (see Panão [26]), without presenting the probability distributions
and performing an adequate analysis of their scale and shape, a significant amount of
information about the spray is lost. Namely, the emergence of different clusters of droplets
with similar characteristics resulting in multimodal drop size distributions, as observed
by Dumouchel et al. [27]. Therefore, this work uses the methodologies synthesized and
introduced in Panão et al. [28] to provide further insight into the ultrasonic atomization
strategy using Faraday waves.

2. Experimental Setup and Spray Characterization Considerations

The ultrasonic atomizer used in the experimental setup is the 8700-35 Sono-Tek model
with a conical tip. The solvent flow rate varied between 5 and 50 mL/min, and the fluids
considered are water, acetone, and water–ethanol mixtures of 10% and 20%. The power
supplied to the atomizer is Pus = 1.6 W for a fixed ultrasonic frequency of 35 kHz. Table 1
summarizes the thermophysical properties of the liquids used.

Table 1. Thermophysical properties of the atomized liquids at 35 ◦C.

Liquid Density Kinematic Viscosity Surface Tension
ρ [kg/m3] ν × 106 [m2/s] σ × 103 [N/m]

Water 994 72.4 70.4
Water − 10% Ethanol 973.8 76.7 65.6
Water − 20% Ethanol 953.6 81.0 60.6

Acetone 773.4 47.2 21.8

The size and axial velocity of droplets has been measured using a Dantec Phase-
Doppler Interferometer (PDI) using the light emitted by particles crossing the measurement
volume at a scattering angle of 30◦. The laser power set to 350 mW forms the control volume
for one velocity component (downward) with the wavelength of 514.5 nm. The beam
spacing is 60 mm and both transmitting and receiving lens have a 500 mm focal length.
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The transmitting optics unit is a 55X, the unit receiving the light emitted by particles is
a 57×10 PDA and the BSA P80 processes signals to obtain the information on droplets
characteristics (size, dd, and downward velocity, ud). Measurement locations considered
in the analysis focus of the central axial axis (r = 0 [mm]) at the plane of z = 20 [mm]
to ensure a stable and fully formed spray. The uncertainties in drop size measurements
according to the information theory approach developed in Panão and Moreira [29] resulted
in 1.92–6.87%.

Figure 1 shows on the left an image of the ultrasonic injector used in the experiments
and the PDI measurement volume, and on the right is the capillary Faraday wavelength
(λc) obtained for each fluid under the operating frequency of f = 35 kHz as a function of
the fluid properties (σ/ρ).

Water

Acetone

Water + 10% Ethanol

Water + 20% Ethanol

λ c
 [μ

m
]

80

90

100

110

(σ/ρ) [cm3/s2]
25 30 35 40 45 50 55 60 65 70 75

Figure 1. Photo of the experimental setup and PDI measurement volume (left). Variation of the
capillary Faraday wavelength (λc) for each fluid at the ultrasonic frequency used of 35 kHz (right).

One of the neglected effects in spray characterization is the resolution of experimental
techniques measuring the size and velocity of droplets. The next section questions for the
first time the relevance of redundancy in data to overcome the resolution challenge before
organizing data using statistical tools.

2.1. Introducing Data Redundancy and Implications

The precision in drop size samples produced by the PDI Dantec system is 10−1 [µm],
which means the unique values are limited by the data resolution. This limitation influ-
ences the building of discrete drop size distributions and challenges our ability to find
an good agreement with a mathematical function, assuming droplet production is a con-
tinuous phenomenon within the full size range, and not a discontinuous one where only
certain sizes emerge from liquid atomization. Figure 2 shows for one measurement point
with water, the counts of unique drop sizes (a total of 1355) measured in a 12,000 droplets’
sample. For example, a drop size of 65.9 µm appear 36 times. This raises the question about
resolution as a limitation in drop size measurement techniques.

Moreover, one notices that each measurement value contains an integer part, and a
decimal one. In the case of a 65.9 µm droplet, 65 µm is the integer part and 0.9 µm is
the decimal part. Thus, if we separate the integer part from the decimal one, defining
the classes to build the integer part histogram is easy with one class per unique drop
size from 1 µm to 273 µm in the example considered. Figure 3 compares the cumulative
distributions of the sample made of integer drop sizes and the one with values including
the decimal part. A Kolmogorov–Smirnov test shows that both samples belong to the same
distribution. Therefore, how redundant are the precision values p < O(10−1) in drop size
measurements?

Considering the previous example of a drop with 65.9 µm, adding a random redun-
dancy means the value becomes 65.9138940732430 µm. After adding redundancy to all
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measurements in the data sample, it increases the 1355 unique values to the total sample
size of 12,000 different measurement values. Figure 4 splits the integer from the decimal
part of each drop size, and shows the effect of adding redundancy. After applying this
procedure to all data samples in all experimental conditions considered, it implied a maxi-
mum bias of 0.055% to the Sauter Mean Diameter (d32), which is negligible. The relevance
of this procedure is to avoid any resolution effects while building drop size distributions,
as detailed in next section.
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Figure 2. Example of the counts of unique drop sizes (1355) in a 12,000 sample.

Kolmogorov-Smirnov Test
H0: both samples come from a population
 with the same distribution
For α= 0.01:
 -  D = 0.0186
 -  Dα= 0.0210
Thus, H0 "not" rejected
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Figure 3. Comparison between the cumulative drop size distributions of the integer part and the
full value including the decimal part. A Kolmogorov–Smirnov test with α = 0.01 shows that both
samples belong to the same distribution.

There is a final legitimate question about adding redundancy. If adding does not
significantly change the outcome, or improves the fitting of a mathematical probability
distribution to data, why add any redundancy at all? In several optical techniques, blurring
effects and resolution often limit their ability to accurately measure a drop size. However,
the topic of data redundancy introduced raises the hypothesis that as long as one can
accurately measure the integer part, the attribution of a random decimal one allows to
distinguish each droplet, resolving the shortcomings of data truncation from limitations
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of the measurement technique. Nonetheless, this section mainly introduces a topic that is
open for further research.
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Figure 4. Example of adding redundancy to drop sizes to overcome the limitation in measurement
resolution and obtain samples values closer to what one expects from a random process, such as
forming a spray.

2.2. Measurement Interpretation

Laser diagnostic systems such as the Phase Doppler Interferometer (PDI) produce
large amounts of data. Panão et al. [28] synthesized the best practices for presenting the
histograms produced from the statistical characterization of sprays, but there was one
topic left for further research: the appropriate way to define the histogram classes. How
many classes should one use to organize drop size data? Although most research works
on sprays consider drop size distributions (DSDn) as the result of statistical analysis (and
they are), Panão et al. [28] interpret spray characterization as a way of organizing data.
Therefore, the probability associated to a certain drop size class is not one of occurrence,
but of presence. However, the best strategy to define the number and interval of size classes
remains unclear. In this section, we explore the reasons and present the first step to develop
best practices for presenting data in spray characterization.

Following the example in Figure 3, if the cumulative distributions of a data sample
truncated at the integer part, and the cumulative distribution of the full data sample
including the decimal are practically the same, a first approach to define the classes for
representing drop data is to consider intervals of 1 µm centered on the integer part of
drop sizes from 1 µm to the maximum integer value above the largest measured drop size.
For example, if the maximum drop size in a sample is 272.7 µm, we should consider a class
centered on 273 µm. Therefore, to choose the number of classes (Nk) for organizing spray
data, one needs to define whether their size (δD) is regular or variable. Panão et al. [28]
synthesized several strategies found in the literature to define the number and size of
classes in histograms. However, this work uses the maximum number of classes given
by interlaced Fibonacci series with Nk = floor

(
J ln(N)

ln(1.618)

)
, where floor() rounds the result

to the lowest integer value, N is the sample number, and J is the number of interlaced
Fibonacci series set to 6 (see Gentry and Cheng [30] for details on the expression), similarly
to previous works. However, it is noteworthy that an adequate criterion for setting J is
open for further research, which is beyond the scope of the present paper.



Fluids 2022, 7, 29 8 of 18

A second element in the method for organizing spray data as histograms is choosing
between regular versus variable class sizes. Although classes with a regular bin width are
the drop size spectrum divided by the number of classes, variable class sizes keep constant
the class size (δD) relative to its centroid (dk), δD

dk
= C. The definition of the constant C

is still open for further research, however, in this work, the option is to calculate it as
the inverse of the square root of the maximum number of classes given by the interlaced
Fibonacci series expressed above, C = N−1/2

k . It means larger samples decrease the value
of C, consequently, increasing the number of classes as expected in statistical analysis with
more data.

Figure 5 depicts the volume-weighted density-histograms for the highest (water)
and lowest (acetone) capillary lengths λc considering the lowest volumetric flow rate of
V̇f r = 5 mL/min, and the number of classes is the same (Nk = 110) for both size classes
with a regular or variable bin width. The results evidence how regular bin sizes tend
to produce “noisier” histograms with greater variability between adjacent classes for no
particular reason, while the histograms with variable classes are smoother, even when
there are traces of bimodality as in the case of the water spray. Therefore, in this work, all
distributions considered variable bin width size classes to improve the visualization of the
statistically organized spray data.

Regular class size
Variable class size
Regular class size
Variable class size

Vfr = 5 mL/min

Acetone

Water

p v
 [μ

m
-1

]

0

0.005

0.010

0.015

0.020

Drop size [μm]
0 50 100 150 200 250

Figure 5. Volume-weighted drop size distributions for acetone (red) and water (blue) comparing
regular (thin line) with variable (thick line) class sizes for the volumetric flow rate of V̇f r = 5 mL/min.

Despite the most common option to present spray data considers volume-weighted
probability density histograms, pv [µm−1], especially if the number of classes varies be-
tween data samples, the most appropriate form should be cumulative drop size distri-
butions because the ordinate limits are the same, i.e., between 0 and 1. Additionally,
an important step is to evaluate whether a mathematical function, such as the Log-Normal,
Gamma, Weibull, or other empirical distributions, as the Nukyiama–Tansawa, can accu-
rately describe the experimental results using a Kolmogorov–Smirnov (KS) goodness-to-fit
test. The reason for this assessment is the ability to provide the characteristic parameters
that enable the reconstruction of probability distributions for the validation of numerical
models and extract mean diameters without losing the original information contained in
spray data. The challenge in this fitting occurs when the discrete distribution is multi-
modal. However, fitting algorithms for multimodal distributions is beyond the scope of the
present work.

3. Results and Discussion

The first results presented correspond to the characterization of drop size distributions
for the ultrasonic sprays and the effects of liquid properties and volume flow rate on their
shape. Secondly, one investigates these effects on the characteristic drop sizes, comparing
the ratio between mean values and the capillary wavelength with Lang’s approach through
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constant Cλ. Additionally, one analyzes these effects on the atomization efficiency. Finally,
in the last subsection, one characterizes the effects of liquid properties and volume flow
rate on Drop Size Diversity (DSDy), and the relevant insights of a new approach proposed
in an earlier work [28] for assessing the performance of ultrasonic atomization.

3.1. Drop Size Distributions

The lowest volumetric flow rate considered (V̇f r = 5 mL/min) produced a drop size
distribution (DSDn) which none of the usual probability density function models would fit.
Figure 6 shows on the left the density probability histograms for the several tested fluids,
and on the right the corresponding cumulative drop size distributions (DSDn). The sprays
mixing water with 10% ethanol had the highest degree of bimodality, followed by water.
The mixture with 20% ethanol still contains a small percentage of large droplets, but the
spray of acetone is clearly unimodal. This bimodality occurs for lower flow rates and
higher capillary lengths. Barreras et al. [18] attributed the production of larger droplets
to the displacement of the liquid volume as a whole, and it is unrelated to the ultrasonic
frequency. Kooij et al. [12] also observed a second peak of larger droplets in their ultrasonic
atomizer and attributed their formation to direct interaction of the surface acoustic wave
with liquid films on the surface generating spikes that lead to the detachment of larger
droplets. Since all the aforementioned works used stationary liquid films is coherent
with the present results obtained for the lowest flow rates, which is the closest operating
condition. The shape and scale of these DSDn is a relevant information in the analysis of
Drop Size Diversity explored in Section 3.3. However, if the purpose of testing different
solvents in ultrasonic sprays is to evaluate which fluid produces the highest percentage of
droplets with the same size, at low flow rates, only the one with the lowest capillary length
shows a promising outcome.

Water
Water-Ethanol (w10%)
Water-Ethanol (w20%)
Acetone

Vfr = 5 mL/min

Water

Acetone

Water - Ethanol (20%)
Water - Ethanol (10%)p v

 [μ
m

-1
]

0

0.005

0.010

0.015

0.020

Drop size [μm]
0 50 100 150 200 250

Water
Water-Ethanol (w10%)
Water-Ethanol (w20%)
Acetone

F[
-]

0

0.2

0.4

0.6

0.8

1.0

Drop size [μm]
0 50 100 150 200 250

Figure 6. Volume-weighted probability density (left) and cumulative (right) drop size distributions
for all fluids considered and a volumetric flow rate of V̇f r = 5 mL/min.

Figure 7 depicts the volume-weighted cumulative DSDn for each solvent considering
volumetric flow rates from 10 to 50 mL/min with 10 mL/min intervals. The colored
distributions were the ones that failed the Kolmogorov–Smirnov (KS) goodness-to-fit test
that has a significance level of 95%. However, even for these cases, the line drawn
corresponding to the distribution which best fitted the experiments can still follow the
experimental data. For the majority of operating conditions considered, one can extract
information about the effect of changing the solvent and the flow rate in the scale and shape
of these DSDn.

The scale of DSDn related to the diameter range of the spray droplets seems unaffected
by the differences in the solvents’ thermophysical properties. The shape of DSDn is partic-
ularly sensible to low flow rates (V̇f r = 5 mL/min), inducing the production of a cluster
with droplets of larger size. This would be problematic to fulfill the purpose of producing
uniform powder particles. Zhang et al. [31] observed for flow rates V̇f r < 10 mL/min
a similar bimodality of drop size distributions and attributed this effect to increasingly
random patterns of Faraday waves affecting ultrasonic atomization. A second argument
of Zhang et al. [31] for producing larger droplets is the deformation of uniform capillary
waver and a greater collapse of cavitation bubbles in thicker layers that explode and gener-
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ate larger droplets. A third argument is the effect of viscosity influencing the growth of
capillary waves leading to larger local capillary wavelengths and, consequently, increasing
the size of drops produced from the crest instabilities. The results depicted in Figure 7
indicate that above V̇f r > 10 mL/min, the phenomenon identified by Zhang et al. [31]
ceases to produce any significant effect. Additionally, the bimodality for the lowest flow
rate considered only appeared for water and water mixed with 10% ethanol whose capillary
lengths are above λc > 110 µm. This outcome raises the hypothesis that lower values for
the capillary length are less prone to generate clusters of larger droplets. However, its test
is beyond the scope of the present characterization and the subject of future work.
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Figure 7. Volume-weighted cumulative drop size distributions for each fluid and volumetric flow
rates of V̇f r = 10–50 mL/min, with 10 mL/min intervals.

3.2. Characteristic Drop Sizes and Atomization Performance

When fitting the data depicted in Figure 7 to known mathematical functions describing
drop size distributions, only two systematically found a best fitting with the available data:
the log-normal and gamma distributions. The nature of the fragmentation process leading
to spray formation is a cascade of events. For example, Broniarz-Press et al. [32] considered
that unstable capillary waves can produce thin filaments eventually fragmenting into
multiple droplets, and Vukasinovic et al. [33] visualized the formation of these ligaments.
Villermaux [34] showed the gamma distribution explains better the distribution of droplets
after ligament fragmentation, associating it to a temporal event, and Kooij et al. [12]
obtained best fittings using this mathematical distribution function. In earlier works,
such as Kottler [35], the log-normal has been associated to a sequence of random breakup
processes. Associating the nature of the atomization mechanism to the nature of the
mathematical distribution function is still a question open for further research. However,
one could present the hypothesis that larger capillary length tends to produce ligaments
leading to breakup temporal events with the same nature of the waiting times described
by gamma distributions, while smaller capillary lengths tend promote multiple breakup
events with random waiting times. Appendix A contains the data of the gamma and log-
normal distributions that passed the Kolmogorov–Smirnov best fitting test, being useful to
reproduce the entire distribution measured for the ultrasonic sprays of the experiments
reported here.

As reviewed in Section 1.1, Lang [8] introduced the idea of a proportional relation be-
tween the capillary wavelength λc produced by Faraday waves and the number(n)-median
diameter D50n [µm] as D50n = Cλλc, with Cλ = 0.34, derived for excitation frequencies
in the range of 10 to 800 kHz. The fluids used by Lang [8] had similar thermophysical
properties relative to the solvents used in this work. However, the results depicted in
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Figure 8 show values for the proportional constant Cλ above Lang’s threshold of 0.34,
and close to 1 in the case of Acetone. The differences in the sprays produced by commercial
ultrasonic atomizers and the early versions devised by Lang [8] indicate Lang’s criterion
is not universal. Kooij et al. [12] obtained a range for Cλ between 0.17 and 0.65, covering
Lang’s value, however, still below the values obtained in the present experiments. More-
over, while water and the two water-ethanol mixtures have similar λc, and, consequently,
similar Cλ, lower λc lead to a closer relation between the number-median drop size and the
wavelength of the capillary waves, D50n/λc → 1.

Water
Water-Ethanol (w10%)
Water-Ethanol (w20%)
AcetoneD50n/λ= 0.34 Lang (1962) threshold

D
50

n/
λ c

0.4

0.6

0.8

1.0

Vfr [mL/min]
0 5 10 15 20 25 30 35 40 45 50 55

Figure 8. Effect of volumetric flow rate in the normalized number median diameter (D50n and the
capillary wavelength λc defined for ultrasonic atomization by Faraday waves according to Lang [8])
for all fluids considered.

Although the number-median diameter is essential for characterizing ultrasonic sprays
produced by Faraday waves, the appropriate mean diameter associated with the atomiza-
tion process depends on the total surface area of all droplets in the spray, Ad, defined as:

Ad = π
n

∑
i=1

d2
i (4)

where n is the total number of droplets in the spray, and di the size of each droplet.
Considering the mass of all droplets in the spray as md = ρL

π
6 ∑n

i=1 d3
i , with ρL as the liquid

density, and introducing this mass in Equation (4) through π, it implies that

Ad =
6md
ρL

(
∑n

i=1 d3
i

∑n
i=1 d2

i

)
︸ ︷︷ ︸

d32

−1

=
6md

ρLd32
(5)

with d32 as the Sauter mean diameter. This result justifies the physical link between the
interfacial energy of droplets in a spray and the Sauter mean diameter.

Figure 9 shows a higher variability of d32 when the volumetric flow rate is low
(<20 mL/min) considering the different solvents (The mean diameters starting with D
represent quantities retrieved from cumulative size distributions, while those starting with
d represent mean values from weighted discrete probability distributions. For example, d32
is the mean diameter of an area-weighted drop size distribution. More details in Sowa [36]),
and for V̇f r ≥ 20 mL/min, the values are similar, which is consistent with the stabilization
of Cλ depicted in Figure 8.



Fluids 2022, 7, 29 12 of 18
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Figure 9. Effect of volumetric flow rate in the Sauter mean diameter for all fluids considered.

Following the general definition for the atomization efficiency explained in Panão [26] as

ηA =
σV̇f r

Pus

(
6

d32
− 1

dj

)
(6)

with Pus as the ultrasonic input power, and dj retrieved from a Rayleigh instability
approach [16]

dj = 0.53D50n (7)

Figure 10 synthesizes the results for the atomization efficiency ηa for all solvents.
The effect of the volumetric flow rate is enough to increase the efficiency of the ultrasonic
atomizer by one order of magnitude. Considering that d32 does not change significantly
with acetone, the results for the atomization efficiency in this case evidence that using
liquids with a lower capillary wavelength, produce smaller droplets, thus, perform better,
but the energy cost is higher.

Water
Water-Ethanol (w10%)
Water-Ethanol (w20%)
Acetone

η a
 [%

]

0.01

0.1

Vfr [mL/min]
0 5 10 15 20 25 30 35 40 45 50 55

Figure 10. Effect of volumetric flow rate in the atomization efficiency (ηA) for all fluids considered.

If we confront the atomization efficiency results in Figure 10 with the mean sizes
depicted in Figure 9, reducing the surface tension in the attempt to produce smaller droplets
does not seem to be the best strategy. Alternatively, from another point of view, using
solvents with different surface tensions does not necessarily result in significant changes
of the mean sizes of droplets produced by ultrasonic atomization. The following section
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investigates the effect of different solvents on Drop Size Diversity, a concept introduced in
Panão et al. [28].

3.3. Drop Size Diversity

One of the main advantages of using ultrasonic sprays in spray drying applications
is the ability to control droplet size, aiming at sprays with a high uniformity degree (all
droplets have the same size), or a low Drop Size Diversity (DSDy). Panão et al. [28]
introduced Drop Size Diversity to distinguish two degrees associated with the different sizes
of droplets: the polydispersion degree characterizing how many different sizes are relevant
in the spray; and the heterogeneity degree characterizing how different are the relevant sizes
in the spray. The parameter that quantifies the polydispersion degree is the normalized
Shannon entropy,

Hn,v =
−∑Nk

j=1

(
pv,j ln (pv,j)

)
ln (Nk)

(8)

with Nk as the number of size classes, and pv,j as the volume-weighted drop size probability.
The normalized Shannon entropy is zero for sprays with all droplets of the same size, and it
is maximum when all possible sizes have the same relevancy in the spray, i.e., the same
probability of being present in the spray.

The parameter quantifying the heterogeneity degree is the volume-weighted standard
deviation,

SDv =
√

d2
53 − d2

43 (9)

with dij =
(

∑k di
k/ ∑k dj

k

)1/(i−j)
with dk as the measured size of droplets in the spray.

The most know parameter used to characterize DSDy is the Relative Span (∆s = (D90v −
D10v)/D50v, with DXv as the representative diameter containing X% of all droplets in the
spray in terms of volume-weighted (v) drop size distributions). However, Panão et al. [28]
argued in detail about its limitations and do not recommended its use as a criterion to
assess DSDy.

Figure 11 shows the results obtained in the experiments considered. Most conditions
express a linear relation between the spray polydispersion and heterogeneity degrees,
expressing that a greater diversity of sizes with similar relevancy in the spray intensify how
different these sizes are, with the exception of a point apart from the trend corresponding to
the lowest volume flow rate of V̇f r = 5 mL/min with the mixture of water and 10% ethanol.

Water
Water-Ethanol (w10%)
Water-Ethanol (w20%)
Acetone

SD
v [
μm

]

20

30

40

50

60

70

80

Hn,v

0.75 0.80 0.85 0.90

Figure 11. Drop Size Diversity (polydispersion—Hn,v—and heterogeneity—SDv—degrees) of the
ultrasonic sprays for all fluids considered.
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Could the exception be related to the bimodality observed in Figure 6? To understand
this exception, several simulations mixed one spray of N = 105 droplets with sizes accord-
ing to a Log-Normal distribution with µ = ln (40) and γ = 0.5/

√
6, with another spray

made of N = 106 droplets with sizes according to a Log-Normal distribution with the same
standard deviation γ = 0.5/

√
6 but gradually increasing the geometrical mean diameter

µ = ln (40 + i · 10), i = 1, . . . , 10.
Figure 12 on the right shows the gradual evolution from a mono-modal to a bi-modal

drop size distribution, and on the left we observe this change produces a non-linear
variation of the heterogeneity degree (SDv) as a function of the polydispersion degree
(Hn,v). Moreover, this sensitivity to the DSDy with, at least, two distinct clusters of drop
sizes increases when the discrete probability distributions have variable bin sizes, compared
to regular bin sizes. The greater sensitivity of probability distributions with variable bin
size classes is due to the higher concentration of classes in the smaller diameters where the
probability values are lower. This outcome evidences how the way we characterize a spray
using histograms can affect the interpretation of the physical phenomena involved.
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Figure 12. Effect of increasing bimodality of a drop size distribution on DSDy polydispersion and
heterogeneity degrees.

Figures 13 and 14 show the effect of the volumetric flow rate on the DSDy and one
observes a higher variability of DSDy between solvents for flow rates below 20 mL/min,
while above this value only the polydispersion degree increases slightly with the flow rate.
The higher variability occurs for the fluids with a larger capillary length λc, or when more
than one cluster of droplets with distinct characteristic sizes form the spray resulting in
multimodal DSDn.
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Water-Ethanol (w10%)
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Acetone
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Figure 13. Effect of the volumetric flow rate on the DSDy polydispersion degree (Hnv).
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Figure 14. Effect of the volumetric flow rate on the DSDy heterogeneity degree (SDv).

The results evidence that ultrasonic atomization producing smaller capillary lengths
tend to produce sprays with a higher uniformity degree, i.e., with more droplets of the same
size. In this since, future work suggest exploring higher forcing frequencies in solvents
with larger σ/ρ.

4. Conclusions

In particle engineering, spray drying is an essential technique that depends on produc-
ing sprays, ideally made of equal-sized droplets and ultrasonic sprays appear to be the best
option to achieve it. Ultrasonic atomization uses the instabilities in the patterns generated
by Faraday waves to produce droplets with similar sizes, i.e., with a high uniformity degree.
This work reviews the empirical approaches developed to characterize ultrasonic sprays,
pointing to their limitations and focusing on the effect of liquid properties considering
the need to design sprays with specific drop sizes, as in the case of the pharmaceutical
industry. Afterwards, using the spray characterization data of ultrasonic sprays produced
with different solvents and flow rates and provided by a Phase-Doppler Interferometer,
the work introduces the implications of data redundancy in this laser diagnostic technique.
Additionally, it compares the effect of regular versus variable bin widths when organizing
drop size data through histograms.

The results presented first consider the effect of liquid properties and flow rate on drop
size distributions and evidence the emergence of multimodal histograms for lower flow
rates, which justifies the limits of using a proportional relation between a characteristic size
and the capillary length to describe and design ultrasonic sprays. Additionally, the mathe-
matical functions that best fitted the experimental results were the gamma and log-normal
distributions, evidencing the atomization process as a cascade of events associated with
the temporal evolution of instabilities in ligaments or randomness is sequential breakup
events, respectively.

Considering representative (D50n) or characteristic (d32) sizes, both liquid properties
and flow rate affect the atomization outcome. Namely, solvents generating lower capillary
lengths produced smaller droplets but less efficiently. Part of the new approaches for
characterizing sprays includes the analysis of Drop Size Diversity with its polydispersion
and heterogeneity degrees. This tool is particularly relevant in assessing the uniformity
degree of ultrasonic sprays, i.e., how close is the atomization outcome to sprays of equal
size droplets. The analysis evidences the higher sensibility of the polydispersion and
heterogeneity degrees in Drop Size Diversity when using variable bin widths to build
the histograms of drop size. As a result of this improvement in characterizing sprays,
one concludes that lower flow rates induce a higher drop size diversity expressed by the
multimodal drop size distributions.
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Finally, one suggests as future work exploring why higher capillary lengths generate
multimodal drop size distributions and whether one could alter this outcome by changing
the forcing frequency. Additionally, a closer and detailed visualization of the atomization
process could help better understand the relation between the nature of ultrasonic atomiza-
tion breakup mechanisms and the nature of the mathematical probability functions that
best describe the organization of spray data.
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Appendix A. Best Fitting Mathematical Probability Distributions

When adjusting a mathematical function to the discrete cumulative drop size distribu-
tions, only two functions passed the KS goodness-to-fit test, the Log-Normal
Distribution function

pLN(d) =
1√

2π · d · γ
exp

(
− ln(d/dm)2

2γ2

)
(A1)

and the Gamma Distribution function

pGM(d) =
1

baΓ(a)
da−1 exp

(
−d

b

)
(A2)

Figure A1 synthesizes the characteristic parameters of the mathematical functions that
best describe the experimental results. The best fitting means the ability to reconstruct the
distribution for modeling purposes without losing information.
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Figure A1. Characteristic parameters of the mathematical probability functions that passed the KS
goodness-to-fit test for all volumetric flow rates considered and fluids.
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