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The Effect of Liquid Viscosity on Aerosol Parameters
upon Ultrasonic Spraying
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Abstract—The results of studies concerning the effect of ultrasonic impact parameters exerted on the charac-
teristics of a formed aerosol are presented. Based on high-speed filming performed under spraying a drop of a
model liquid, a qualitative description of changes in the aerosol parameters is given depending on the viscosity of
the liquid and the amplitude of ultrasonic oscillations. In the course of computer processing of video fragments,
the aerosol concentration, the average size of the droplets, and their motion velocity have been determined.
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INTRODUCTION

Products of modern mechanical engineering are
subject to high requirements for surface quality, which
to a significant extent determines the wear-resistance
level [1–3].

One common way to improve the quality of the
surface layer consists in the application of functional
coatings that make it possible to meet the necessary
requirements concerning mechanical and geometric
properties both at a microlevel and at a submicrolevel
[4–7].

The technology for applying functional coatings
involves surface preparation, which consists in the for-
mation of a preset surface microrelief and the surface
cleaning (including the elimination of oxide films),
which provides adhesion strength between the coating
and the substrate [8, 9], in the preparation of coating
materials for application, which is especially import-
ant for polymeric [10] and composite materials
[11‒13] and in the direct application of a coating using
such methods as spraying [14], spraying [15], electro-
deposition [16], nitriding [17], etc.

This work is devoted to the studies of the parame-
ters of an aerosol obtained using ultrasonic spraying,
the advantages of which consist in the fact that, in this
case, there is no need no supply a liquid medium
under pressure and that one can adjust the aerosol
characteristics via changing the acoustic-technologi-
cal parameters of the ultrasonic impact and the poten-
tials of dispersing viscous media.

EXPERIMENTAL
In the course of experimental studies, we used a

mixture of glycerin and water as a model liquid. A high
initial level of viscosity and an unlimited solubility of
glycerin in water make it possible to obtain solutions
with a preset viscosity level depending on the percent-
age of the components under mixing.

For mixing, we used distilled glycerin with a con-
tent of main substance amounting to at least 99.7%, as
well as water that had settled for 7 days. The compo-
nents were mixed in different proportions, based on
which we prepared model liquids having a dynamic
viscosity of 1, 40, 78, 129, 174, and 234 mPa s.

A schematic diagram of the experiment is pre-
sented in Fig. 1.

To obtain ultrasonic oscillations, we used a rod
three-half-wave magnetostrictive oscillatory system
consisting of a transducer made of 49K2F grade per-
mendur and a waveguide made of titanium alloy sol-
dered to the transducer, as well as an emitter made of
45 grade steel connected to the waveguide through a
threaded rod. To power the oscillatory system, we used
a UZG 1.6/22 ultrasonic generator. The resonant
oscillation frequency amounted to19000 Hz.

The emitter of oscillation was immersed in a con-
tainer with a model liquid and then removed. Under
the effect of surface tension and adhesion forces
between the liquid and the wetted surface exceeding
the force of gravity, a drop with a volume of about 0.5 mL
remained at the end of the emitter (Fig. 1, position I).

Next, the oscillation generator was turned on and,
under ultrasonic impact, the drop was dispersed to
978
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Fig. 1. Schematic diagram of the experiment.
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Fig. 2. High-speed filming frames for ultrasonic spraying
(video registration speed 5432 frames/s, size 384 × 231 pixels).
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form an aerosol (Fig. 1, position II). The ultrasonic
treatment mode was determined by oscillation ampli-
tude of the end of the emitter ξm. To determine the
amplitude in the course of spraying, we have previ-
ously performed a procedure of calibration to connect
the amplitude values obtained by means of applying a
dial gauge (having a scale-division value amounting to
0.001 mm) to the end of the emitter, along with the
readings of a VZ-38 millivoltmeter connected to an
electrodynamic sensor mounted on the waveguide.

The spraying process was registered through high-
speed filming with the use of a Fastec Hispec camera
that has a high level of photosensitivity and a high
depth of field.

The zone located under the drop was filmed at a
speed of 5432 frames/s. The filming parameters were
controlled using a special software package supplied
together with the camera. The obtained data were
automatically transferred from the camera storage buf-
fer to the computer.

The characteristics of the resulting image depend
on the additional optics used in combination with the
camera. In this filming, we used optics that made it
possible to obtain a pixel size amounting to 7 μm.

Next, the quantitative characteristics of the aerosol
were assessed using computer processing. The con-
centration was determined via establishing the per-
centage of white (droplet) with respect to black in a
black-and-white image of the aerosol.

Average droplet size Sav was calculated as the ratio
between the total white area and the number of drop-
lets. The droplet velocity was determined as the ratio
between the height of the registered zone and the time
it takes for the aerosol droplet to overcome this zone,
taking into account the video registration speed.
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RESULTS AND DISCUSSION

The frames obtained from high-speed filming (Fig. 2)
make it possible to determine a number of patterns in
the character of spraying depending on the viscosity of
the liquid and on the mode of ultrasonic oscillations.

For different viscosities, with increasing ampli-
tude, the productivity of the dispersion process exhib-
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its an increase, which is expressed by an increase in the
number of droplets.

At the same time, for different oscillation ampli-
tudes with increasing viscosity inherent in the liquid
under treatment, the patterns are different. So, for
ξm = 3 μm, with increasing viscosity from 1 to 129 mPa s,

the number of droplets increases without a significant
change in their size and shape, which is spherical,
whereas starting from a viscosity level of 174 mPa s, the
process of spraying ceases.

For ζm = 10–30 μm, the pattern of changes in the

character of spraying is similar, that is with an increase
in viscosity to 129 mPa s, the number of droplets at
first increases, then for the case of ξm = 10 μm it

abruptly decreases, whereas for the case of ξm = 30 μm

the number of droplets exhibits a monotonic decrease.

There are also significant differences in the shape
and size of the droplets.

At ξm = 10 μm, near a viscosity level of 40 mPa s,

there is a scatter in droplet sizes; in this case the num-
ber of large and small droplets are approximately the
same. With increasing viscosity, elongated droplets
with a tricklelike shape prevail, the direction of motion
of which is normal to the drop surface let.

With a further increase in viscosity to 129 mPa s,
the trickles, as well as the large and small spherical
droplets equally occur. Starting from μ =174 mPa s,
only small droplets remain.

In the case of ξm =30 μm, large drops appear

already when water is sprayed (the viscosity being of
1 mPa s). As the viscosity increases, the number of
large droplets increases, whereas the number of small
droplets exhibits a decrease. The droplets in the form
of trickles appear upon attaining μ = 40 mPa s and are
observed with a further increase in viscosity. In this
case, compared to a mode with ξm =10 μm, such drop-

lets are less elongated and slightly thicker.

These differences in the character of spraying can
be explained by the applied modes of ultrasonic
impact and the cavitation strength of the liquid under
spraying.

For μ = 1 mPa s, amplitude ξm = 3 μm corresponds

to a low-amplitude processing mode that is characterized
by a relatively small number of cavitation bubbles occur-
ring in different parts of the volume under treatment.

The intermediate processing mode is actualized at
amplitude ξm =10 μm and is characterized by a quite

developed cavitation zone and by the presence of
acoustic f lows that transferring bubbles through the
liquid under treatment.

As the amplitude increases, cavitation bubbles
accumulate near the emitting surface, which leads to
an abrupt formation of a strong hydrodynamic f low
directed from the end of the emitter. This phenome-
non characterizes a high-amplitude processing mode.
PO
With increasing viscosity and density, an increase
in the cavitation strength of the liquid occurs as well,
which is associated with a change in the absorption
coefficient of the acoustic wave [18, 19]:

where ρ is the density of the medium, kg/cm3; c is the
speed of sound in the medium, m/s; η is the viscosity
of the medium; f is the oscillation frequency; K is the
thermal conductivity coefficient of the medium; γ is
the ratio between the molar heat capacities of the
medium; and C

v
 is the molar heat capacity at a con-

stant volume.

Resulting from this, in the course of treatment with
amplitude ξm = 3 μm, the dispersion process initiated

by a small number of cavitation bubbles collapsing and
pulsating at the interface. Complete spraying of the
drop is carried out within 30–120 s. The aerosol has a
low concentration and small size of the droplets mov-
ing at approximately the same velocity. The cessation
of spraying with increasing viscosity could be caused
by the fact that the power introduced into the medium
is insufficient for to overcome the cavitation threshold.

When spraying at ξm =10 μm, the productivity of

the process increases, since a significantly larger num-
ber of bubbles are transferred to the droplet boundary
owing to acoustic f lows. At a viscosity amounting up
to 129 mPa s, spraying occurs within 2–3 s and the
aerosol is highly concentrated. In this case, the aerosol
droplets have different sizes and shapes, which can be
explained by the cavitation effect that causes the dis-
persion process. Thus, when a shock wave is gemi-
nated owing to collapsing cavitation bubble, larger
drops that have a relatively high velocity are formed.
Under a collapse with the occurrence of cumulative jet
directed towards dispersion, drops are formed having
the shape of trickles that move at the highest velocity.

Small droplets with the lowest velocity are formed
due to the separation of drops from the spraying sur-
face affected by oscillating bubbles and owing to splash-
ing from the drop surface when large droplets and trickles
are separated. The spraying pattern, starting from
174 mPa s, begins to correspond to a low-amplitude
mode with the absence of f lows associated with an
increase in the cavitation strength of the liquid. The
duration of spraying in this case is longer than 60 s.

The patterns observed in the course of spraying at
high amplitudes resemble a transient mode. The main
difference consists in an increasing role of powerful
acoustic f lows in the formation of aerosol droplets.
This mode is characterized by a less elongated trickle
shape and a greater number of large droplets. The
transition to spraying characteristic of low-amplitude
processing, begins at 234 mPa s. Up to these values,
spraying occurs within 1–3 s.
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Fig. 3. Filmogram of drop spraying (μ = 234 mPa s, ξm = 10 μm).

t = 0.1 s t = 1 s t = 2 s

Fig. 4. Dependence of (a) aerosol concentration and (b) average droplet size on the liquid viscosity and oscillation amplitude:
ξm = (1) 3, (2) 10, and (3) 30 μm.
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Thus, depending on the acoustic technological
parameters of the ultrasonic impact and the properties
of the liquid, the following two spraying modes can be
distinguished.

The first mode consists in the fact that the input
acoustic power significantly exceeds the cavitation
threshold, the second one provides the input power
slightly exceeding the cavitation threshold. In the first
case, spraying is performed within a short period of
time with the formation of drops having different
shapes and velocities. In the second case, the process
lasts for a long time, but with the formation of small
droplets moving at a low velocity. When the power
decreases below the cavitation threshold, the spraying
ceases.

To illustrate the second mode, a filmogram for
spraying a drop with a viscosity of 234 mPa s at ampli-
tude ξm = 10 μm (Fig. 3). At the initial moment of

spraying and in the course of 2 s of treatment, the
shape of the drop under spraying and the aerosol char-
acteristics do not change.

Based on computer processing of high-speed film-
ing frames, quantitative aerosol characteristics created
by the ultrasonic spraying of a drop have been
obtained. Figure 4 shows the aerosol concentration
and the average droplet size depending on the liquid
viscosity and the oscillation amplitude.
POLYMER SCIENCE, SERIES D  Vol. 16  No. 4  2023
The maximum aerosol concentration for the
amplitudes of 10 and 30 μm amounts to about 4.5%.
The presence of extremes in the graphs is, to all
appearances, caused by the optimal treatment mode for
a particular viscosity value. For an amplitude of 3 μm,
the maximum concentration amounts up to 0.3%.

The dependences of Sav on the viscosity of the liq-

uid and on the amplitude of oscillations have extremes
at the same points as is observed for the concentration,
which corresponds to the images presented in Fig. 2.
In this case, the difference between the largest droplet
sizes for different amplitudes is greater than 50%,
which is caused by the character of spraying. Thus, the
maximum droplet size is achieved for ξm = 10 μm and

μ =174 mPa s. In this case, the number of drops is
small, but most of them have the shape of trickles that
are large in size. In addition, some of the trickles can
consist of a number of bubbles that have been united
owing to a cumulative jet in the course of separation
from the spraying boundary. Therefore, the real size
values for ξm = 10 and ξm = 30 μm, most likely, are

close to each other.

The velocities of different-type aerosol droplets
depending on the viscosity of the liquid are presented
in Fig. 5.

Trickles have the maximum velocity for all the
amplitudes ranging-from 1 to 2.2 m/s. Large spherical



982 NIGMETZYANOV et al.

Fig. 5. The dependences of the (a) maximum velocity of aerosol droplets, (b) minimum velocity of aerosol droplets, and (c) velocity of
trickles on the viscosity of the liquid and the amplitude of oscillations: ξm = (1) 3, (2) 10, and (3) 30 μm.
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drops have a velocity ranging from 0.32 to 0.8 m/s,
whereas small, freely falling droplets have a velocity
ranging from 0.1 to 0.32 m/s.

CONCLUSIONS

Based on experimental studies consisting in spray-
ing a model liquid at different oscillation amplitudes
of the end of the ultrasonic emitter, upon high-speed
filming of the process and frame-by-frame computer
processing, it has been established that

— the parameters of the spray torch are determined
by the properties of the liquid and by the effects that
arise in the liquid depending on the mode of ultrasonic
impact;

— in the course of a liquid drop dispersing, three
types of aerosol droplets are formed, which consist in,
first, trickles formed under the action of cumulative
jets originating from the collapse of cavitation bubbles
moving at a maximum velocity; second, large spheri-
cal droplets formed as a result of liquid separation
from the spraying surface affected by a shock wave;
and, third, small droplets moving at a minimal velocity
PO
formed by splashing liquid during the formation of
other droplets;

— depending on the technological feasibility,
spraying can be performed with the use of two modes:
at a high aerosol concentration (up to 4.5%), with
droplets of different sizes and, at a low concentration
(up to 0.3%), with small droplets moving at a mini-
mum velocity.

The data obtained make it possible to choose a
mode of ultrasonic oscillations depending on the
properties of the liquid under spraying and the
required technical result, for example, the application
of functional coatings, including nanostructured ones.
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