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Statement of the problem. Ventilation processes have a significant impact on the spread of air-
borne infections. It is necessary to use air exchange to reduce the likelihood of spreading such in-
fections.

Mathematical model. Using the Wells - Riley model of airborne transmission of infectious di-
seases, a mathematical model has been developed for the spread of coronavirus infection in a med-
ical institution, consisting of a group of communicating rooms in which both healthy and infected
people are constantly located and moved. The mathematical model makes it possible to take into
account the movement of people around the premises and the settling of quanta of the generation
of infection by a sick person when air moves.

Results. The general solution of the mathematical model is obtained, which allows calculating the
concentration of quanta of generation of infection in the premises during the operation of a medi-
cal institution.

Conclusions. The developed mathematical model of a medical institution allows a deeper under-
standing of the possibilities of the spread of coronavirus infection and taking these risks into ac-

count when designing medical institutions.
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Introduction. A lot of studies indicate that ventilation affects the likelihood of contracting
airborne infections such as influenza and rhinovirus infections [18]. The latter include the

coronavirus (COVID-19), the pandemic which is currently gaining momentum.
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The process of transmission of infection by airborne droplets has multiple aspects to it. This
paper discusses the use of air exchange created by ventilation systems to reduce the likelihood
of the spread of infections transmitted by airborne droplets.

The concept of the spread of airborne infections was first described by Wells [21] and then by
Riley [14, 15, 20]. The Wells-Riley equation [20] was employed to assess the effect of venti-
lation, filtration, and other physical processes on transmission through droplet nuclei [7, 9, 11,
12]. The detection of pathogenic microorganisms in the air of the premises of medical institu-
tions in the absence of patients indicates a possible indirect connection between the processes
of room-to-room air flow and the transmission of diseases [13, 16, 18, 19].

The objective of this work is to assess the effect of general ventilation on the spread of coro-
navirus infection in a medical institution.

1. Mathematical model of the transmission of the coronavirus infection by means of general
ventilation. For individuals in the same room, the probability of contracting an infectious disease

transmitted by means of airborne droplets is estimated by the Wells-Riley dependence [20]:
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where D is the number of cases; S is the total number of people in the room; 7 is the number of
sick people in the room; p is the human respiration rate, m/sec; ¢ is the rate of quantum ge-
neration of infection by a sick person (quantum/sec); ¢ is the total time spent in the room, sec;
Q is the amount of clean air entering the room per unit of time, m/sec.

The rate of generation of quanta of infection by a sick person was introduced by Wells [21].
He argued that not all inhaled core droplets would lead to infection and defined the infection
quantum as the number of infectious droplet nuclei required for infection. Equation (1) is
based on a Poisson distribution and assumes that only one new infection is likely to occur in a
fairly short time period.

Based on the Wells-Riley dependence, the number of cases can be expressed:
_lpgt
D=S|1-e ¢ |. (2)
Or summing for all the facilities in a building
n n _Lipgt
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where n is the total number of rooms in a medical institution.
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Let us consider the problem of designing effective ventilation of a medical institution com-
prised of a group of adjoining rooms where both healthy and infected people constantly reside
and move around.
Indoor air quality is predominantly defined by air exchange. General exchange ventilation of
premises can be mixing ventilation (MV), displacement ventilation (DV) or a combination of
both [1, 3]. While mixing ventilation is employed, turbulent air flows are intensively mixed,
and highly dispersed particles are relatively evenly distributed along the room [4, 5, 17].
While displacement ventilation is employed, laminar air flows are designed which enables
highly dispersed particles to be directed through the room. Displacement ventilation generates
a more efficient air exchange in the room, but its use increases capital and operating costs
considerably [6, 8, 10, 22].
Let us compose the equation of air exchange of a medical institutio, consisting of a group of
communicating rooms with MV ventilation type. The number of quanta of infection generated
by a sick person coming from adjoining rooms will be:

c; Ly ,dt, 4)
where ¢; is the concentration of quanta of the generation of infection by a sick person in the

j-th room, quantum-m; Lj; is the amount of air supplied from the j-th room to the i-th room,
m’-sec”; Y ;i 1s the coefficient of settling of quanta of infection generated by a sick person
when air moves from the j-th room to the i-th room; dt is a time increment, sec.

The number of quanta of infection generated from patients entering the room will be:

Ipq-dt, (%)
where I; is the number of patients in the i-th room.
The amount of quanta of infection generated by a sick person into adjoining rooms and into

the surrounding air will be:

cl.Lijdt +cL,dt, (6)
where L;; is the amount of air flowing from the i-th room into the j-th room, m’sec’; Ly, id
the amount of air flowing from the i-th room into the environment, m’-sec™.

Then we obtain the differential equation of the material balance for the quanta of infection

generation by a sick person:

Z c;Ly ,dt+1,pqdt — Z ¢,L,dt—c,L,dt =Vdc,, (7
=1 =1
J#i J#i

where V; is the area of the i-th room, m’.
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By means of transformation we get

< d

chLﬁt//ﬁ+lipq—ZcL —-cL, —Vd—i (8)
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For the entire medical institution consisting of a group of communicating rooms, we obtain a

system of ordinary differential equations:

c < de
chlet//jl +1,pq _ZCILU —c L, =V, 7;
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c < dc
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Transforming a system of ordinary differential equations (9), we get

% n C.lel//jl_cl i%_}_% +115q
1 1 1
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de, X C'sz‘//jz _e, i£+Lzo +Izpq
a =Ty, ey T T (10)
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The initial condition for the system of ordinary differential equations (10) is the concentra-
tion of quanta of infection generation by a sick person in the premises at the initial moment
of time.

By means of transformion of the system of ordinary differential equations (10), we get

de 1
—L =my,e, +mye, +o A my e, 1Pq
d v
de I
—2 =m,c, +myCy+-+m, C, +2P9
dt v, . (11)
dc 1
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t n
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Let us denote:

de, Lrg
T V.
0 my, m, ¢ dt 1
dcz ]2pq
my, 0 m,, G o
M= o= C o= | 1= T (12)
mnl ng O cn & Inpq
dt V’7

2. General solution of the equations of the mathematical model of the transmission of the
coronavirus infection by means of general ventilation. Matrix M characterizes the move-
ment of infection generation quanta in the air of the premises of a medical institution consi-
dering their settling. / characterizes the release of quanta of infection generation in the facili-
ties of a medical institution depending on the number of patients.
Let us write the system of ordinary differential equations (12) in the following form:
C'=MC+1. (13)
With the initial condition in the form of initial concentrations of quanta of infection genera-

tion in the j-th room, quantum-m™:
c
Co=| | (14)

Generally, the solution to the system of ordinary differential equations (13) can be represented as

C=[e"Midr+eMc,. (15)

)
The opening of doors between rooms is modeled by a sequence of matrices M;, M,, M, ... The
movement of sick people releasing quanta of infection generation is modeled by means of a

sequence of vectors:

1, pq 1, pq 1, pq
" " "
1,,pq 1,,pq 1,,pq
L=V, |, L=V, |\L=V, |.. (16)
1,prq 1,,pq 1,:rq
v, v, g

18



Issue Ne 4 (48), 2020 ISSN 2542-0526

Using the developed mathematical model, it is possible to calculate the concentration of in-
fection generation quanta in the premises of a medical institution for any air exchange with
variable air flow between rooms, which makes it for the risks of infection in healthy people
to be assessed.

Conclusions. Mass exchange processes caused by the operation of general exchange ventila-
tion systems have a significant impact on the spread of infections transmitted by airborne
droplets. The room-to-room air movement must be controlled to reduce the risk of spreading
such infections.

Based on the Wells-Riley model of airborne transmission of infectious diseases and the dif-
ferential equation of air exchange, a mathematical model of the spread of the coronavirus in-
fection in a medical institution comprised of a group of adjoining rooms with air overflow has
been developed. Both healthy and infected people can be in the facilities permanently or tem-
porarily. The mathematical model allows for the possibility of settling of quanta of infection
generation by a sick person in the facilities.

Based on the resulting general solution of the equations of the mathematical model, the con-
centration of quanta of the generation of infection in the premises during the operation of a
medical institution can be calculated.

The mathematical model provides a deeper insight into the possibilities of the spread of the coro-

navirus infection and considering these risks in the process of designing medical institutions.
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