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Abstract: The epidemic caused by the coronavirus infection SARS-CoV-2 at the beginning of 2022
affected approximately 500 million people in all countries. The source of infection is the particles of
the virus, which, when breathing, talking, and coughing, are released with the respiratory droplets
and aerosol dust of an infected person. Actions aimed at combating and minimizing the consequences
of coronavirus infection led to taking measures in scientific areas to investigate the processes of the
spread of viral particles in the air, in ventilation, and air conditioning systems of premises and
transport, filtration through masks, the effect of partitions, face shields, etc. The article presents a
mathematical model of the spread of viral particles in technological transport. Air intake diverters and
the operator’s respiratory tract are the sources of the virus. The Euler–Lagrange approach was used
to simulate liquid droplets in a flow. Here, the liquid phase is considered as a continuous medium
using Navier–Stokes equations, the continuity equation, the energy equation, and the diffusion
equation. Accounting for diffusion makes it possible to explicitly model air humidity and is necessary
to consider the evaporation of droplets (changes in the mass and size of particles containing the virus).
Liquid droplets are modeled using the discrete-phase model (DPM), in which each particle is tracked
in a Lagrange coordinate system. The DPM method is effective, since the volume fraction of particles
is small relative to the total volume of the medium, and the interaction of particles with each other
can be neglected. In this case, the discrete and continuous phases are interconnected through the
source terms in the equations. The averaged RANS equations are solved numerically using the k-ω
turbulence model in the Ansys Fluent package. The task was solved in a static form and in the time
domain. For a non-stationary problem, the stabilization time of the variables is found. The simulation
results are obtained in the form of fields of pressures, velocities, temperatures and air densities, and
the field of propagation of particles containing the virus. Various regimes were studied at various
free flow rates and initial velocities of droplets with viral particles. The results of trajectories and
velocities of particles, and particle concentrations depending on time, size, and on the evaporability
of particles are obtained.

Keywords: HVAC; air conditioning; climate control; thermal comfort; ansys fluent; CFD; automotive
cabin climate control system; humidity; COVID-19

MSC: 76M12; 65M08; 80M12

1. Introduction

One of the urgent tasks of thermal comfort and maintaining safe vehicle operating
conditions (HVAC) is the task of maintaining comfortable temperatures, speed, and air
humidity in the area of the machine operator (Figure 1). Creating a microclimate in the cab
is the most essential goal of ensuring optimal conditions for human HVAC operation.
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The factors that provide a comfortable microclimate and the theoretical foundations
for modeling the microclimate in cabins based on the balance equations of heat flows are
presented in [1–5], “the processes of convective heat exchange with the environment are
described” [6–10].

Many analytical works relate to the actual problem of finding the heat transfer co-
efficients from the Nusselt criterion for harvesting machines [11], SUV vehicles [12–16],
building elements [17], machinery cabins [18–22], and engineering systems [23–25]. This
approach allows only internal regions to be considered, and thermal boundary conditions
are modeled using heat transfer coefficients. This method makes it possible to obtain
sufficiently accurate solutions only in the absence of large flow gradients along the walls
inside and outside the domain.

The methods of computational fluid dynamics make it possible to obtain the solution
of hydrodynamic equations in numerical form, taking into account complex boundary
conditions. Thus, in [26–31] the results of numerical studies and the values of heat transfer
coefficients for various tubular heat exchangers, in evaporators, coolers, and other surfaces
are presented. In papers [32–36], different models of turbulence are considered depending
on the viscosity and flow parameters, as well as the roughness of the domain walls. New
numerical approaches for flow and engineering problems are discussed in [37,38]. The
papers [39–45] present the results of a CFD analysis of thermal and hydrodynamic charac-
teristics in various vehicles and consider optimization issues for various cab configurations
and geometries. The results of these works were obtained based on the numerical solution
mainly by the RANS Navier–Stokes equations, without taking into account air humidity
and the particle motion model.

The epidemic caused by the coronavirus infection SARS-CoV-2 at the beginning of
2022 affected approximately 500 million people in all countries. The source of infection
is the particles of the virus, which, when breathing, talking, and coughing, are released
with the respiratory droplets and aerosol dust of an infected person. Measures aimed at
combating and minimizing the consequences of coronavirus infection led to the need for
a number of scientific studies to study the processes of the spread of viral particles in the
air, in ventilation, and in air conditioning systems of premises and transport, as well as the
filtration through masks, and the effect of partitions and face shields, etc.

The CFD approach to the study of the spread of viral particles was used to simulate
the transmission of the virus in urban public places [46,47], considering different landscape
designs and air speeds, in rooms with different partitions [48–52], risks assessment [53–55],
and construction drainage pipes [56]. Options for optimizing ventilation and air condition-
ing systems are considered, including the spread of a part of the virus in buildings [57],
buses and trains [58,59], and in two-phase flow systems [60–63]. The studies under con-
sideration present models of particle motion in relatively large spaces. The results were
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obtained numerically by solving the averaged Navier–Stokes equations in software pack-
ages. The focus is on human-to-human transmission of viruses. However, the presented
works did not simulate the movement of particles in technological transport, which are
usually single-seated, and the main attention should be paid to the effective removal of
viruses from the cabin.

This study is part of a larger effort to develop a new type of cab for special vehicles
with improved energy efficiency and driver safety. These cabins, as a rule, are single-seated,
and are used for agricultural, road, and other special equipment. Previously, in [22], a
method was developed for obtaining heat transfer coefficients through a multilayer wall
and cabin windows, and comparisons were made with applied theories.

The purpose of this article is to develop a numerical method for calculating the
spread of pathogen particles considering the volatility of droplets, based on Navier–Stokes
equations using the turbulence approach, energy and diffusion models, and a discrete-
phase formula for modeling particles. The internal and domain of cabin air are considered
and heat exchange with the environment is carried out through heat transfer coefficients.
Ansys Fluent was used as a software for numerical analysis of the computer fluid dynamics.
This method allows us to obtain fields of all air characteristics, trajectories, and particle
sizes, considering their evaporation at any time.

The problem was solved in a static formulation and in the time domain. The fields
of pressures, velocities, air distribution densities, and the distribution fields of particles
containing coronavirus were calculated. Various rates and sources of entry of pathogen
particles were studied.

The significance of this work lies in the following:
In the field of theoretical research, the resulting numerical model makes it possible to

determine the trajectories, velocities, and temperature and humidity characteristics of air
flows and particles in the air (viruses), which reduces the time for creating air conditioning
devices in machines.

In the practical field, results have been obtained that allow manufacturers to design
improved air conditioning devices to create a comfortable and safe environment for the
operator.

2. Materials and Methods
2.1. Problem Statement of Simulation Liquid Droplets in a Flow

The assumption of the Euler–Lagrange approach is to simulate liquid droplets in a
flow. The liquid phase is considered as a continuous continuum using the Navier–Stokes
Equation (1) together with the continuity Equation (2) [3,4].

∂u
∂t

+ (u·∇)u = X− 1
ρ
∇p + η∆u +

1
3

η∇∇·u, (1)

∂ρ

∂t
+∇·(ρu) = 0, (2)

Here u = u(x, y, z, t) is medium velocity in Euler variables; p = p(x, y, z, t) is pressure;
ρ = ρ(x, y, z, t) is density; η = µ

ρ , µ and η dynamic and kinematic viscosities, respectively,
µ is assumed to be constant; and X = X(x, y, z, t) − body forces.

To consider the mass amount of water vapor in the air, energy Equation (3) is
used to take into account temperature, considering diffusion and mass transfer
Equations (4) and (5) [6–10]:

∂T
∂t

+ u∇T =
λ

cρρ
∆T −∇·

n

∑
i=1

Ji + φ, (3)

∂ρYi
∂t

+∇·(ρuYi) = ∇·Ji + Si, i = 1 . . . N − 1, (4)
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n

∑
i=1

Yi = 1. (5)

Here, T = T(x, y, z, t) is temperature; λ and cρ are thermal conductivity and specific
heat capacity, they are considered constant; φ and Si are internal sources of heat and
diffusion; Yi is local mass fraction of i substance; and Ji is diffuse flow of the i substance,
which occurs due to the gradient of concentrations, temperature, and pressure, and the
turbulent case is written as follows:

Ji =

(
ρDi,m +

µt

Sct

)
∇Yi + Di,T

∇T
T

+ Di,p
∇p

p
. (6)

Here, Sct is the turbulent Schmidt number; µt is the turbulent viscosity; Di,m are the
mass diffusion coefficients; Di,T are the thermal diffusion coefficients (thermal diffusion
coefficients); and Di,p are the barotropic diffusions of the i-th substance. The last barotropic
term in (6) is considered in the presence of a large pressure gradient.

Diffusion coefficients characterize the diffusion rate, which is equal to the amount of a
substance passing per unit of time through a section of a unit area, caused by a gradient of
concentration, temperature, and pressure, respectively.

The Mendeleev–Clapeyron relation (7) is used as the ideal gas law [3].

p =
ρTR
M

, (7)

where R and M are the gas constant and the molar mass, respectively.

2.2. Particles Motion Simulation by the Discrete Phase Model (DPM)

To simulate liquid drops, the discrete phase model (DPM) [29,56] was applied, in
which every particle was tracked in a Lagrangian frame of reference.

The DPM method is efficient enough at a volume fraction of particles of no more than
0.1 of the liquid, so that the interaction of particles with each other can be neglected. In this
assumption, the discrete and continuous phases are interconnected through source terms
in the equations.

The main assumption of the particle motion model is described by the following
equations:

The balance of power equation:

mpdup

dt
= Fd

p + Fo
p, (8)

Here, mp is the mass of the particle; up is the velocity vector of the particle; Fo
p are

additional forces, in particular, gravitational force, lifting force, etc.; and Fd
p is the force of

the particle resistance of interaction with the liquid phase.
The balance of power equation:

Fd
p = mp

u− up

τr
, (9)

τr =
ρpd2

p

18µ

24
CdRe

, (10)

Re =
ρdp
∣∣up − u

∣∣
µ

, (11)

Here, µ is the fluid dynamic viscosity; dp is the particle diameter; Re is the Reynolds
number; and Cd is aerodynamic drag coefficient, and in the case of spherical drops can be
represented as:

Cd = a1 +
a2

Re
+

a3

Re2 , (12)
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Here ai are constants [60].
To simulate the rotation of a particle, the momentum balance equation is used:

Ip
dωp

dt
=

ρ

2

(
dp

2

)5

Cω |Ω|Ω, (13)

Ω =
1
2
∇× u−ωp, (14)

where Ip is a moment of inertia of the particle; ωp is a vector of the angular velocity of
the particle; Ω is the relative angular velocity; and Cω is the coefficient of aerodynamic
resistance to rotation [58]:

Cω =
6.45√
Reω

+
32.1
Reω

, (15)

Reω =
ρΩd2

p

4µ
. (16)

To consider the evaporation of a drop, the following equation is used [58]:

dmp

dt
= hp Apρ ln(1 + Bm), (17)

Here, hp is the heat transfer coefficient; Ap is the surface area of the particle; and Bp is
determined by the formula:

Bp =
Ys

i −Yout
i

1−Ys
i

, (18)

Here, Ys
i is the mass fraction of vapor on the particle surface and Yout

i is the mass
fraction of vapor in the continuum.

The energy equation for modeling heat transfer between a drop and a medium is
written in the following form:

mpcp
p

dTp

dt
= hp

(
Tout − Tp

)
, (19)

Here, cp
p is the heat capacity of the particle; Tout is the temperature of the medium; and

Tp is the temperature of the particle.

2.3. Boundary Conditions

Along the boundaries of the rigid body region Ω, the conditions for zero velocities
are set:

un|Ω = 0, uτ |Ω = 0, (20)

Here, un and uτ are the normal and tangential components of the velocity vector u.
Velocity profiles (values) are set at the input:

u = u∗. (21)

Pressure values are set at the outlet:

p = p∗ (22)

In the numerical simulation, equations take into account the pressure relative to the
reference atmospheric pressure [29,33,64–67].

Additionally, “artificial” boundary conditions are added at the outputs in the form of
equality of velocity profiles or velocity derivatives in some directions, since Equation (1)
contains second derivatives of velocity.



Mathematics 2023, 11, 784 6 of 18

For the equation of energy and diffusion at the boundary, inlets and outlets Ω, the
values of temperatures, heat fluxes, or convective heat transfer (23) are set:

T
∣∣∣∣Ω = T∗,−λ

∂T
∂n

∣∣∣∣Ω = q∗ = −α(T − Tout). (23)

For diffusion, the boundary conditions are set similarly to thermal boundary condi-
tions (23) in the form of values of concentrations, fluxes, or convective exchange at the
boundaries:

Yi

∣∣∣∣Ω = Yi
∗,−∂Yi

∂n

∣∣∣∣Ω = Ji
∗. (24)

For particles at the inputs, the velocities, temperatures, and mass flow of particles of a
certain size are set.

On the walls in this work, for particles, the boundary condition of the “trap” is set
when the particle is removed from the calculation when it touches the wall.

To solve non-stationary equations in a dynamic statement, the initial values of all
variables are given.

Therefore, Equations (1)–(19) together with the boundary and initial conditions (20)–(24)
form a closed boundary value task of differential equations for velocities u, pressure p,
temperature T, and concentrations Yi, and coordinates and masses (diameters) of particles.

For the boundary conditions of the driver’s body surface for velocities, the standard
no-slip conditions (equal to zero velocities) were used, as for ordinary walls. To simulate
particles when they hit the human body, the “trap” boundary condition was used, i.e.,
particles were removed from the calculation.

2.4. Geometry

Figure 2 shows a diagram of a typical tractor cab. Air enters the cabin through
deflectors on the roof at a given speed, temperature, and humidity, and characteristics for
pathogen particles (Figure 3a). The outlet at the top rear of the cabin is set to zero relative
pressure (Figure 3b). Additionally, the oral cavity of the driver can be taken into account as
sources of viruses (Figure 3b).
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3. Results
3.1. Numerical Analysis

To implement the numerical method for solving the equations of hydrodynamics, the
fields of quantities are averaged according to Reynolds [29,33,64–67]:

f = f + f ′, (25)

Here, f = 1
T
∫ t+T/2

t−T/2 f (τ)dτ, a f ′ is an oscillation component.
After substituting the averaged fields into the basic equations, systems of differential

equations are obtained with respect to the averaged fields, as well as with respect to
additional new turbulence parameters (RANS). To obtain a numerical solution for the
RANS equations, Ansys Fluent is used using the k-ω turbulence model, as it is the most
universal one [29,33,64–67].

The RANS approach for these flow velocities gives fairly accurate results at a rel-
atively small grid resolution and time step and allows us to obtain a solution at lower
computational costs than, for example, the LES approach [29].

The equations are solved by the finite volume method, using a pressure-based solver
and the coupled method to couple velocity and pressure [29].

Figure 4 shows a finite volume mesh of 308,944 polyhedral cells and 1,008,693 nodes
with six near-wall layers to account for the gradient of edge effects.
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The minimum cell area is 2.1 × 10−7 m2, the maximum is 2.7 × 10−3 m2.
The mesh orthogonality is 0.16, which is sufficient for similar problems [29].
The value of the minimum residuals for the parameters of the problem is 1 × 10−4.

3.2. Task Parameters

Cabin wall is a multilayer structure with the following thermal conductivity coefficients:
Based on Formulas (26)–(28) and Table 1, the heat transfer coefficient for the walls is

5.6 W/(m2·K) and the thickness is 0.0312 m.

R = ∑
δi
λi

+
1

αout
, (26)

αout = 5 + 3.4u′, (27)

α =
1
R

. (28)

Table 1. Composite wall options.

Material of the Wall Coefficient of Thermal
Conductivity, W/(m·K) Thickness, m

Steel 58 0.002
Bituminous mastic layer 0.27 0.0042

Cast polyurethane 0.32 0.025

Here, R is the coefficient of thermal resistance, δi and λi are the thickness and thermal
conductivity of the i-th wall, α is the thermal conductivity coefficient for the walls, and αout
are the external heat transfer coefficients of the medium. For Formula (27), the applied
Yurgens formula [22] for the external velocity is used u’ = 2 m/s.

The front wall is made of laminated glass and the heat transfer coefficient is
10.9 W/(m2·K) for thickness 6 mm.

The bottom wall (floor) is thermally insulated.
Boundary conditions and air parameters are given in Table 2.

Table 2. Boundary conditions and environment parameters.

Num Title Value

1 Incoming flow temperature, ◦C 30

2 Air speed in deflectors, m/s 1

3 Cabin air flow temperature, ◦C 14

4 Average temperature on the human surface, ◦C 25

5 Thermal conductivity of water vapor (H2O),
W/(m2·K) 0.0261

6 Molar mass of water vapor (H2O), kg/kmol 18.01

7 Heat capacity of water vapor (H2O), J/(kg·K) 2014

8 Thermal conductivity of air, W/(m2·K) 0.0242

9 Molar mass of air, kg/kmol 28.966

10 Heat capacity of air, J/(kg·K) 1006.43

11 Mass fraction of water
vapor (H2O), YH2O

Cabin inlet 0.0091

12 Cabin outlet 0.0091

The decrease in the mass fraction of water vapor in cold air due to condensation on the
air conditioner evaporator, as well as the driver’s breathing, were not taken into account.
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The value of relative humidity is determined by the formula:

ϕ =
pH2O
p∗H2O

·100%, (29)

where pH2O is the partial pressure of water vapor and p∗H2O is the equilibrium pressure of
saturated vapor.

The equilibrium pressure of saturated vapor can be represented by the Arden Buck
formula for positive and negative temperatures, respectively [37]:

p∗H2O = 6.1121e[
(18.678− T

234.5 )·T
257.14+T ]·100, (30)

p∗H2O = 6.1115e[
(23.036− T

333.7 )·T
279.82+T ]·100, (31)

Here, T is the temperature in degrees Celsius.
Using the Mendeleev–Clapeyron law (7) for a fixed temperature, relative humidity

can be expressed in terms of mass fractions of water vapor. Thus, for the mass fractions
shown in Table 2 and the temperature of 14 ◦C, the relative humidity is 92.2%.

To solve the equations considering particles, it is necessary to unambiguously know
the initial particle diameters of respiratory bioaerosols, the velocities, and the number of
particles. At the same time, the range of particle sizes can differ significantly depending
on external conditions, and the study of this issue is the topic of separate studies. In this
paper, the particle size is in the range of 2 to 2000 microns according to the Rosin–Rammler
distribution [29] (Table 3, Figure 5).

The no-slip condition was set on the walls of the cabin for drops.

3.3. Numerical Results

At the beginning, a non-stationary task was solved and fields of the main quantities
were determined. The initial temperature inside the cabin was set to 30 ◦C and the mass
fraction of water vapor was set to 0.0091, which corresponds to a relative humidity of
34.7%.

The time for the process to reach a stable regime was approximately 250 s. The average
temperature in the cabin after 250 s was 20.2 ◦C and in front of the driver’s face was 20 ◦C,
Figure 6. The average humidity in the cabin was 61.8% and in front of the driver’s face was
62.5, Figure 7.

Figures 8–11 show the fields of velocities, pressures, temperatures, densities, and
air humidity. The lines reflect the velocity trajectories, the colors reflect the values of the
corresponding fields.

Table 3. Particle parameters.

Num Name of Injection Deflectors Driver’s Mouth/Cough

1 Minimum diameter
value, µm 2 2

2 Maximum value of
diameter, microns 2000 2000

3 Average value of
diameter, microns 1000 1000

4 Initial speed, m/s 1 5

6 Mass of particles,
kg/s 0.01 0.001
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The fields of velocities and temperatures are unevenly distributed over the cabin
volume. The minimum air temperature is 14 ◦C, the maximum above the walls is 29 ◦C.
Relative humidity values in the cabin are in the range of 38.3–92.3%.

The position of the deflectors and the vertical direction of the flows cause active airflow
and a relatively low temperature on the windshield.

Numerical simulation allows us to perform a series of virtual tests and choose the
optimal configuration of deflectors and airflow parameters on them.

The results for the particles are shown in the following graphs below for a stabilized
flow (Figures 12 and 13). The colors on the value scale correspond to the size of the particle
diameters. For the left graphs, the evaporation of droplets was taken into account, for the
right, it was not taken into account, which corresponds with the behavior of pathogen
particles in the solid state, and not in the form of aerosol droplets.
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4. Discussion

From the results of the particle trajectories in Figures 12 and 13, the following patterns
can be noted:

â “Large” droplets, with a diameter greater than approximately 400 µm, hit the wall
and are removed from the calculation in accordance with the sticking condition on
the walls of the cabin.

â “Small” droplets with a diameter of more than 400 µm, in the case of taking into
account the volatility of droplets, evaporate almost instantly.
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If the volatility of droplets is not taken into account, “small” droplets propagate
through the cabin along the streamline of air velocities, which corresponds to the behavior
of pathogen particles in the solid state, and not in the form of aerosol droplets.

To analyze the particle removal rate in this case, a numerical experiment was carried
out and the aerosol injection time was 0.1 with a mass of 0.01 kg/s and the distribution
shown in Figure 5.

Visually, the results are presented in Figure 14. The dependences of the mass con-
centration and the number of particles (the number of parcels [29]) are presented in
Figures 15 and 16.
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After 50 s, the number of particles was 10% of the maximum value and the mass
fraction of particles was less than 1% after 0.2 s. This discrepancy between the mass and
the quantity in part is explained by the settling of large drops on the walls of the cabin
(Figures 15 and 16).

The numerical results in the fields of velocities, pressures, and densities of this study
were compared with the results of [22], where a study was also carried out using RANS
equations without moisture and particles but taking into account the total external air
domain. Figure 17 shows the temperature values in the central part of the cabin from
time to time for these incoming flows specified in [22]. As can be seen from the graph, the
temperature differs slightly, and the differences are probably due to the humidity in the
current model.
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5. Conclusions

In this study, numerical–analytical modeling of the thermal state of the vehicle interior
is performed, taking into account air diffusion.

A model is also presented, which is a mathematical model of the spread of viral
particles in the passenger compartment, the source of which can be air intake deflectors, as
well as the operator’s respiratory tract.

1. The mathematical model is implemented on the basis of the Navier–Stokes hydrody-
namic equations for an ideal gas together with a discrete-element model for modeling
particles with a virus in the air. The Euler–Lagrange approach is used to simulate
liquid droplets in a flow. In this case, the liquid phase is considered as a continu-
ous medium using the Navier–Stokes equations, the continuity equation, the energy
equation, and the diffusion equation. Accounting for diffusion makes it possible
to explicitly model air humidity and is necessary, among other things, to consider
the evaporation of droplets (changes in the mass and size of particles containing the
virus). The discrete-phase DPM model is used to simulate liquid drops.
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2. The validation of the proposed model was carried out at the stage of debugging the
program in comparison with the known theoretical models of a stable flow. The
results were obtained on a grid with an orthogonality of 0.16 and minimal residuals
of 1 × 10−4. In addition, the comparison with previous studies of other researchers
was made.

3. In the work, the simulation of the fields of velocities, pressures, temperatures, and
humidity in the time domain for various modes was performed. Field stabilization
times were found.

4. To simulate droplets containing a virus, a discrete-phase DPM model was used, for
which the discrete and continuous phases are interconnected through the initial terms
in the equations. The following regularities were found:

5. “Large” drops, with a diameter greater than approximately 400 microns, hit the wall
and were removed from the calculation in accordance with the sticking condition on
the walls of the cabin.

6. “Small” droplets, with a diameter of more than 400 microns, in the case of taking into
account the evaporation of droplets, evaporate almost instantly.

7. “Small” droplets, with a diameter of more than 400 µm, in the case of non-evaporability
of droplets, propagate through the cabin along the streamline of air velocities, and the
dependences of concentrations and the number of particles in the cabin on time are
plotted.

8. In this work, only one value of air humidity was considered: “non-evaporable”
particles. It is also quite interesting to study the influence of the humidity value on the
evaporation of particles, and therefore on their behavior in the volume of the cabin.
In addition, the question of the influence of the airflow directions of the air deflectors
of the climate system and the internal equipment of the cabin remains unexplored.
These studies, field tests and comparison of the results are planned to be carried out
in subsequent works.

This fact confirms the need for further study of the nature of the spread of viruses and
pathogens in respiratory droplets and in solid states.

This approach is universal and can be used to simulate the thermal state, considering
the humidity of cabins and the climatic equipment of any configuration.

The presented model makes it possible to study the spread of pathogens that are inside
respiratory droplets or in solid form, and to predict the time of removal of pathogens from
the cockpit.
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