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Abstract: Since COVID-19, clean indoor air has become more of a focus due to airborne
viruses. Conventional filters often fail to capture ultrafine particles. This work investigates
how standing ultrasonic fields manipulate aerosols for more efficient cleaning. Gor'kov theory
and FEM simulations used to evaluate the acoustic forces on particles. Experiments by light
refractive vibrometry and high-speed camera observations confirm the model quality.
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Introduction

Since the COVID-19 pandemic, the importance of
clean indoor air has gained renewed attention due
to airborne transmission of viruses and aerosols.
Conventional air purifiers often struggle to effectively
capture ultrafine particles and gaseous pollutants.
In this work, we explore the use of ultrasound not
merely for filtration enhancement, but specifically
to manipulate aerosol particles within an airstream.
By generating standing acoustic waves, particles can
be influenced and concentrated at defined positions,
enabling novel approaches to air purification. In the
first step, the study investigates the behavior of
particles in acoustic fields based on the analytical
Gor'’kov model and finite element simulations
(FEM). Theoretical investigations are compared
with experiments. Our aim is to demonstrate how
acoustic forces can be used to actively control aerosol
distribution in airflows and thus create the basis for
advanced cleaning technologies.

Methods and Calucations

To set the parameters for the calculations in a first
step, a wind tunnel including an acoustic resonator
chamber was designed. The top of the wind tunnel
of Fig. 1 consisted of an inlet (1), a flow straightener
(2), the acoustic resonator chamber (4) with connect-
ing pieces (3) and the fan (5), which drew in the
air. With the wind tunnel, it was possible to generate
disturbance velocities from 0 2 to 9 7.

The resonator chamber has been designed so that the
interior of the resonator can be observed using a cam-
era (VW 600C, Keyence Deutschland GmbH, Frank-
furt am Main, Germany) and a vibrometer (PSV 400M,
Polytec GmbH, Waldbronn, Germany).
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Fig. 1: Measurement setup for measuring the pressure
fields in the resonator chamber with the Laser Doppler
Vibrometer.
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In addition, there is an external recess in the base of
the resonator chamber to accommodate the ultrasonic
horn (UP200S, Hielscher Ultrasonics GmbH, Teltow,
Germany). The ultrasonic horn in conjunction with
a reflector of steel on the opposite side of the wind
tunnel is used to generate the standing wave field.
The following considerations were made to determine
the optimum distance between the reflector and the
ultrasonic horn.

For the theoretical predictions, the analytical model of
Gor'kov [1] is compared with FEM done by COMSOL
Multiphysics version 6.1. For resonance to occur, the
distance between the ultrasonic horn and the reflector
I, must be an integer multiple of half the wavelength
of the acoustic wave \. The wave number k for the
direction are defined as [1]-[3]:

k="" neN (1)

L.

The sound potential U, from which the acoustic pres-
sure and velocity can be derived, is defined in the
three spatial directions x, y, z as:

U(z,y,z,t) = % cos (an:r 1) cos (n;;ﬂ y> cos <2%z> sin(wt)

2
Whereas w is the angular frequency. The acoustic
velocity and pressure are then obtained by:

ou
p= *Pﬁ (3)

v = VU,

For small spherical particles R < A, the time-averaged
acoustic radiation force can be derived from the
Gor'kov potential U, 44, given by [1], [4]. [5]:

il _ 3f2
2Kair 4pair

47
Urad = ?RB <p2> <U2> (4)
The contrast factors f; and fy depend on the material
properties of the particle and the surrounding medium:

K 2 (Pp/pair—
fi=1-—", f2=2(p/p )
Rair pP/Pair+1(5)

Here R is the radius of the particle and the coefficients
f1 and f5 are dimensionless coefficients that take into
account the properties of the material (density p and
compression modulus k) of the particle (index p) and
the surrounding medium (index air). The brackets
(-) in Eq. (4) indicate time averages. The first term
in Eq. (4) f1/2 - Kair (p*) describes the effect of the
pressure field on the drop, while the second term
3 f2/4pair <v2> describes the dynamic effects due to
the movement of the medium. The acoustic radiation
force is then given by the gradient of the Gor'kov
potential:

—

Frad = _VUrad (6)
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For larger particles, the acoustic force can be calcu-
lated as [6], [7]:

Frga = — jé% K%&) - é’;é) 7 — p{(7 - 5)@] d1(4.)
7

For the force in the z-direction, the force contribution
F, is considered in more detail. Furthermore, the
spatial coordinates in the x- and y-directions are set
to zero F,"4(0,0, z) = F,. This writes the force in
the z-direction [8]:

3

1 k
7f2viaxpa;r—z) -sin(2k.z) (8)

1
F, = _TFRs _*flﬂairpfqax -
3 2 k2

Fy, max=const.

If one investigates Eq. (8), one can see that the force
field in the z-direction has twice the frequency of
the original pressure field [9]. Another statement
can be derived from Eq. (8). The force curve shows
that the acoustic force direction changes every \/4.
As a result, the acoustic force points sometimes
in and sometimes against the weight force, which
means that particles cannot form and accumulate in
every area of the pressure field. Particles can only
accumulate where the weight force is balanced by the
acoustic force.

To verify theoretical predictions without air flow,
standing wave fields are visualized using the refractive
vibrometry method [10] and nodes are visualized
using levitated droplets and a camera.

Results

To validate the FEM, the pressure field between
the ultrasonic horn and the resonator plate is first
simulated at various distances, including distances
outside the resonance condition. In addition, the
pressure field is determined experimentally using the
light refractive vibrometry method. The results can
be found in Fig. 2. As this is a qualitative comparison
of the pressure fields, no colour bar has been used.
The pressure free areas are shown in green. As can
be seen, a standing wave field is formed for the
distances [, =\ and [, =2X (Fig. 2 third and fourth
lines), because of the pressure bulges or pressure
troughs. At a distance of [, =8 mm (Fig. 2 first line)
an asymmetric spatial mode seems to form. At a
distance of [, =12mm (Fig. 2 second line) a weak
pressure bulge appears in the center. However, due to
the distance [, = N x % the condition of a standing
wave is not yet fulfilled, i.e. the pressure field has
no pressure bulges or pressure troughs and nodes.
The pressure fields of the experiments are in good
agreement with the predicted pressure fields by FEM.
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Fig. 2: Qualitative representation of the pressure fields
at different distances left from the experiment, right
from FEM model at various distances of the resonator
plates. The missing measurement window in the right-
hand corner of each experimental measurement was
removed from the measurement because the trigger
piezo was attached at this point and therefore no
measurement was possible at these points.

A closer look at the pressure fields predicted by the

analytical model and the FEM reveals a high degree
of similarity when compared with the experiments for
a resonator length of I, =\ or I, =2 \. Similar values
were found for the z-coordinates of the pressure bellies
and nodal points of the standing compression spring.
The compared values can be seen in Tab. 1.
Last particles in the form of water droplets are in-
troduced into the resonator. The arrangement of the
water droplets in the resonator can be seen at the
level of the nodal points if the FEM data is placed
next to them, see Fig. 3.

Tab. 1: Calculated node and extrema positions (in \)
for different models and resonator lengths 1.

Model

z positions (in \)

FEM [,=X\
Analytical I,=\
LDV [.=A\

FEM [,=2\
Analytical 1,=2X

LDV [,=2)

Nodes: 0.232, 0.751
Extrema: 0.492

Nodes: 0.25, 0.75

Extrema: 0.5

Nodes: 0.24, 0.79

Extrema: 0.52

Nodes: 0.254, 0.737, 1.24, 1.76
Extrema: 0.496, 0.987, 1.50
Nodes: 0.25, 0.75, 1.25, 1.75
Extrema: 0.5, 1.0, 1.5
Nodes: 0.25, 0.75, 1.25, 1.76
Extrema: 0.5, 1.0, 1.51
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Fig. 3: Levitated droplets in their stability points (left)
compared with the FEM pressure field |, = X\ (right).

Discussion

When analyzing the two-dimensional pressure fields
in Fig. 2 and comparing the LDV measurements with
the FEM, a good qualitative agreement between the
LDV measurements and the FEM simulation can be
observed. For the distance of 8 mm in Fig. 2, there
is a slight deviation between the FEM and the LDV
measurement. This deviation is due to the limitation
of the calculation space in the FEM model, which
does not prevail in the measurement.

The deviations in the position of the zero points
(nodes) and the extreme values (bellies) between the
theoretical pressure fields and the simulations listed
in Tab. 1 occur at all distances considered (I, = A
and I, = 2)\ ). The pressure field from the analytical
model assumes that the propagating waves are excited
by the entire width of the lower resonator plate and
thus have flat wave fronts over the entire width and
interfere from a standing wave in the resonator.
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Fig. 4: The force curves as a function of the radius
of the droplet are shown for each of the models. The
force resulting from the Gor'kov potential is shown as
a dashed line, with the dots representing the forces
resulting from the FEM model. Both forces curves
were evaluated at the point (x=0m, y=0m, z=32).
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In the pressure fields from the FEM and the pressure
fields from the LDV measurement, the pressure field is
excited by the tip of the ultrasonic horn with a limited
diameter of 14 mm, which causes waves with curved
wave fronts to propagate and thus waves with curved
wave fronts to intefere into a standing wave field.
This can be a cause that leads to the differences in
the model. Fig. 3 shows that the droplets accumulate
in the nodal points. However, a further estimation
between the Gor'kov model and the FEM (Fig. 4)
shows that with increasing particle size, an estimation
using Gor’kov is no longer possible to determine the
force influence on the droplets.

Conclusion

The aim of this work was to achieve acoustic air puri-
fication. For this purpose, a test rig was constructed,
the dimensions of which were then used to set up
analytical models, FEM and experiments to verify the
theoretical models. It was shown that the theoretical
pressure field can also be verified using light refract-
ive methods, which confirms the theory. It was also
possible to observe the influence of droplets using
a camera. Furthermore, it was shown that Gorkov's
model can be used for the design of small particles or
droplets, while FEM must be used for larger particles.
The next step will be to set up several or longer res-
onators based on these results and generate an air
flow charged with water dropletes in the test set-up.
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