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Abstract—The article analyzes the effect of dangerous aerosols on the human body. In order to purify the air from
aerosols, the effect of an electric field on them is considered. The electric and dielectrophoretic forces acting on submicron
particles in an inhomogeneous electric field of two parallel wires are calculated. It is shown that part of this field is identical
to the field between the wire and the grounded plate electrode located in the middle between the wires. This allows using
a known formula for the electric field of a two-wire line to calculate the field gradient and the effect of dielectrophoresis on
neutral particles. Smoke and dust particles already carry a negative charge, and a more or less uniform electric field is
enough to move them. To filter neutral water droplets infected with the virus, you need either a field with a large gradient
or a corona discharge. The paper shows that the polarization of particles in an electric field causes the particles to stick
together, and larger particles settle faster on the electrodes of the filter. The design of a transparent electrostatic precipitator

is proposed, which can be used to protect indoor air from external smoke, dust, or viruses.
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1. INTRODUCTION

In recent years, air quality, which determines human
health, has periodically deteriorated. Global climate
changes on the planet lead to frequent forest fires and dust
storms. Added to these disasters is the unprecedented
SARS-CoV-2 pandemic. In all these cases, aerosols car-
rying smoke, dust, or viruses are a risk factor for humans.

Air pollutants are gases and particles of inorganic and
organic origin. The air of the premises in which a person
spends most of his life significantly affects the quality and
duration of life. Air pollution kills over 7 million people
annually, with 3.8 million deaths (mainly women and
children) associated with the burning of solid fuels and
kerosene in domestic stoves [1]. In 2020, over 1.5 million
people became victims of coronavirus infection.

More than four decades ago, it became known about
the dangerous exposure of medical personnel to surgical
smoke generated during electrosurgical and laser proce-
dures [2]. The SARS-CoV-2 coronavirus pandemic has
led to a surge in research aimed at studying the effect of
nanoparticles on the human body. Aerosols have proven
to be potential carriers of viruses, bacteria, and toxic
organic compounds.

To protect the human respiratory system from hazard-
ous aerosols, air filters are used - from the simplest cloth
masks to complex multi-stage filtering systems. There are
three main methods of air purification - mechanical, elec-
trical, and chemical.

Mechanical air filtration is carried out through
fibrous, membrane, cloth, and granular filters. Usually,
the air is first pre-filtered from particles larger than
2.5 um, and then the air is filtered from smaller particles.
The best in this ratio are HEPA filters with 99.99% effi-
ciency for 0.3 um particles and ULPA filters capable of
intercepting 99.999% of 0.1 um particles [2]. These fil-
ters are folded "accordion" sheets of fibrous material (thin
paper or fiberglass), through which air is pumped using
fans. For nanoparticles, the electrostatic interaction of
particles with the filter material plays a significant role.

In the most advanced systems, after mechanical air
purification, chemical purification is also carried out by
passing air through an activated carbon filter, which
absorbs gases of high-molecular organic compounds with
its pores. To filter low molecular weight compounds,
chemisorbents (aluminum oxide and silicate, potassium
permanganate) are used, which bind water molecules
with gas molecules and decompose the latter into harm-
less substances. Another type of chemical filtration is
the photocatalytic decomposition and oxidation of toxic
aerosols on the catalyst surface under the action of ultra-
violet radiation.

Electrical filtration usually involves the electrification
of aerosols using a corona discharge (electrostatic or
pulsed), ignited on wire or needle electrodes with a volt-
age of the order of ten kilovolts, and the subsequent dep-
osition of charged particles on the plate electrodes. In syn-
thetic air filters, electrostatically charged synthetic fibers
with a diameter of 0.01-100 pm are used, on which
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a charge can be applied by a triboelectric or induction
method, or using a corona discharge [3].

The high voltage of the corona electrodes in electro-
static filters leads to the generation of ozone, which at
high concentrations causes inflammation of the airways.
For electrostatic filters, the requirement for ozone gener-
ation is not higher than 0.05 ppm.

The airflow at the inlet surface of the filter usually has
a velocity of the order of 0.1 m/s. The input stream can
contain both electrically charged particles and uncharged
ones. Charged particles appear in the atmospheric air near
the Earth's surface due to their ionization by cosmic radi-
ation, high-energy protons that appear during solar flares,
and the decay products of radioactive radon contained in
soil, granite, and water. During the period of calm Sun,
the main ionizer of the surface air is radon-222, which has
a half-life of 3.8 days. The rate of radon ionization
strongly depends on weather conditions and terrain and
can vary within wide limits, reaching values of the order
of 10 ions-cm=3-s7! [4].

It has long been known that dust and smoke particles
less than 2.5 um in size have a detrimental effect on
the human body. If larger particles are intercepted by
the nasopharynx and bronchi and excreted from the body
with a runny nose and cough, then smaller particles pen-
etrate deep into the lungs, causing the release of reactive
oxygen species by the cells of the alveoli and oxidative
damage to the lungs. This provokes the development
of severe forms of pneumonia and cardiovascular
diseases [5].

II.  ANALYSIS OF AEROSOLS AS POTENTIAL
CARRIERS OF VIRUSES

Acrosols are predominantly solid or liquid dielectric
particles. Airborne solid particles or water droplets are
potential carriers of viruses. Aerosols that pose a threat to
human health are submicron particles of smoke, dust, and
water droplets with organic substances dissolved in them.
Consider how viruses can spread in the air.

Infected water droplets. Research into the spread of
respiratory droplets through the air is over 120 years old.
Until the 40s of the last century, such parameters of res-
piratory droplets as size, velocity, times of evaporation
and settling, as well as propagation distance were mainly
investigated. The results of these studies were analyzed
and summarized in [6]. According to these studies, 95%
of respiratory droplets are in the range of 2—100 pm, with
the most common droplets being 4-8 um in diameter. In
the process of settling, water evaporates, and droplet
cores are formed, 97% of which are in the range of 0.25—
12 um, most often 1-2 um. The settling time of 90% of
the droplet nuclei ranges from 30 to 60 min, but the small-
est nuclei can remain in the air for up to 30 hours [6].

Modern studies show that in a sick person the size of
water droplets produced during breathing, talking and
coughing varies within 0.05-10 pm, in a healthy person
— in the range of 0.1-16 um [7].

The droplet cores are 20-34% smaller than the origi-
nal respiratory droplets. Droplet nuclei contain electro-
lytes, sugars, enzymes, DNA, epithelial debris, and white

blood cells. The density of the nuclei is approximately
1.3 g/lem? [8].

Smoke particles. The main sources of smoke are ther-
mal power plants, various industrial furnaces that burn
fuel, internal combustion engines, forest fires and active
volcanoes. The permissible level of particulate matter
emissions from thermal power plants is 30 mg/m?. In
addition to solid particles, smoke also contains combus-
tion gases. These gases are especially dangerous in indoor
fires.

Dust particles. The most powerful source of dust is
dust storms arising from soil erosion in desert and steppe
regions and sometimes having global consequences. Coal
dust appears in mines during coal mining, and has long
been the cause of premature deaths of miners.

Pollen grains. Recent studies have shown that during
the flowering period, pollen from plants can also carry
the coronavirus. For example, willow pollen, which
grains are about 30 pum in size, even at a wind speed of
1.1 m/s, will cover in 1 minute a group of about 100 peo-
ple, located within 20 to 40 m from the willow [9]. Even
with a social distancing distance of 2 m, the presence of
people with coronavirus in a group can lead to infection
of a significant part of the group. Note that the effect of
pollen on the human body has been studied mainly from
the point of view of allergic reactions (during the flower-
ing period, only in the United States, hay fever affects 20
to 40 million people). Most grasses have pollen with
a grain size of 20-30 pum, and the wind can also lift them
into the air and turn them into potential carriers of
the coronavirus.

Viruses and bacteria. Viruses and some types of bac-
teria are in the range of 10-300 nm [10]. Viruses are die-
lectric particles that can adhere to electrified particles of
air pollutants. 1 m? of air can contain up to 10° such par-
ticles [11]. The density of many viruses is approximately
0.5 g/cm’.

The viroid Covid-19 has a size of 125 nm and its car-
riers can be not only water droplets in the breath of a sick
person but also nanoparticles of dust or smoke, including
cigarette smoke.

I1II. ELECTRIZATION OF AEROSOLS

Electrostatic air filtration requires the electrization of
uncharged particles using ionizers. Some aerosols already
carry a positive charge and do not need ionization. These
include aerosols such as dust, cigarette smoke, pollen,
mold spores, and bacteria.

In good weather, 1 cm? of air at sea level contains
2000-3000 ions of both polarities. During a thunder-
storm, the number of negative ions can increase up to
14000, and positive — up to 7000. Smoking one cigarette
indoors can reduce the number of negative ions to 10-100
[12].

There are several mechanisms for the electrization of
aerosols. Let's analyze their natural and artificial sources.

Radioactive decay. The decay products of radioactive
radon-222 are the main ionizer of the near-surface air dur-
ing the quiet Sun period. Radon-222 has a half-life of
3.8 days and is found in soil, granite, and water. The rate
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of radon ionization strongly depends on weather condi-
tions and terrain and can vary within wide limits, reaching
values of the order of 10 ions-cm=-s7! [4].

Solar flares and cosmic radiation. Charged particles
appear in the atmospheric air near the Earth's surface due
to their ionization by cosmic radiation and high-energy
protons that appear during solar flares.

1V. CORONA DISCHARGE

One of the methods for transferring charge to neutral
dielectric particles is the excitation of a corona discharge
in air. For a corona discharge to occur in air, the electric
field near the electrode must be inhomogeneous and
exceed the value of the dielectric strength of air under
normal conditions, i.e. 3 kV/mm. To create such a field,
electrodes in the form of a thin wire or a tip are usually
used. In electrostatic air filters, a corona discharge is usu-
ally ignited between the wire cathode and plate anodes by
applying a potential difference in excess of 10 kV across
them. Primary ions located near the cathode are acceler-
ated by a strong electric field and cause the impact ioni-
zation of air molecules and particles, contributing to
the development of electrical breakdown of air near
the cathode. In this case, the generation of ozone is an
undesirable effect.

To determine the electric field between the wire and
plate electrodes, we first consider a symmetric electrode
system of two parallel wires of diameter w, separated by
a gap 2D. The electric field of a single wire of length L
carrying a charge Q decreases in inverse proportion to
the distance z [13]:

__ 9
Y 2megeglz

where g, and g are the dielectric constant of the air and
the electric constant.
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Fig. 1. The electric field between parallel wires W1 and W2 with
a diameter of 50 pum, located at a distance of 20 mm, with different volt-
ages on them. Grounded plate P, located in the middle between elec-
trodes, does not distort the field.

The field between two parallel wires at a distance 2D
at a constant voltage U is the vector sum of the fields of
the individual wires. Taking into account that, we have

E=Ep-Ep=
-2 L __
ZTESHSOL(Z+D) ZTcsasoL(z—D)

CUz

nsasoL(zz —DZ)'
Such a system of electrodes has a capacitance [13]
_ mg,gol
In(2D/w)’
Substituting this expression into formula (1), we obtain
Uz
In(20/w)(* -D?)

E(z) = 2

The distribution of the electric field between wires
with a diameter of w = 0.05 mm at a distance between
them 2D = 20 mm and at different voltages U on them is
shown in Fig. 1. The choice of voltages for determining
the electric field near the wires will become clear from
the subsequent analysis.

In the middle between the wires, at the point z = 0,
the field strength takes on a zero value. If you place
a grounded plate electrode at this point, then the type of
field will not change, and the potential difference between
the wire and the electrode will become equal to U/2.

Fig. 2 shows the distribution of the same electric field
as in Fig. 1, but in this case, it is the field between the wire
and plate electrodes, in the immediate vicinity of
the corona wire. The plate electrode is placed in the plane
of the zero potential of the electric field shown in Fig. 1.

El(z)
E2(z)

E3(z)

Electric field, voltmeter

Distance from the corona electrode surface, meters

Fig. 2. The electric field near a 50-um wire electrode at different volt-
ages between it and a 10 mm wide plate electrode spaced 10 mm apart;
Az.— the corona discharge length
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The dotted line in Fig. 2 is constructed for an inte-
relectrode voltage of 450 V, at which the breakdown field
strength is achieved only at the surface of the corona wire
electrode. According to the average curve plotted for
a voltage of 4500 V, the breakdown field strength exists
in the near-surface layer of the corona electrode with
a thickness of 100 pum. The upper curve is plotted for an
initial corona voltage of 3300V, calculated using
the Peak formula [14]:

U, :3.1-1066r[1+ 0'0308}1{]3),

Jor ) \er

where 3 is the relative density of air (for normal condi-
tions & = 1); r is the radius of the wire electrode (in
meters); D is the distance between the wire and plate elec-
trodes (in meters). This curve shows that the breakdown
field strength extends up to a distance of 160 pm from the
surface of the corona electrode. This is probably the dis-
tance at which the avalanche process of multiplication of
charge carriers due to impact ionization leads to the igni-
tion of a corona discharge. Note that Peak called the ini-
tial corona field strength "visual critical voltage gradient"
and noted that this field strength was much higher than
the breakdown one.

According to formula (2), the field strength on
the surface of the wire electrode at the initial corona volt-
ageis 2.2-107 V/m.

The mean free path of air molecules under normal
conditions is 68 nm [15], and electrons, according to
the kinetic theory of gases, have a long free path, that is,
385 nm. According to the distribution of the electric field
near the corona electrode, shown in Fig. 2, the field
strength at such a distance changes by only 1.6%, which
makes it possible to find the potential difference along
this path for the upper curve as

(2.2:10" V/m)(3.85-10 " m) = 8.5 V.
When accelerating in a field with such a potential differ-
ence, an electron gains energy of 8.5 eV, but this energy
is not enough to ionize gas atoms, which all have ioniza-
tion energy above 13 eV. However, particles carrying two
or more elementary charges have sufficient energy to ion-
ize.

Consider the forces acting not only on the electron but
also on other particles located near the corona electrode.

V. ANALYSIS OF FORCES ACTING
ON AEROSOLS

The movement of aerosols occurs in a field of forces
of various natures arising from the presence of gravity,
pressure, and temperature gradients, as well as electric
and magnetic fields.

In the absence of an electric field gradient, the station-
ary sedimentation rate of an electrically neutral spherical
particle of diameter d, and density p can be found from

the equation F, —Fg =0, whereF, = ndipg/6 is
the gravitational force and Fg, =3nd ,mV} is the Stokes

force (here g is the acceleration of gravity, n is the viscos-
ity of air). From these relations we find

_pdyg
18n

Let us find the settling rates of water droplets of dif-
ferent sizes. For the calculation, we will use the following
parameter values: air temperature 7= 293 K, gravitational
acceleration 2=9.8l1 m/s?, water density
pw = 10% kg/m?, and air viscosity 1 = 1.82-107° kg /(m"s).
Substituting these data into formula (3), we find that
the sedimentation rates of droplets with a diameter of 0.1,
1.0, and 10 pm are 3-1077, 3-1075 and 3-10~> m/s, respec-
tively.

" 3

Nanoparticles about 100 nm in size can float in indoor
air for up to several days, participating in the Brownian
motion of air molecules. In models of air exchange in
rooms, the authors often take for particles 1 um in size,
the settling rate equal to 10 m/s [16]. These circum-
stances should be taken into account when analyzing
the migration of viruses, such as Covid-19, indoors.

When a sick person speaks loudly, several thousand
virus-infected droplets up to 20 pm in size appear in
the air in 1 sec. After dehydration, they form nuclei with
a diameter of about 4 um [17]. Effective means of com-
bating them are frequent ventilation of the room, electro-
static air filtration, and ultraviolet irradiation of the room.

The electric field E between parallel plate electrodes
of the same size, located at a distance D from each other,
is determined by the potential difference U applied to
them, namely £ =U/D , the magnitude of the charge O

on the electrodes depends on a given potential difference
U on the capacitance of this pair of electrodes
C =g,ggwL/D . The field between the electrodes can be

considered uniform and depends only on the distance
between the electrodes.

In the case of a decrease in the width of one of
the electrodes from w; to w,, for the law of conservation
of charge to be fulfilled, the equality

v om
E()D W2 .

It follows from the last relation that it is possible to
achieve a breakdown field strength of 3 kV/mm in air un-
der normal conditions even at a potential difference of
100 V, if in a system of two parallel plate electrodes
located, for example, at a distance of 10 mm, one of
the electrodes has a width 10 mm and the other is less than

30 microns. If w; = 10 mm and w, = 10 microns, we get
B =1000.

B=

An electric field of strength E(z) near the corona elec-
trode determines the electric force F.; and dielectropho-
retic force Fpgp acting on the particle.

The electrical force is determined by the expression

Fr (z)zMeE(z), 4)

where e is the elementary charge and M is the relative
charge of the particle (expressed in e). This force acts
only on charged particles, and it does not matter whether
the field is uniform or non-uniform. A homogeneous field
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practically does not act on a neutral particle of a spherical
shape, since electric forces balance each other on
the same volume charges of the opposite sign, which
appeared in the particle due to polarization. This equilib-
rium will obviously be violated for particles of an asym-
metric shape. Fig. 3 shows the dependence of the electric
force on the distance to the corona electrode for particles
with different charges.

In an inhomogeneous field near the corona electrode,
a dielectrophoretic force acts on the particle, directed
towards an increase in the field strength [18],

3

nd)e g0 €, —¢€
pZa?0| Tp "4 \yp2, (35)
4 &, +28,

Fpep =

where ¢, and g, are the dielectric constants of the particle

material and air, g is the electric constant, VE Zis
the gradient of the square of the electric field strength.

The gradient of the square of the electric field strength
between the wires (along the Z-axis), based on formula
(1), can be represented as

o/ » oy 2(22+D2)
g( ):1n2 2D/w) (2 2\
( / )(z -D )

The dielectrophoretic force, taking into account for-
mulas (1) and (5), takes the form

2 2
—nd;’,sasoUz €, — €, Z(Z +D)

- (6
21n? (2D/w) | &, + 22, (Zz_D2)3 ©

Fpgp

Fig. 4 shows the dependences of the dielectrophoretic
force acting on particles of different diameters on the dis-
tance to the corona electrode.

Fig. 5 shows the dependences of the ratio of dielectro-
phoretic and electric forces acting near the corona elec-
trode on water droplets with a diameter of 1 pm with dif-
ferent charges on the distance to the corona electrode.

The dielectrophoretic force is directed towards
a higher field strength, i.e. towards the corona electrode,
and the magnitude of the dielectrophoretic force does not
depend on the particle charge. On a particle with a diam-
eter of 1 um, the action of the electric force at the elec-
trode surface is 75 times weaker than the dielectropho-
retic force, and the forces are compared either at M = 75
or at M =1 at a distance of 80 um, where the dielectro-
phoretic force becomes 2 orders of magnitude less than
that of the electrode surface. This follows from the anal-
ysis of formulas (4) and (6).

Let us consider the motion of positively charged par-
ticles with a diameter of 0.5, 1.0, and 1.5 um near
a corona electrode. within 1 p from its surface, where
the dielectrophoretic force changes by 11% and it can be
considered constant with average values of 31, 245, and
829 pN, respectively. The electrical force in this segment
can be neglected. When the particle moves, the dielectro-
phoretic force will be counteracted by the inertia force
F,, and the air resistance force (Stokes force) Fs;. At any

time along the Z-axis, the condition of the dynamic bal-
ance of forces will be maintained:

Fppp = Fyg = Fg =0.

=107
= 4x1071
= 10e
H
2 Fell(z) i1
g Feim
S ORB@ 40 se
2 =
=
&
- 1x107"
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o N
0 2410 210 610 810 1x107°

Distance from the corona electrode surface, meters

Fig. 3. The dependence of electrical force on distance to the corona elec-
trode at different particle charges (parameters of the electrode system
are the same as in Fig. 2)

1107
810719
Fdepl(z) 6><lD_m

Fdepl(z)

Fdep3(z) 4><lD’m

Dielectrophoretic Force, newtons

Distance from the corona electrode surface, meters

Fig. 4. Dependence of dielectrophoretic force on the distance to
the corona electrode for particles of different diameters (parameters of
the electrode system are the same as in Fig. 2)
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Fig. 5. Dependence of the ratio of dielectrophoretic and electrical forces
acting on differently charged micron droplets from the distance to the
corona electrode surface
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Let’s rewrite this condition as

nd>p dv.
6pp tz +3TCT]deZ +FDEP =0.

We obtain an ordinary differential equation of the first
order of the form

Ay'(x)+ By(x)+ Fpgp = 0.

The solution of this equation, provided that y(0) = 0,
is the function

y(x)= F—I;[exp[—ng—l}

which, after substituting the expressions for the coeffi-
cients 4, B and Fpep gives the dependence of the particle
velocity along the direction of the force action on time:

V. (t):ﬂ l—exp _18_nt ) @)
: 3nnd 2
m p pdp

The plots of this dependence for different particle
sizes are shown in Fig. 6, where the density of water is
taken for the density of particles (p = 1000 kg/m?).
The densities of other aerosols can be either less than
the density of water (for smoke particles 500-600 kg/m3,
for soil particles 800-900 kg/m?) or higher (for sand
grains 1450-1550 kg /m?).

The kinetic energy acquired by the particles under
consideration near the corona electrode under the action
of the dielectrophoretic force is sufficient to ionize atoms
in molecules of any gases. For example, if a particle with
a water density and a diameter of 0.5 um acquires energy
of 26.4 eV near the corona electrode (in a field of
2.2-107 V/m), then the energy of a particle with a diame-
ter of 1 pm becomes already equal to 3346 eV, which
makes multiple ionization possible.

5
g 4
L]
= dp=1.5pum
3
2 w01t
EERIG)
E —
S 030,
5 =7
= 1.0 pm
B
=
£ 1
- 0.5 um
G - -
0 1x107° 2107 310 4210 510

Time, seconds

Fig. 6. Time dependencies of the velocity of singly ionized particles of
different diameters in an electric field 2.2-107 V/m near the corona elec-
trode

Vi. AEROZOLS MOVEMENT NEAR
THE CORONA ELECTRODE

Let us find the stabilization time ¢ of the velocity at
the level of 0.99 from the stationary value. This means
that the expression in square brackets in formula (7) must

satisfy the condition 1—exp(—18ntst /pdf,):o.99,

whence we get
0.26pd

n
For particles with a water density and a diameter of
0.5, 1.0, and 1.5 um, the velocity stabilization times are
3.6, 14.3, and 32.1 ps, respectively.

t ®)

st

From formula (8) it can be seen that the time of stabi-
lization of the particle velocity is not affected by the force
F applied to it, unless, of course, the force changes too
quickly in space. Let us estimate how far the particle will
travel in time f, with an average velocity equal to half
the stationary velocity V, = Fppp /31'cnd ’x

1.4-107% Fppppd
L, = 2DEPP r )
n

As can be seen from formula (9), this path is propor-
tional to the size of the particle, its density, and the force
applied to it. For singly ionized particles with a water den-
sity of 0.5, 1.0, and 1.5 um in diameter and in a field of
2.2:107 V/m near the corona electrode, the particle path
Lg will be 0.66, 1.31, and 1.97 pum, respectively. These
values can be regarded as a rather rough estimate of
the distance at which the particle velocity stabilizes, be-
cause, for example, in the case of a particle with a diam-
eter of 1.5 pum, the dielectrophoretic force at a distance of

2 pm from the electrode surface decreases by 21%.

Note that the polarization of dielectric particles in an
electric field can lead to the attraction of electric dipoles
induced in them and the fusion of particles, for example,
the fusion of water nanodroplets with each other, as well
as with nanoparticles of dust, smoke, and viruses. As it
follows from formulas (6) and (7), enlarged drops settle
faster on the electrodes.

In modern designs of electrostatic filters, needle-
shaped corona electrodes are mainly used, which is due
to the fact that the tip provides a higher field amplification
factor B than a wire of extremely small diameter.
The magnitude of the field at the electrode surface in-
creases with an increase in the curvature of the surface,
and the radius of curvature of the tip can be several orders
of magnitude smaller than the radius of the thinnest wire.

If the shape of the tip is approximated by a half of an
ellipsoid (Fig. 7), then for a separate such electrode
located on a flat conducting surface, the field amplifica-
tion factor is determined by the relation [8]

2h/r

b= log(4h/r)-2"

(10)
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Fig. 7. Side view of the corona electrode
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where / is the height of the needle electrode, r is
the radius of curvature of the surface at the top of the elec-
trode. When //r =50 formula (10) gives B =332.

The current density from the tip can be found using
the Fowler-Nordheim formula [8]

j_quZUz [ k2D
oD? pU

where ki and k; are the Fowler-Nordheim coefficients,
@ is the work function of the tip material, D is the dis-
tance between the electrodes. In this formula, the coeffi-
cients have the following values: k£1=1.56-10° A-eV-V?2,
k=6.83-107 V-eV*>?>-cm™. Fig. 8 shows the dependence
of the current density on the interelectrode voltage for dif-
ferent ratios h/r. The work function of the material of
the pointed electrode is taken to be 4.5 eV, which is close
to the values of @ for such metals as Cu, Al, Fe, Zn,
and W.

B

Note that the Fowler-Nordheim formula describes
the current density only from the very top of the tip, i.e.
at the point where the surface has a minimum radius of
curvature. This current density is a kind of maximum
value in the dependence of the current density on
the radius of curvature of the surface. With distance from
the top, the local electric field strength near the tip elec-
trode decreases, and the corona discharge current
decreases.

Let us estimate the magnitude of the electric charge of
the droplets since it determines the rate of deposition on
the electrodes of droplets carrying viruses and, ultimately,
the efficiency of filtration.

The maximum drop charge gR (the so-called Rayleigh
limit) is determined from the equilibrium of surface com-
pression forces (surface tension) and surface tensile
forces (due to repulsion of the same surface charges),
which leads to the expression [19]

3
qp = nJSsOydp,

where v - surface tension; for water y = 0.0727 N/m at
a temperature 7=293 K.

Let us express the Rayleigh limit in units of elemen-
tary charge, i.e. in the form of a relationship

_qp_m 3
Tre =7 = g \BE0Yp-

Hence, we find that the maximum charge of a water
droplet with a diameter of 1 micron is 4.5-10* e. When
this charge is exceeded, droplet fission occurs.

Vil. WINDOW CONSTRUCTION WITH
ELECTROSTATIC AIR FILTRATION

In the design of the window electrostatic filter, it is
proposed to use a lattice of narrow plates made of trans-
parent plastic, for example, PMMA or polycarbonate, on
which wide strip transparent indium tin oxide (ITO) elec-
trodes and narrow metal strips with pointed cathodes are
applied, as shown in Fig. 9.
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The choice of materials and geometry of electrodes
requires further research. The main mechanisms for
the destruction of a pointed cathode are overheating and
melting of the tip, as well as its ion bombardment. Cur-
rently, pointed cathodes are made mainly of tungsten,
which is able to withstand the high temperatures of
the cathode tip. A possible replacement for metal cath-
odes can be silicon carbide, which has high hardness and
temperature resistance. Pointed cathodes made of carbon
nanotubes and silicon nanowires are also promising.

The fundamental difference between the proposed
window filter design and existing electrostatic filters is
that the filter is transparent to light and sound, which
allows it to be used both in the windows of premises and
in the client windows of various institutions that separate
employees and visitors.

Note that attempts have already been made to create
a transparent window filter. In particular, a design of
a transparent window filter based on a mesh of polyacry-
lonitrile fibers with a diameter of 200 nm and approxi-
mately the same mesh size was proposed. The filter had
a transparency of 77% and removed 98.7% of particles
larger than 2.5 pm from the airflow [20].

The selection of the operating voltage of the filter
largely depends on the shape of the corona electrode and
the distance between the electrodes. The curvature of
the surface of the corona electrode determines the field
amplification factor and the magnitude of the dielectro-
phoretic force, and the distance between the electrodes
determines the magnitude of the electrical one. At dis-
tances, less than 30 pm, a dependence of the field gain on
the distance appears . [21]

CONCLUSIONS

Currently produced electrostatic air filters provide
protection against dangerous submicron particles, but
their design does not allow direct visual and audio con-
tact, for example, between visitors and employees of var-
ious institutions. Protective masks used today make
breathing difficult, and replacing mechanical filtration
with electrostatic filtration would solve this problem.
Note that individual respirators with electrostatic filtra-
tion solve the problem in part, as there remains the possi-
bility of particles getting on the mucous membrane of
the eyes.

The influence of electric and dielectrophoresis forces
on the motion of submicron particles near the corona elec-
trode is considered in the article. The corona discharge,
on the one hand, is necessary for the electrification of
neutral particles for the purpose of their electrostatic fil-
tration, and on the other hand, at the voltage on a corona
electrode over 10 kV, the clectrostatic filter becomes
the ozone generator. It is known that the accumulation of
ozone in the room can cause inflammation of the respira-
tory system and act as a carcinogen on the human body.

Dust and smoke particles carry a positive charge and
can settle on the electrodes without the participation of
the corona discharge. Neutral water droplets carrying
viruses are electrified by the corona discharge and also
settle on the electrodes. Polarization of dielectric aerosols
can lead to their attraction and enlargement, and
the enlarged particles settle faster on the electrodes.

Although the principle of electrostatic air filtration
has been known for almost two centuries, its design solu-
tions are constantly being improved and are far from
optimal. New materials, new technologies, new areas of
application open up a wide field of activity for researchers
and designers, which, in the end, will allow a person to
breathe clean air even in adverse conditions.

REFERENCES

[1] "Household air pollution and health", WHO, 2021. [Online].

Available:  https:/www.who.int/en/news-room/fact-sheets/de-
tail/household-air-pollution-and-health [accessed: Sep. 22,
2021].

[2] N. G. Mowbray et al., “Safe management of surgical smoke in
the age of COVID-19,” BJS, vol. 107, no. 11, OUP, pp. 1406—
1413, May 03, 2020. DOI: 10.1002/bjs.11679.

[3] C.-S. Wang, “Electrostatic forces in fibrous filters—a review,”
Powder Technol., vol. 118, no, 1-2, Elsevier BV, pp. 166-170,
Aug. 2001. DOI: 10.1016/s0032-5910(01)00307-2.

[4] K. Golubenko, E. Rozanov, I. Mironova, A. Karagodin, and
1. Usoskin, “Natural Sources of Ionization and Their Impact on
Atmospheric Electricity,” Geophys. Res. Lett., vol. 47, no. 12,
AGU, Jun. 18, 2020. DOI: 10.1029/2020¢1088619.

[51 J. O. Anderson, J. G. Thundiyil, and A. Stolbach, “Clearing
the Air: A Review of the Effects of Particulate Matter Air Pollu-
tion on Human Health,” J. Med. Toxicol., vol. 8, no. 2, SSBM
LLC, pp. 166-175, Dec. 23, 2011. DOI: 10.1007/s13181-011-
0203-1.

[6] J.P.Duguid, “The size and the duration of air-carriage of respir-
atory droplets and droplet-nuclei,” Epidemiol. Infect., vol. 44,
no. 6, CUP, pp. 471-479, Sep. 1946.

DOI: 10.1017/s0022172400019288.

[71 H.Zhang, D.Li, L. Xie, and Y. Xiao, “Documentary Research of
Human Respiratory Droplet Characteristics,” Procedia Eng.,
vol. 121. Elsevier BV, pp. 1365-1374,2015. DOI: 10.1016/j.pro-
eng.2015.09.023.

[8] V. Stadnytskyi, C. E. Bax, A. Bax, and P. Anfinrud, “The air-
borne lifetime of small speech droplets and their potential im-
portance in SARS-CoV-2 transmission,” Proc. of the Nat. Acad.
of Sci., vol. 117, no. 22, PNAS, pp. 11875-11877, May 13, 2020.
DOI: 10.1073/pnas.2006874117.

[9] T. Dbouk and D. Drikakis, “On pollen and airborne virus trans-
mission,” Phys. Fluids, vol. 33, no. 6, AIP Publishing, p. 063313,
Jun. 2021. DOI: 10.1063/5.0055845.

[10] Y. Liu et al., “Aerodynamic analysis of SARS-CoV-2 in two
Wuhan hospitals,” Nature, vol. 582, no. 7813, SSBM LLC,
pp. 557-560, Apr. 27,2020. DOI: 10.1038/s41586-020-2271-3.

[11] A. Seaton, D. Godden, W. MacNee, and K. Donaldson, “Particu-
late air pollution and acute health effects,” Lancet, vol. 345,
no. 8943, Elsevier BV, pp. 176-178, Jan. 1995.

DOI: 10.1016/50140-6736(95)90173-6.

[12] S. L. Daniels, “‘On the ionization of air for removal of noxious
effluvia’ (Air ionization of indoor environments for control of
volatile and particulate contaminants with nonthermal plasmas
generated by dielectric-barrier discharge),” IEEE Trans. Plasma
Sci. IEEE Nucl. Plasma Sci. Soc., vol. 30, no. 4, IEEE, pp. 1471—
1481, Aug. 2002. DOI: 10.1109/tps.2002.804211.

[13] J. D. Jackson, Classical Electrodynamics, 3rd ed. Hoboken, NJ,
USA: Wiley, 1998. ISBN 978-0-471-30932-1

[14] E. Peek, Dielectric phenomena in high voltage engineering, 3rd
ed. New York, NY, USA: McGraw-Hill, 1929.

[15] S. G. Jennings, “The mean free path in air,” J. Aerosol Sci.,
vol. 19, no. 2, Elsevier BV, pp. 159-166, Apr. 1988.

DOI: 10.1016/0021-8502(88)90219-4.

®
@J Copyright (c) 2021 [TaxomoB A. A., bes3a I. O., Hamrok B. O.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.mea.241775
https://www.who.int/en/news-room/fact-sheets/detail/household-air-pollution-and-health
https://www.who.int/en/news-room/fact-sheets/detail/household-air-pollution-and-health
https://doi.org/10.1002/bjs.11679
https://doi.org/10.1016/s0032-5910(01)00307-2
https://doi.org/10.1029/2020gl088619
https://doi.org/10.1007/s13181-011-0203-1
https://doi.org/10.1007/s13181-011-0203-1
https://doi.org/10.1017/s0022172400019288
https://doi.org/10.1016/j.proeng.2015.09.023
https://doi.org/10.1016/j.proeng.2015.09.023
https://doi.org/doi:%2010.1073/pnas.2006874117
https://doi.org/10.1063/5.0055845
https://doi.org/10.1038/s41586-020-2271-3
https://doi.org/10.1016/s0140-6736(95)90173-6
https://doi.org/10.1109/tps.2002.804211
https://doi.org/10.1016/0021-8502(88)90219-4

ISSN 2523-4455. MicrosystElectronAcoust, 2021, vol. 26, no. 3

240743-9

[16] L. L. Yuan, “Sheltering effects of buildings from biological
weapons,” Sci. Glob., vol. 8, no. 3, Informa UK Ltd., pp. 329—
355, Jan. 2000. DOI: 10.1080/08929880008426481.

[17] V. Stadnytskyi, C. E. Bax, A. Bax, and P. Anfinrud, “The air-
borne lifetime of small speech droplets and their potential
importance in SARS-CoV-2 transmission,” PNAS, vol. 117,
no. 22, pp. 11875-11877, May 13, 2020.

DOI: 10.1073/pnas.2006874117.

[18] H H. A. Pohl, Dielectrophoresis: The behavior of neutral matter
in nonuniform electric fields. Cambridge, NY, USA: Cambridge
Univ. Press, 1978.

[19] Lord Rayleigh, “XX. On the equilibrium of liquid conducting
masses charged with electricity,” Lond. Edinb. Dublin philos.
Hapiiima no penakuii 25 Bepecns 2021 p.
Hpuiinara no apyky 17 rpyauns 2021 p.

mag. j. sci., vol. 14, no. 87, Informa UK Ltd., pp. 184186, Sep.
1882. DOI: 10.1080/14786448208628425.

[20] C. Liu et al., “Transparent air filter for high-efficiency PM2.5
capture,” Nat. Commun., vol. 6,no. 1, SSBM LLC, Feb. 16, 2015.
DOI: 10.1038/ncomms7205.

[21] R. C. Smith, R. D. Forrest, J. D. Carey, W. K. Hsu, and
S. R. P. Silva, “Interpretation of enhancement factor in nonplanar
field emitters,” 4 Appl. Phys., vol. 87, no. 1, AIP Publishing,
p. 013111, Jul. 04, 2005. DOI: 10.1063/1.1989443.

—

<) @
@ﬁ Copyright (c) 2021 ITaxomoB A. A., bersa 1. O., Haziok B. O.

eVLOY e CSHy-¢T6T/SES0C 01 - 10d


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.20535/2523-4455.mea.240743
https://doi.org/10.1080/08929880008426481
https://doi.org/10.1073/pnas.2006874117
https://doi.org/10.1080/14786448208628425
https://doi.org/10.1038/ncomms7205
https://doi.org/10.1063/1.1989443

DOI: 10.20535/2523-4455.mea.241775

241775-10 Mikpocuctemu Ta (pi3uyHa EIEKTPOHIKA

VJIK 621.43.038.771

B1KHO 3 €JIEKTPOCTaTUYHUM 3aXHCTOM
B1J ITHJTY, UMY Ta BIPYCIB

IMTaxomos! A. A., ORCID 0000-0003-3457-008X

Besza'I. O., ORCID 0000-0002-4015-1765

Yamrox® B. O., k.1.H. go1., ORCID 0000-0003-0063-6079

Kadenpa enekrpoHHUX MPUCTPOIB Ta cucTteM https://eds.kpi.ua/

HamioHasHUN TeXHIYHUH YHIBEpCUTET Y KpaiHU

"KuiBcbkuil mositexHiqnuii incTutyT iMeHi Iropst Cikopebkoro" ROR 00synSv21
KuiB, Ykpaina

AHoTanis—Y CcTaTTi pO3IVIAHYTO 2ep030.1i NIPUPOIHOIO Ta IITYYHOIr0 MOXOIKeHHs, IKi MOKYTh OyTH Hede3NeuHi 115
310poB’s JIIOANHHU 200 Oe3nocepeHbO, 200 sik Hocil BipyciB. [IpoananizoBaHo BIJIMB TAKHX 2€P030J1iB HA OPTaHi3M JIIOAMHH.
Bigmiueno, mo Haii0libm Hefe3MeYHUMU 115 JIOAMHU € YACTHHKU CyOMIKPOHHHX PO3MIipiB, OCKiJIbKH BOHH He 3aTPHMY-
I0ThCS BEPXHIMH AHXAJIBHUMH HLIAXAMH i NOTPAIUISIIOTH Y JereHi. € meBHa ¢X0:XicThb y Aii HAHOYAaCTHHOK AMMY i KOPOHa-
Bipycy Ha JiereHi. Ils cxokicTh NPOABJISIETHCHA Y TOMY, 0 AJIbLBEOJIH Y BillIOBilb NOYMHAKTH BUALIATH OKHCHIOBAYI, SIKi
MOMIKO/KYIOTh JIereHi i BUKJIMKAITh BaskKi ()OpMHU MHEBMOHII Ta cepLeBo-CyIHHHUX 32XBOPIOBAHb.

J1 ouMiIeHHs NOBIiTPsl NPpUMilleHb BUKOPHCTOBYIOTh MeXaHi4Hi, eJJeKTpUYHi (e1eKTpocTaTH4Hi) Ta XiMiuHi QpiabTpH,
npu4yoMy Haiikpamy ¢inbTpaniio 3a0e3me4y0Th CHCTEMHU 3 NOEAHAHHAM YCiX TPbOX THIIB (PiIbTPIB.

AHaJi3 npoueciB, AKi NIPOTIKAIOTH B e1eKTPOCTATUYHOMY (inbTpi, HOKa3ye€, 10 BUKOPUCTOBYBaHI eJIEKTPO/IHI HAIPYTH
(0isibie 10 kB) npu3BoAATH 10 reHepanii 030Hy, IKMii 32 HAKONMYEHHS Y NPUMillleHHI HEraTUBHO BILUIMBA€ HA OPraHizM
JIIOAMHM. Y CTATTi NPOaHAJIi30BaHO, 32 IKHX YMOB MOK/JIMBe BHKOPHCTAHHSI MEHIINX HANPYT 151 MiITPUMAHHS KOPOHHOTO
po3psay, HeoOXiAHOTO /11 eJIeKTpHU3aNLii aepo30J1iB Ta IX 0caJKkeHHs Ha eJeKTpoaax. /L1 Hboro po3risiHyTo 1il0 Ha aepo-
30J1i €JICKTPHUYHOIO 11015 €JIeKTPOIIB pi3HOI KOHIirypamii.

Po3paxoBaHo ejieKTpHYHY Ta JieeKTPodopesHy cuiM, siKi Jil0Th Ha CyOMIKPOHHI YACTHHKH B HEOJHOPITHOMY €J1eKT-
PUYHOMY NOJi ABOX NMapaJieIbHUX NPoBoAiB. IIposeMoOHCTPOBAHO, 10 YACTHHA IOT0 MO € iJeHTHYHOIO MOJII0 MiXK NMpo-
BOJIOM Ta 3a3eMJIEHHM ILIACTHHYATHM eJIeKTPO/I0M, PO3TAIIOBAHMM IocepeanHi Mizk npoBogamu. Ile 103Bo.si€ 3a JomoMo-
ro0 BiZoMoro cniBBiIHOIIEHHS /I €JIeKTPUYHOIO M0JIs1 ABONPOBIAHOI JIiHil po3paxyBaT rpafi€HT moJisl Ta Jilo dieexT-
po¢ope3HOi CHIIM HA HeHTPAJILHI YACTHHKH.

YacTHHKH JUMY Ta NUJIY BiKe HeCyTh HeraTUBHUIA 3apsj i A1 iX nepeMillleHHsl JOCTATHLO OibII-MEHIN 0IHOPiIHOro
eJeKTPpU4HOro moJjs. s ¢ginsrpanii HeliTpaJbHUX KpaneJbok BOAM, iHpiKOBaHUX BipycoM, OTPiOHe 200 MoJie 3 BeTHKUM
rpajieHToM, a00 KOPOHHUIi Po3psd. Y cTATTi NOKA3aHO, 110 NOJISIPU3ALiS YACTHHOK B €JICKTPHUYHOMY 10JIi BUKJIUKAE 3JIH-
NAHHSA YaCTHHOK, IPHYOMY 0ilbII KPYNHi YACTHHKM LIBUJIIE OCIAAI0Th Ha eleKkTpoaax ¢inbrpa.

JL1s1 CTBOpEHHS eJIGKTPUYHOTO MOJIs1 3 NOTPiOHMUM rpajieHTOM 3aNPOIIOHOBAHO BUKOPUCTOBYBATH €J1eKTPOIHY CHCTeMY
Y BUIIfAAI Nap NIACTHHYATHX TA 3arOCTPEHHX eJIeKTPoAiB. BukopucTaHHs 1151 IJIACTHHYATOIO eJIeKTPOAY OKCHAY iHjiro-
0J10Ba 320e3MeYUTH HOro Mpo3opicTh. 3arocTpexi eJieKTPOaAU TPAAULiiiHO BUTOTOBJISIIOTH 3 BOJIb(ppamy, 110 yOe3neuye Bic-
TP eJeKTPoJa Bijl OIJIABJIEHHS, ajleé BUCOKY TBEPAiCTh TAa TeIUIOCTiHKICTH, MAaIOTh i OLIbII cydacHi MaTepiaju, Taki ik
Kapo0ia KpeMHil0, ByriieneBi HAHOTPYOKH Ta KPeMHi€Bi HAHOBOJIOKHA.

IoBiTpsHi (iabTPH, AKi BUKOPHCTOBYIOTH /11 OYULIECHHS NOBITPSI NPpUMillleHb, 3a3BH4Yaii HelPo30pi Hi JJd cBiTiIa, Hi
IJIs 3BYKY. Y CTATTi 3alIPONIOHOBAHO KOHCTPYKIIIO IPO30POro eJ1eKTPOCTATHYHOrO (PliILTPY, AKUI MoKe O0yTH BHKOPUCTA-
HMIi VISl 3aXHCTY NOBITPS NpHUMillleHb BiJ 30BHIIIHBbOrO JuMY, Uy abo BipyciB. Takmii pinbTp Moke OyTH BOyAoBaHMii
Y BiKHO NpuMillleHHsI JIsl OYUIEHHS] MOBIiTPsl, AKe HAIXOAUTH 330BHi, 800 BUKOPUCTAHUIl Y THX 3aKJjajax, /e NoTpidoHO
PO31iJMTH NpocTip BiABiAyBauiB i mpocTip nepconalty, 3aJIMIIAI0YH MOMKJIUBICTH Bi3yaJbHOI0 Ta ay/1i0 KOHTAKTY.

Knrouoei cnosa — enekmpocmamuuni inompu; dienexmpoghopesuc; KOpoHHUIL po3pA0; 3aPAONCAHHA YACMUHOK; aepo-
30.21i; HANpy2a npo60I0; 0X0POHa 300P06’s.
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