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Abstract Various viruses can hide within fluid and solid structures and thus successfully
cross different distances, causing the spread of viral infections. Analytical modeling of the
triple treatment of virus within a small liquid droplet and within a solid porous particle is the
basic research polygon of this paper. The three-stage treatment aims to maximize the efficacy
of deactivating viruses indoors. In order to achieve this, viruses undergo treatment by infrared
heating, ultraviolet deactivation and ionization–electrostatic deactivation by negative ions.
When the droplets are treated with infrared heating, incomplete evaporation occurs, reducing
their initial diameter by 10 times; an initial diameter of droplets is 0.01 mm, 0.03 mm and
0.05 mm. Thermal inactivation of viruses inside the droplets is almost negligible, due to short
exposure time and a maximum temperature of 100 °C. On the other hand, when solid porous
particles are heated to a much higher temperature at the same exposure time, this causes
significant thermal inactivation of viruses inside them. Reducing the diameter of the droplet
(due to evaporation) by 10 times causes a multiple increase in UV-C deactivation of viruses
inside the droplets. The effect of UV-C radiation on viruses within solid porous particles is
not included in this paper.

List of symbols

q Heat flux, W m−2

mo Initial mass, kg
m Mass, kg
i Specific enthalpy of evaporation water, J kg−1

vo Initial velocity, m s−1

v Velocity, m s−1

ro Initial radius of the droplet, m
r Radius of the droplet, m
do Initial diameter of the droplet, m
pd Partial pressure of water vapor at the curved droplet surface, Pa
pam Partial pressure of water vapor in surrounding air, Pa
Td Temperature of droplet and humid air at the surface of the droplet, K
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T am Temperature of the surrounding air, K
Dw Water diffusion coefficient, m2 s−1

Ru Universal gas constant, J k mol−1 K−1

Mw Relative molecular mass of the water, kg k mol−1

ρd Density of the water droplet, kg m−3

psat Saturated vapor pressure above flat surface, Pa
σ d Liquid/vapor surface tension, N m−1

CD Drag coefficient, –
Re Reynolds number, –
Δv Change velocity, m s−1

Δm Change mass, kg
Cx Concentration of viruses on point x, kg m−3

Cx+Δx Concentration of viruses on point x + Δx, kg m−3

Co Initial concentration of viruses, kg m−3

C Concentration of viruses, kg m−3

u Axial velocity, m s−1

T Temperature, K
m Mass flow, kgs−1

cw Mass concentration of water vapor, kg m−3

Dw Diffusion coefficient for water vapor in the air, m2 s−1

R Radius of UV-C chamber, m
RL Radius of germicidal lamp, m
I Intensity of UVGI source, W m−2

DUV Dose of UV-C, J m−2

LL Length of UVGI lamp, m
a Albedo, –
n Refractive index, –
dp Particle diameter, m
mp Particle mass, kg
CCun Cunningham’s correction factor, –
r+ Radius of the positive electrode, m
r− Radius of the negative electrode, m
Fel Force of the electrical field, N
vr Radial velocity, m s−1

Greek symbols

τ Time, s
γ Geometrical ratio, –
μ Dynamic viscosity, Pa s
ρ Density, kg m−3

β Velocity ratio, –
σ Stefan–Boltzmann constant, W m−2 K−4

ϕ Mass ratio, –
qel Electrical charge, C
ε Dielectric constant of the particle, –
εo Dielectric permittivity of the vacuum, C2 N−1 m−2
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1 Introduction

The rapid spread of coronavirus (SARS-CoV-2) shows that physical interpretations of virus
transport indoors and outdoors are not the clearest. Coughing, sneezing and even speech are
accompanied by the desorption of droplets of different dimensions that move at different
speeds through the air. The distance traveled by droplets is usually up to 2 m, and smaller
droplets travel further than larger droplets. The subject of many analyses and studies, for
example [1–3], referred to the dispersion of liquid droplets during coughing and sneezing,
which directly lead to the spread of the virus from infected persons. The reason for the different
path lengths depends on the initial kinetic energy of the droplet, as well as on the forces of
aerodynamic air resistance between the droplet and the ambient air. Accordingly, the viruses
are transmitted by droplets and thus spread in the area around the person infected with this
virus. Some authors have conducted modeling of the droplet evaporation and sedimentation,
resulting from speaking and coughing, such as [4–6]. Today, there are several ways to prevent
the spread of viruses, which have different efficiencies, according to the type of viruses and
the parameters of the environment in which they are found. One of the ways to disable
various viruses is thermal inactivation. Many researchers have performed analyses of the
thermal treatment of various viruses and microorganisms of the coronavirus, such as [7–11].
On the other hand, thermal inactivation of the coronavirus, SARS-CoV, has also been the
research site of several researchers, e.g., [12, 13]. One way to deactivate coronavirus is to
use ultraviolet light (UV-C). For the deactivation of various viruses, UV germicidal lamps
are most often used, which emit a wavelength of ultraviolet waves in the amount of 254 nm.
Different selective inactivations of the virus by the action of UV-C radiation, i.e., Ultraviolet
Germicidal Irradiation (UVGI), using a germicidal lamp have been the subject of research by
various researchers [14–18]. On the other hand, the impact of negative ions on human health
and the air quality that people breathe was investigated by many authors, such as [19–21].
When it comes to the effect of negative ions on various viruses and the prevention of their
transmission, there are many studies and analyses [22–24]. In this paper, the focus is on the
triple deactivation treatment of two types of viruses those within liquid droplets and those
within porous solid particles. The first type is contained in tiny droplets that are found in
enclosed spaces and can occur in a variety of ways, forcibly or naturally. The entry of the free
virus into the droplet can occur under different physical conditions, and this is not the subject
of research in this paper. This analysis does not cover the way the virus entered inside a
droplet or porous particle. The efficiency of the proposed solution of three-stage inactivation
of the virus will be higher if the accumulation of viral particles on the droplet surface is
taken into account, and if the viruses have become hydrophobic for any reason. Reasons
that may cause the hydrophilic virus to become partially or completely hydrophobic are
uncovered by this analysis. There are many studies about the colloid retention on air–water
interface, which has been also applied to viral particles. Inactivation of accumulated viruses
on the droplet surface is not covered by this paper. Some studies have analyzed in detail the
accumulation of viral particles on the droplet surface, because of viral particle hydrophobicity
[25–27]. The very small dimensions of the virus, on the order of 0.1 μm, allow it to enter
the pores of a solid porous particle. The porous solid particle in this way provides transport
to the virus, through the ambient air. In order to ensure successful deactivation of viruses, an
innovative three-stage deactivation system is established in this paper. The three-component
system consists of an infrared heating chamber, a chamber with ultraviolet radiation and an
ionization–separation chamber. The purpose of the infrared heating chamber is to evaporate
the droplets and heat the porous solid particles by thermal radiation in the infrared region.
The first virus is in the droplet, while the second virus is inside the porous solid particle

123



  663 Page 4 of 23 Eur. Phys. J. Plus         (2021) 136:663 

entering the first chamber, with infrared thermal heating. Inside this chamber, the diameter
of the droplet is reduced several times due to evaporation, while the solid porous particle
is heated, but the dimensions do not change. In the next chamber, ultraviolet inactivation
of the virus contained inside the droplet occurs. The effect of ultraviolet radiation on the
virus within the porous solid particle is not included in this paper. The third (last) chamber
contains ionization–separation subchambers. In the first ionization subchamber, the virus
is deactivated within the porous particle by the action of negative ions. In the separation
chamber, the deactivated virus together with the porous particle separates and stops at the
electrodes.

2 Combined treatment of viruses

The initial diameters of the droplet and the porous particle are the same and have equal do,
while their initial velocity is vo. The term initial velocity means the velocity immediately
before entering the three-component system for the treatment of viruses. The purpose of
the infrared heating chamber is to evaporate the droplets and heat the porous solid particles
by thermal radiation in the infrared region. When the droplet hiding the virus is heated,
the diameter of the droplet decreases due to the evaporation of the droplet liquid. With this
treatment, the virus is no longer hidden and there is a possibility that it can be effectively
treated in the next chamber. On the other hand, infrared heating of a porous solid particle
causes an increase in its temperature. In the next stage, the virus and the particle enter a
chamber with ultraviolet radiation, within which UV-C radiation acts on the free virus and
inactivates it by acting on the thymine inside the DNA molecule. The effect of UV-C radiation
on the virus within the porous solid particle is not addressed in this paper. An inactivated
free virus and a porous particle in which the virus is hidden come out of the ultraviolet
chamber. The ionization–separation chamber is a space for the final treatment of viruses,
and it consists of two subprocesses. The first subprocess involves electrostatic isolation of a
porous particle and deactivated free virus. In this way, negative ions come into direct contact
with the surface of the virus and inactivate it. By the action of the electric field force, the
porous particle and the deactivated free virus begin to move radially in the direction of the
separation positive electrodes, where they accumulate in the form of micro-dust. Removal
of harmless micro-dust is achieved in several mechanical ways or by blowing, which goes
beyond the application of the methodology in this paper. The described procedure treated
two viruses hidden in a liquid droplet and a porous solid particle, but it is clear that the whole
process also applies to more viruses.

3 Thermal analysis of liquid droplets and solid porous particles

The effect of high temperature on viruses is generally unfavorable, while the sensitivity of
viruses to high temperatures depends on:

– Temperature height;
– Duration of virus exposure time to high temperature;
– The type of media in which the virus is located;
– Protein sensitivity;
– RNA sensitivity.
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When heated, most viruses lose their ability to reproduce, along with their infectious
power, antigenicity and immunogenicity. The thermal analysis covered by this research is
focused in two directions:

– Reducing the volume of the droplet in which the virus is hidden by infrared heating;
– Infrared heating of a solid porous particle inside which the virus is located.

3.1 Thermal analysis: reduction of droplet volume

During coughing, sneezing or talking, drops of different diameters and speeds come out
of people’s mouths and noses. If a person is infected, the droplets ensure its spread into
the ambient air. Smaller droplets are lighter, and their path through the air is longer. The
larger the droplets, the larger is their weight, the sooner they will fall. Droplets of different
sizes fall on different surfaces, where they can remain for a long time. The droplet enters the
annular channel with the central infrared heat source installed, as shown in Fig. 1. The droplet
is approximated by a sphere of initial diameter do and density ρ, while its initial velocity
is vo. It is assumed that the heat flux from a cylindrical infrared heat source is a constant
amount q. The heat flux enters the droplet through its outer surface of the initial radius ro
and is completely absorbed in it. Due to the absorption of heat, the liquid part of the droplet
evaporates, and thus, the mass of the droplet changes during time τ , Eq. (1),

2
(
qr2

0 π
) � i

dm

dτ
� iρ

4r2π

dτ
dr (1)

where i is the specific latent heat of evaporation of liquid. Due to the thermal influence, i.e.,
heating, the radius of the spherical droplets decreases, so at some point in time it is r � ro-dr,
so by reorganizing Eq. (1) we get

q(r + dr)2dτ � 2iρr2dr (2)

that is, after neglecting the square term dr2

q
(
r2 + 2rdr + dr2)dτ ≈ q

(
r2 + 2rdr

)
dτ � 2iρr2dr (3)

by sorting the variables and integrating it is obtained

q
(
r2

0 − r2)τ + q
(
r2

0 − r2)τ � 2

3
iρ
(
r3

0 − r3) (4)

from which the time of thermal exposure τ of the droplet to infrared radiation is explicitly
found

τ � 1

3

iρ

q

(
r3

0 − r3
)

(
r2

0 − r2
) � 1

3

iρ

q

(
r2

0 + r0r + r2
)

(r0 + r)
. (5)

The previous expression can also be represented in a form

τ � 1

3

iρr0

q

(
1 + γ + γ 2

)

(1 + γ )
(6)

where geometrical ratio is γ

γ � d0

d
� r0

r
(7)

A spherical droplet moves inside the thermal field of an infrared cylindrical heater, whereby
both its mass and its velocity change.
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Fig. 1 Thermal treatment of viruses inside a solid porous particle and viruses inside liquid droplets. Reduction
of droplet diameter due to evaporation by infrared

The movement of the droplet is opposed by the friction force, so the balance of all forces
is represented by Eq. (8). The left term of Eq. (8) represents the differential change of amount
of movement per unit of time, the change in speed and mass,

d(mv)

dτd
� m

dv

dτd
+ v

dm

dτd
� m

18μl

ρld2

CDv

24
Re (8)

where CD is drag coefficient, Re is Reynolds number, and μ is dynamic viscosity of the air.
The drag coefficient is CD � 0.44 for Reynolds number of 1000 < Re. After arranging

Eq. (8), it follows

dv

v
+

dm

m
� 3

4

μl

ρl

CD

d2 Redτd (9)

where β is introduced, as the ratio of the velocities of the spherical droplet at the initial
moment vo in relation to the velocity of the droplet v after the time τ , Eq. (10).

β � v0

v
(10)
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The parts of Eq. (9) on the left side can be observed as relative changes in the velocities
of the droplet and its mass, respectively, Eqs. (11) and (12).

�v

v
� v0 − v

v
� β − 1 (11)

�m

m
� m0 − m

m
�
(r0

r

)3 − 1 � γ 3 − 1 (12)

Combining Eqs. (11) and (12) with Eq. (9) gives

(β − 1) +
(
γ 3 − 1

) � 3

4

μl

ρl

ρ f

μ f

0.44γ 2

d0

v0

βγ
τd (13)

which after arranging is reduced to the quadratic equation, by β, Eq. (14).

β2 +
(
γ 3 − 2

)
β − 0.33

μl

μ f

ρ f

ρl

v0

d0
γ τd � 0 (14)

Solving Eq. (14) yields the final expression for the ratio of the change speed of the liquid
droplets during the time τ d and the ratio γ ,

β �
−(γ 3 − 2

)
+
[(

γ 3 − 2
)2

+ 1.32 μl
μ f

ρ f
ρl

v0
d0

γ τd

]0.5

2
(15)

and after combining Eq. (15) with Eq. (10), the expression for changing the velocity of
the droplet as a function of the ratio γ is

�v � aτd � 2(L Ic − voτd )τd

τ 2
d

� vo

⎧
⎪⎨

⎪⎩

2

−(γ 3 − 2
)

+
[(

γ 3 − 2
)2 + 1.32 μl

μ f

ρ f
ρl

v0
d0

γ τd

]0.5
− 1

⎫
⎪⎬

⎪⎭
(16)

that is, the expression for the length of the infrared heater LIC ,

L Ic � voτd +
voτd

2

⎧
⎪⎨

⎪⎩

2

−(γ 3 − 2
)

+
[(

γ 3 − 2
)2 + 1.32 μl

μ f

ρ f
ρl

v0
d0

γ τd

]0.5
− 1

⎫
⎪⎬

⎪⎭
. (17)

3.2 Mass balance of the droplet

The mass flow rate of water vapor from the droplet represents the transition of mass flux
from the surface of the droplet into the ambient air, as shown in Fig. 2, according to Fick’s
law and has the form,

ṁw � −AdDw
dCw

dr
� −4r2πDw

dCw

dr
(18)

where cw is the mass concentration of water vapor, and r is the radius of the droplet, while
Dw is the diffusion coefficient for water vapor in the air.

After separating the variables
ram∫

rd

ṁw
dr

r2 � −4π

cam∫

crd

DwdCw (19)

and after integrating the expression, a mass flow rate of water vapor from the droplet is
obtained

ṁw � 4πDw(crd − cam)
1
rd

− 1
ram

� 4πrdDw(crd − cam) (20)
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Fig. 2 Mass water vapor transfer from droplet surface

where rd is droplet radius, ram is some distance away from the droplet surface, crd is mass
concentration of water vapor at the droplet surface, and cam is mass concentration of water
vapor at some distance away from the droplet surface.

If an approximation is introduced that water vapor has the properties of an ideal gas, then
the application of the gas state equation follows

ṁw � 4πrdDw

(
pdMw

RuTd
− pamMw

RuTam

)
� 4πrdDw

Mw

Ru

(
pd

Td
− pam

Tam

)
(21)

where pd and pam are partial pressure of water vapor at the curved droplet surface and in
surrounding air, respectively. The temperature of the droplet and humid air at the surface of
the droplet is Td, while T am is the temperature of the surrounding air. On the other hand, the
mass production of water vapor represents a decrease in the mass of the water droplet over
time; that is, it is a valid next equation.

ṁw � dmd

dτ
� d

dτ

(
ρd

4

3
r3

d π

)
� 4πrdDw

Mw

Ru

(
pd

Td
− pam

Tam

)
(22)

After arranging the previous equation, we get the expression for changing the radius of
the droplet as a function of time, Eqs. (23) and (24),

rddr � Dw
Mw

Ruρd

(
pd

Td
− pam

Tam

)
dτ (23)

and after integration, it is finally obtained

r2
do

2
− r2

d

2
� Dw

Mw

Ruρd

(
pd

Td
− pam

Tam

)
τ. (24)
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where Ru � 8314,47 J kmol−1 K−1 is universal gas constant, and Mw � 18 kg kmol−1 is
relative molecular mass of water, while ρd is the density of water droplet. Combining Eq. (24)
with expression (7) gives

r2
do

(
1 − γ 2) � 2Dw

Mw

Ruρd

(
pd

Td
− pam

Tam

)
τ (25)

whence the time required to reduce the diameter of the droplet, under the given conditions,
γ times, is obtained,

τ � r2
do

(
1 − γ 2

)

2Dw
Mw
Ruρd

(
pd
Td

− pam
Tam

) � r2
do

(
1 − γ 2

)

2
(

1.87 × 10−10 + T 2.072

p

)
Mw
Ruρd

[
pd
Td

− pam·IC
TIC

]

� r2
do

(
1 − γ 2

)

2
(

1.87 × 10−10 + T 2.072

pam·IC

)
Mw
Ruρd

⎡

⎢
⎢
⎣

psat exp

(
4σdMwγ

ρdRurd(T4
IC− q

σ )
0.25

)

(
T 4

IC− q
σ

)0.25 − pam·IC
TIC

⎤

⎥
⎥
⎦

(26)

where the term used for the diffusion coefficient of water vapor in air is Dw, [28], p is the
total pressure, andT is temperature, while σ is Stefan–Boltzmann constant. Within expression
(26), it is considered that T am ≈ T IC, where T IC is the temperature of the infrared source,
and pam is partial pressure of water vapor in the surrounding air approximately equal to the
pressure near the infrared heater, pam ≈ pam.IC. The droplet temperature Td changes during
heating due to both continuous heating and changes in its dimensions. In this analytical
modeling and analysis, the heat flux q from the infrared source to the droplet is kept constant
regardless of droplet temperature changes. The partial pressure of water vapor at the curved
droplet surface increases its value according to the Kelvin effect, which is used in expression
(26). According to the extension of expression (26), psat is saturated vapor pressure above a
flat surface, while σ d is liquid/vapor surface tension.

3.3 Thermal analysis: heating of a porous solid particle

When it comes to infrared heating of solid porous particles inside the annular channel, as in
the previous case with droplets, a heat balance is established by Eq. (27). The solid particle
is approximated by a sphere of radius ro and mass mp, which is exposed to thermal radiation
from an infrared heat source of temperature T IC. Due to the thermal radiation, the particle is
heated to temperature T (τ ) and itself becomes a source of thermal radiation.

2
(
qr2

0 π
) � 2r2

oπσ
(
T 4

IC − T 4) � mpcp
dT

dτp
� ρp

4

3
r3
oπcp

dT

dτp
(27)

The initial temperature of the particle is equal to the ambient temperature Tamb

3

2

σ

ρproc

τp∫

0

dτp �
T∫

Tamb

dT

T 4
IC − T 4

. (28)
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After the integration, the expression for the exposure time (τ) of the virus is obtained, i.e.,
the heating time of the porous particle, Eq. (29),

τp � doρpcp
3σ

T∫

Tamb

dT

T 4
IC − T 4

� −doρpcp
3σ

T∫

Tamb

dT

T 4 − T 4
IC

� − doρpcp
3σ

T∫

Tamb

dT

(T − TIC)(T + TIC)
(
T 2 + T 2

IC

)

� −doρpcp
3σ

T∫

Tamb

[

− 1

2T 2
IC

(
T 2 + T 2

IC

) − 1

4T 3
IC(T + TIC)

+
1

4T 3
IC(T − TIC)

]

dT

� −doρpcp
3σ

⎡

⎢
⎣

arctan
(

T
TIC

)

2T 3
IC

∣
∣
∣
∣
∣
∣

T

Tamb

+
ln(T + TIC)|TTamb

4T 3
IC

+
ln(T − TIC)|TTamb

4T 3
IC

⎤

⎥
⎦; (29)

that is, after sorting, the final expression is obtained, Eq. (30).

τp � −doρpcp
3σ

⎡

⎢⎢
⎣

ln(T + TIC) − ln(Tamb + TIC) + 2 arctan

(
T

TIC

)
−

2 arctan

(
Tamb

TIC

)
− ln(T − TIC) + ln(Tamb − TIC)

⎤

⎥⎥
⎦

4T 3
IC

(30)

3.4 Thermal inactivation of viruses within droplets and solid porous particles

The change in the concentration of thermally inactivated viruses, within droplets and solid
porous particles, after an exposure time (τ ) can be expressed in differential form,

dC

dτd(p)
� −kC (31)

where k is the time-dependent parameter due to the variation of temperature and after inte-
gration and using the Arrhenius equation for k(τ ) is obtained,

ln
C

Co
� −kτd(p) � −P exp

(
− Ea

RT

)
τd(p) (32)

where C is virus concentration at time τ , Co is virus concentration in the initial state, Ea

is activation energy, P is collision number or frequency factor, R is universal gas constant,
T is absolute temperature, and τ is time. The efficiency of thermal inactivation of the virus
ηIC due to infrared heating of the droplet and the porous solid particle after combining with
Eq. (32) is shown by Eq. (33).

η
IC � 1 − C

Co
� 1 − exp

[
−P exp

(
− Ea

RT

)
τd(p)

]
(33)

In order for thermal inactivation of viruses within a droplet and in a porous solid particle to
occur, the temperature of the droplet and viruses must be higher than the critical temperature,
which can be found from the following equation

k � P exp

(
− Ea

RTcrit

)
� 1 (34)
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that is

T > Tcrit � Ea

R ln(P)
(35)

The second condition for thermal inactivation of viruses is that the exposure time must be
longer than the critical time, which is achieved from the following equation, i.e.,

τcri t∫

0

kdτd(p) �
τcri t∫

0

P exp

(
− Ea

RT

)
dτd(p) � 1, (36)

so it follows

τd(p) ≥ τcrit � 1

P
exp

(
Ea

RT

)
. (37)

4 Ultraviolet treatment of viruses

Ultraviolet radiation (UV) is classified into three categories, commonly referred to as UV-A,
UV-B and UV-C. UV-A (from 320 to 390 nm) has the lowest energy level, while UV-C (from
200 to 280 nm) has the highest energy level. Ultraviolet UV-C radiation in this wave region is
also called Ultraviolet Germicidal Irradiation (UVGI). Most often, a low-pressure mercury-
vapor lamp is used to generate UV germicidal light, while recently a xenon lamp that emits
a wide range of wavelengths has also been used. UVGI or UV-C is often used to disinfect
or destroy various microorganisms and viruses by breaking down their cell membranes and
damaging their RNA or DNA. In this way, the damaged RNA structure stops the virus particles
from multiplying, making them harmless, as shown in Fig. 3. In order to neutralize, for
example, the influenza virus, the energy dose of ultraviolet radiation that enables inactivation
of the virus should be 3400 μWscm−2 for 90%, and 6600 μWscm−2 for an efficiency of
99% at a wavelength of 253.7 nm.

Furthermore, it is necessary to maximize the probability of hitting the virus with ultraviolet
beams. If the virus is not physically isolated, the efficiency of UV-C is very high. The reason
for this is the reflection of UV-C waves from the outer surface of the droplet, which reduces
its intensity. As the intensity of UV-C waves decreases, the efficiency of virus inactivation
within the droplet decreases. The effect of UV-C on virus inactivation within a solid porous
particle is not included in this analysis paper.

The liquid droplet is approximated by a sphere of diameter do, which moves at a velocity
vo along the annular channel, while within the droplet there is a virus of diameter dv. The
total mass flow of fluid entering the ultraviolet disinfection chamber consists of the mass
flow of air, droplets and solid porous particles and is

ṁ � ṁ f + ṁdr + ṁpa (38)

that is

1 � ṁa

ṁ
+
ṁd

ṁ
+
ṁ p

ṁ
� ϕa + ϕd + ϕp (39)

where ϕa, ϕd and ϕp are the mass ratio of air, droplets and solid porous particles, respectively.
The average value of the UV-C intensity in the annular channel established between the
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Fig. 3 Destruction of the molecular structure of DNA and RNA by ultraviolet radiation (UV-C). Reflection
and refraction of UV-C rays on the surface of a liquid droplet in which the virus is located

surface of the UVGI lamp of radius RL and the cylindrical housing of radius R can be
represented by

Ī (R − RL) �
R∫

RL

Ioe
−rαdr , (40)

while the total UV-C dose is distributed in the annular channel

DUV � τuv·d Ī � τuv·d
1

R − RL

R∫

RL

Ioe
−rαdr (41)

where τ is exposure time. Within the annular channel, there are air, droplets and solid particles
in the mass ratio ϕa, ϕd and ϕp, respectively. The total UV-C dose of DUV is distributed in
the amounts of ϕa DUV, ϕd DUV and ϕpDUV. The effect of UV-C radiation only to viruses
within droplets equals, i.e.,

(DUV)d � ϕdDUV � τuv·d Ī � LL

vo

1

R − RL

R∫

RL

Ioe
−rαdr . (42)

In this case, it is considered that the velocity of the droplets of diameter do is constant
and amounts to vo, and that during exposure time τ the droplets pass the length of the UVGI
lamp LL. When UV-C waves arrive on the surface of the droplet, as shown in Fig. 3, one part
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of the radiation is reflected, while the other part enters the droplet. The effect of the reflector
is to enable the droplet to hit the UV-C wave over the entire outer surface.

The reflection coefficient of the reflector was adopted and is 1. The intensity of UV-C
radiation entering the droplet is reduced by the albedo value of the droplet (a). The albedo
of the droplet represents the ratio of reflected UV-C radiation to the radiation that reached its
surface and can be calculated based on the following expression,

a � (nwater − nair)
2

(nwater + nair)
2 (43)

where nwater and nair are the refractive indexes of water and air, respectively. According to
the energy losses of UV-C radiation, it is necessary to provide the required dose of UV-C
radiation DUV from UVGI lamp,

DUV � (1 − a)φd Ī τuv·d � (1 − a)
nd3

o

6
(
R2 − R2

L

)
αLL

R∫

RL

Ioe−αrdr

(R − RL)

LL

vo
(44)

where α is Napierian absorption coefficient, and Io is irradiance of UV-C light. The single-
stage exponential decay equation for viruses exposed to UV-C light can be presented,

S � exp(−kDuv) (45)

where S is surviving fraction of initial viruses, and k is standard inactivation UV-C rate.
According to Eq. (45), the efficiency of UV-C inactivation of viruses hidden inside the
droplets is

ηuv·d � 1 − S � 1 − N

No
� 1 − exp(−kDuv) (46)

where N is number of inactivated viruses hidden inside the droplets, and No is the total
number of droplets at the entrance to the UV-C chamber. (The total number of viruses is
considered to be equal to the total number of droplets, i.e., one virus per droplet.) Within the
droplet, multiple reflections of UV-C waves can occur by the reflection of this wave from
the inner surfaces of the droplet in the form of a sphere. Ultraviolet Germicidal Dose DUVC
for SARS-CoV was used as a value of 20mJcm−2 for the wavelength values of 254 nm [17].
For example, the rotavirus requires about 25 mJcm−2 of 254 nm UV-C radiation, but for
adenovirus (Type 40), the value is approximately six times higher (140 mJcm−2) [17, 29].
Napierian absorption coefficient (α) for water at a wavelength of 254 nm is in the amount
of 240 m−1. The value of albedo (a) in the reflection of ultraviolet waves (UV-C) from the
surface of the water droplet was adopted in the amount of 0.025, i.e., 2.5%. In this analysis,
it was adopted that the UV-C wave passes through the inside of the droplet (diameter do) and
after reflection from the inner surface hits the meta-virus. The weakening of the UV-C wave
intensity after reflection from the inner surface of the droplet is not included in this analysis.
paper. The UV-C wave just before entering the surface of the droplet has an intensity of Io.
Due to the different refractive index of the medium, air–liquid, one part of the intensity of
the incident wave is reflected by Ir , while the other part enters the droplet Iτ . The intensity
of the transmitted wave Iτ can be so small that even a direct collision with the virus will not
inactivate it. On the other hand, the missed UV-C wave of intensity Iτ can be reflected many
times from the inner surface of the droplet and thus further reduce its intensity.
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5 Electrostatic treatment of viruses

If the virus is inside a porous solid particle, ultraviolet radiation has no possibility of destroy-
ing the virus and it is further transported with the particle to the next chamber. If a particle
is charged and exposed to negative ions, its transport will be possible to control within the
electric field. In order to obtain a large number of negative ions, an electrical system was
established as shown in Fig. 4. The voltage between the corona electrode and the anode has
the task of establishing the so-called corona discharge between these two electrodes, which
will affect the creation of a large number of free electrons. The voltage between the corona
electrode and the anode establishes a corona discharge, which affects the creation of a large
number of free electrons. The generated electrons move away from the negative electrode
(cathode) at high speed and collide with solid porous particles. Although free electrons will
cause ionization of surrounding molecules and their transition from an electrically conductive
state, the research in this paper is directed toward solid porous particles.

As we move away from the corona electrode, the velocity of the electrons decreases, their
kinetic energy weakens, and thus, their ability to ionize air molecules weakens. Also, the
charge of solid particles occurs in random collisions of negative molecules, which previously
became negative in the collision with electrons of low kinetic energies. In this way, solid

Fig. 4 The hidden and deactivated virus enters the ionization–separation chamber
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porous particles become electrically conductive, i.e., negatively charged. The electronic filling
of the porous surface of a particle will last until its surface is saturated with a negative charge.
The mass balance of solid porous particles when passing through the ionization–separation
chamber at the elementary length of the annular channel, inner (ri) and outer radius (ro) can
be represented by the equation

πu
(
r2
o − r2

i

)
(Cx − Cx+dx ) � πu

(
r2
o − r2

i

)
dC � dmp·v

dτel·p
� 2riπCvrdx (47)

where vr is the radial component of the particle velocity, and Cx and Cx+dx are the con-
centration of porous particles at the site x and x + dx, respectively. After separating the
variables

dC

C
� −2rivr(

r2
o − r2

i

)
u

dx, (48)

the final expression for the change in the concentration of isolated particles when passing
through the ionization–separation chamber is obtained, Eq. 49.

C � Coe
−2ri vr

(r2
o−r2

i )u
x

(49)

The radial component of the velocity of a solid porous particle caused by the action of an
electric field between the positive and negative cylindrical electrodes is

vr � τel·pFel � ρpd2
p

18μ
CCunFel (50)

where a particle of mass mp and diameter dp which has an accumulated charge q is subjected
to an electric field force in the amount of

Fel � qEp

mp
� d2

pπεoK EipEp

1
6ρpd3

pπ
� 6

εoK EipEp

dpρp
(51)

so the combination with Eq. (50) gives the final expression for the radial velocity of the
particle vr , Eq. (52),

vr � ρpd2
p

18μ
CCun

6εoK EipEp

dpρp
� dpεo

μ

ε

(ε + 2)
E2
pCCun (52)

where ε is the dielectric constant of the particle, and εo is the dielectric constant of the
vacuum, while μ is the dynamic viscosity of the gas (air). In the previous equations, it was
adopted that Eip ≈ Ep, while the value of Cunningham’s correction factor is determined from

Ccun � 1 +
0.167

1000dp
(53)

for particle diameter valuesdp [m]. After combining Eqs. (49) and (50), the final expression
is obtained for reducing the concentration of isolated porous particles when passing through
the ionization–separation chamber,

ηel·p � 1 − C

Co
� 1 −

{

1 − exp

[
−2ri(

r2
o − r2

i

)
u

dpεo
μ

εE2
pCCun

(ε + 2)
x

]}

. (54)
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5.1 The total efficiency of the three-component system for the treatment of viruses

The overall efficiency (ηtot) of the analyzed system for inactivation and isolation of viruses
within droplets and porous solid particles is influenced by the efficiency of each individual
chamber. The overall efficiency (ηtot)d of inactivation of viruses within liquid droplets is
represented by Eq. (55). This efficiency (ηtot)d is affected by the efficiency of the chamber with
infrared heating and ultraviolet radiation. Inside the infrared chamber, thermal inactivation
of the virus within the droplet is qualified with ηIC.d .

After the arrival of a drop of reduced diameter (due to infrared heating and evaporation of
the same) in the chamber with ultraviolet radiation, the inactivation of viruses will be treated
with an ultraviolet germicidal lamp of efficiency ηuv.d .

(ηtot)d � 1 − Cel·d
Co·d

� 1 − (1 − ηel·d )Cuv·d
Co·d

� 1 − (1 − ηel·d ) (1 − ηuv·d )CIC·d
Co·d

� 1− (1 − ηel·d ) (1 − ηuv·d ) (1 − ηIC·d )Co·d
Co·d

� 1− (1 − ηel·d ) (1 − ηuv·d ) (1 − ηIC·d )

(55)

On the other hand, the total efficiency (ηtot)p of the system for inactivation of viruses
within solid porous particles depends on the thermal inactivation during infrared heating
ηIC.p and the efficiency of the ionization–separation chamber ηel.p, Eq. (56).

(ηtot)p � 1 − Cel·p
Co·p

� 1 − (
1 − ηIC·p

)(
1 − ηel·p

)
(56)

The influence of ultraviolet radiation on the inactivation of viruses within a solid porous
particle is not included, and therefore, the efficiency of ηuv.p is omitted.

6 Results and discussion

6.1 Evaporation of droplets and infrared heating solid porous particles in which the virus is
hidden

Immediately before entering the infrared chamber, a diameter of droplets (do) is 0.01 mm,
0.03 mm and 0.05 mm, while the mean velocity of fluid inside the annular cylindrical channel
is 0.1 m s−1. The droplet temperature is equal to an ambient temperature of 293 K, while
the surface temperature of the infrared heat source varies from 650 to 900 K. When moving
through the chamber with an infrared heater, the droplets heat up and evaporate, so that their
initial diameter decreases. Figure 1 shows the length of the path that the droplets pass in a
straight line inside the chamber with the infrared heater, whereby the droplets’ diameter is
reduced by 10 times (do /d � 10). Droplets of the largest diameter (0.05 mm) require a larger
heating distance in order to reduce their diameter to a value of 5 μm.

It is assumed that the virus does not lose its properties during heating and is located in the
center of the droplet. For the smallest size of droplet diameter (0.01 mm), during heating,
when the droplet diameter decreases to 1 μm, the influence of the surface temperature of
the infrared heater is minimal. On the other hand, at a constant inlet droplet diameter do of
0.03 mm, its velocities varied in the amounts of 0.1 m s−1, 0.2 m s−1, and 0.3 m s−1, as
shown in Fig. 5. Heating is performed until the droplet diameter is reduced by a value of 10
times (do/d � 10), or up to a value of 3 μm. To achieve this requirement, the longest heating
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Fig. 5 Evaporation of liquid droplets and infrared heating of solid porous particles, velocity and diameter
varied

distance is required for a maximum droplet velocity of 0.3 m s−1, with the heat effects of the
infrared heater being greatest.

This is due to the shortened heating time of the droplet inside the annular chamber with
an infrared heat source.

By heating the solid particle, the virus is also heated, i.e., its temperature approaches the
value of the thermal point of inactivation, which can cause the virus to lose its infectivity.
For three different diameters of porous solid particles (0.01 mm, 0.02 mm and 0.03 mm),
the particle velocity has a constant value of 0.1 m s−1. The porous particle with a diameter
of 0.01 mm has the smallest surface area and volume and thus heats up to a value of 500 K
once it passes 0.098 m. The largest particle diameter of 0.05 mm passes the greatest distance
inside the chamber with an infrared heater, so the rate of temperature rise of this particle is the
smallest. Porous particles with a diameter of 0.03 mm and different velocities of 0.1 m s−1,
0.2 m s−1 and 0.3 m s−1, for their own heating from the initial temperature of 300 K to 500 K,
travel different distances. At a minimum velocity of 0.1 m s−1, particles with a diameter of
0.03 mm need about 0.028 m for their temperature to rise to 500 K.

6.2 Thermal inactivation of viruses in droplets and porous solid particles

Thermal inactivation of the virus depends on the exposure time and temperature of the medium
within which the virus is located. Since the temperatures of the droplets and particles are
different, the temperature of the their viruses is also different. On the one hand, the temperature
of the liquid droplets does not exceed 373 K since the liquid evaporates and the droplets reduce
their volume. On the other hand, the temperature of the porous solid particles rises above
373 K. The initial temperature of the droplet and solid porous particle is 300 K. Since the
droplet and the porous solid particle move through the chamber with infrared radiation, the
exposure time depends on their velocity. Initial velocities were 0.1 m s−1, 0.2 m s−1 and
0.3 m s−1, as shown in Fig. 6, corresponding to exposure times of 3 s, 2 s and 1 s, at a selected
infrared chamber length of 0.3 m. For these parameters, thermal inactivation of the virus,
at a temperature of 380 K, within the droplet has a maximum value of 1.7% (0.017) at a
maximum exposure time of 3 s (0.1 m s−1). At a minimum exposure time of 1 s (0.3 m s−1),
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Fig. 6 Thermal inactivation of the virus within droplets and solid porous particles, velocity and diameter
varied

thermal inactivation of the virus has a maximum value of 0.52% (0.0052), as shown in Fig. 6.
The average thermal inactivation in the intervals of 0 to 3 s and 0 to 1 s is 0.85% and 0.26%,
respectively. At the set values, the thermal inactivation of the virus, as shown in Fig. 6, at a
temperature of 460 K within the solid porous particle, has a mean value of 18% at a maximum
exposure time of 3 s (0.1 m s−1, do � 0.03 mm). For example, overall a thermal inactivation
at 65 °C, and exposure time of 15 min, for SARS-CoV Strain Urbani [30], was effective
to strongly reduce coronavirus infectivity by at least 4log10. At a minimum exposure time
of 1 s, thermal inactivation of the virus has a maximum value of 97%. The second case is
based on maintaining a flow velocity rate constant of 0.1 m s−1 and varying the particle and
droplet diameters in the amounts of 0.01 mm, 0.03 mm and 0.05 mm. The largest diameter
of 0.05 mm absorbs the largest amount of heat, so that thermal inactivation also has the
maximum value.
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Fig. 7 Survival fraction in the function of UV lamp length, at a constant droplet velocity, velocity and diameter
varied

6.3 UV-C inactivation of viruses within droplets

The effect of UV-C radiation on viruses within solid porous particles is not included. The
analysis was performed on liquid droplets with a diameter of 0.01 mm, 0.03 mm and 0.05 mm
at a speed of 0.1 m s−1, as shown in Fig. 7. The outer radius of the cylindrical annular channel is
40 mm, while the radius of the UVGI lamp is 12.7 mm. The irradiance or power (Io) delivered
from the UVGI lamp is 842 μWcm−2, while the standard rate constant (k) is 0.001187 cm−2

μJ−1. The droplet of Napierian absorption coefficient (α) was adopted at a value of 1.5. At
the smallest diameter value (0.01 mm), the shortest length (about 0.01 m) of the chamber
with UV-C radiation is required, so that the survival fraction has the value 0, i.e., so that the
efficiency of UV-C inactivation of viruses has the value 1, as shown in Fig. 7.

For UV-C inactivation of viruses in droplets of larger diameter, it is necessary to provide a
much longer chamber length with UV-C radiation. At the largest droplet diameter, of 0.05 mm,
for a survival fraction to be below 47%, and UV-C chamber length of 0.01 m is required.

6.4 Ionization–electrostatic inactivation of viruses

The electrostatic separator efficiency of porous solid particles in which viruses are hidden
depends on both the particles’ diameter (do) and their speed of movement through the annu-
lar electrostatic separator. At a constant velocity of vo � 0.1 m s−1 along the ionization
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Fig. 8 Electrostatic separator efficiency for different values of porous particle diameters, velocity and diameter
varied

electrostatic chamber, the particle diameters (do) were of varying sizes (0.01 mm, 0.03 mm
and 0.05 mm). The outer radius of the ionization chamber ro is 40 mm, while the inner ri
� 14 mm. The voltage between the inner (ri) and outer electrode (ro) is 5 kV, while the
dielectric constant of the particle (εr) is 12. For the given values, a functional relationship
was established between the electrostatic separator efficiency and the length of the nega-
tive electrode. The electrostatic separator efficiency (of 97.5%) reaches the maximum at the
separation of the largest particles (0.05 mm), where the required length of the electrostatic
separator is about 0.3 m, as shown in Fig. 8.

As the particle diameter decreases, the radial velocity of the particle also decreases, and
a longer length of the electrostatic separator is necessary in order for the particle to be
separated on the separation cylindrical electrode. On the other hand, varying the particle
velocity (0.1 m s−1, 0.2 m s−1 and 0.3 m s−1) at a constant diameter of 0.03 mm does not
significantly affect the change in the value of electrostatic separator efficiency. It can be seen
from the diagram that particles with a diameter of 0.03 mm at the highest speed of 0.3 m s−1

have the fastest increase in the value of electrostatic separator efficiency.

6.5 Total efficiency of treatment of viruses

The total efficiency of the three-component system for the treatment of viruses within droplets
and solid porous particles is calculated according to Eqs. (55) and (56), respectively. For
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Fig. 9 The total efficiency of the three-component system for the treatment of viruses within droplets and
solid porous particles, velocity and diameter varied

two characteristic cases, when the droplet (or particle) diameter and velocity vary, the total
efficiency is presented in Fig. 9.

At a constant input velocity vo of 0.1 m s−1, due to the increase of the droplet diameter
do to the maximum value of 0.05 mm, the total efficiency decreases by 0.90. In this case, the
change in the diameter of the droplet caused by the evaporation of the liquid is not present,
as shown in Fig. 9, because the chamber with the infrared heater is not in operation. If the
droplet diameter is reduced by 10 times, the total efficiency of the system for treating viruses
within the droplet is approximately constant and is about 0.98. The multiple increase in total
efficiency is not due to the thermal inactivation, but to the increased UV-C inactivation of
the virus in droplets. Under the same conditions, the total efficiency of the three-component
system in treating viruses hidden within solid porous particles of up to 0.05 mm diameter
increases linearly, up to a value of 0.98. At a diameter of 0.044 mm (point A), the total
efficiency value is the same (about 0.93) for a porous particle and a droplet (which does not
change its diameter without evaporation). On the other hand, with the increase of the velocity
of the liquid droplet, at a constant diameter of 0.03 mm, the value of total efficiency decreases
linearly. The reason for the linear decline in efficiency of the three-component system for the
treatment of viruses within droplets (up to 0.03 mm) consists of two parts:

– Reduction of exposure time inside the UV-C chamber, with increasing velocity of the
droplet;
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– Decrease of UV-C efficiency due to reduced intensity of UV-C radiation entering the
droplet.

7 Conclusions

The research carried out in this paper aimed to form a three-stage system that would enable the
correct treatment of viruses within droplets and solid porous particles. In this paper, viruses
were considered to viruses contained within droplets and viruses contained within porous
solid particles. A drop of liquid, with its surface, significantly reduces the effectiveness of UV-
C treatment of the virus located inside the droplet. The intensity of UV-C radiation decreases
due to the reflection on the outer surface of the droplet. The intensity of UV-C radiation can
be so weakened that it is unable to inactivate the virus inside the droplet. In the case of virus
within a solid porous particle, the effect of UV-C radiation on its deactivation is excluded and
was not analyzed. In this analysis, the possibility that the UV-C wave directly hits the virus
within the solid porous particle is excluded. For this reason, UV-C inactivation of viruses
within porous particles is negligible. In order to increase the efficiency of UV-C inactivation
of viruses inside the droplets, a chamber with infrared heating and evaporation of the droplets
and heating of solid porous particles was used. When droplets and porous solid particles are
heated by infrared radiation, thermal inactivation of viruses can occur, especially those inside
solid porous particles. The ionization–separation chamber has the role of electrifying and
separating porous solid particles, i.e., inactivating viruses inside these particles with negative
ions. The influence of this ionization–separation chamber on the ionization of droplets is not
included in this analysis.

Accordingly, the following results can be mentioned:

– Infrared heating and evaporation of droplets increase the efficiency of UV-C inactivation
of viruses inside them.

– Infrared radiation is selectively directed toward heating liquid droplets and porous solid
particles, while the increase in air temperature is negligible.

– Solid porous particles are significantly heated by the infrared radiation, which causes the
appropriate thermal inactivation of viruses inside them.

– Due to low exposure time and low temperature, thermal inactivation of viruses inside liquid
droplets is of relatively small value.

– Evaporation of droplets reduces their diameter, which causes a decrease in losses of UV-C
radiation when interacting with the outer surface of the droplet.

– Negative ions fill the cavities inside the porous particle and thus block viruses from leaving
the porous particle, inactivating them.

– The porous particle in which the virus is deactivated is stopped and separated in the
ionization–separation chamber.

Further research, based on the results achieved, will focus on various geometric and process
optimizations of the three-component system treatment of viruses, in order to maximize the
overall efficiency of their inactivation.
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