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Abstract. In this work, a numerical framework aimed at simulating the transport of contami-
nants and infectious agents within a closed domain is presented. The method employs mature
CFD algorithms to calculate air fields with reasonable computational costs. The main objec-
tive is to give fast response to stakeholders about air quality indicators in the design phase of
HVAC systems. A discussion regarding the size and characteristics of different contaminants is
proposed, highlighting the most appropriate methods and coefficients needed to simulate their
transport. Next, the methodology employed to evaluate the risk of infection is presented. The
numerical set-up, based on the buoyantBoussinesqPimpleFoam solver in OpenFOAM, was tuned
by simulating the well-known case of the heated floor cavity, providing accurate results. Hence,
the case study of a transport vehicle of generic shape is presented, in order to show possible
results in terms of air-age distribution, PM2.5 distribution, and global infection risk matrix.

1 INTRODUCTION

The outbreak of SARS-CoV-2 has shown the importance of indoor air quality control and
flow pattern studies. In this sense, Computational Fluid Dynamics (CFD) simulations have
always been a powerful tool to study air movement and contaminant transport. In the case of
HVAC installations, CFD can help understand the flow patterns and propose new alternatives to
improve the air quality, which can result in a reduction of new infections. The numerical method
is built on the basis of the turbulent fluid solver buoyantBoussinesqPimpleFoam, present on the
open-source platform OpenFOAM. The solver integrates the transport of a scalar quantity called
air-age used to measure indoor air quality. In the simulations, the k−ε RANS turbulence model
previously tested in [1] is employed, and an original methodology is introduced to determine
susceptibility to infection by airborne transmission of the virus. This is done by running mul-
tiple simulations of the contaminant transport for a stationary flow, placing the main source of
contaminant in a different location and studying its effect on the rest of the users of the vehicle.
A convection-diffusion equation with variable source term is employed to model contaminant
transport [2, 3]. Realistic parameters for the contaminant generation and inhalation rate, as
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well as for its diffusion in the air, are employed [4]. Once the contaminant concentration distri-
bution is resolved, an integration over time is performed to obtain the probability of infection in
each susceptible location using the CFD integrated form of the Wells-Riley model [2, 3]. This
numerical method allows the study of air quality and the diffusion of contaminants in means
of transport (or other closed places) in which air conditioning and/or purification systems are
active. The simulations allow to choose the operating parameters (positions of the vents, air
velocity, recirculation rate, positioning of the seats) that minimize the risk of infection for the
users of the service.

2 NUMERICAL SET-UP

2.1 CFD Model

The numerical method proposed in this work resolves Navier-Stokes equations on 3D unstruc-
tured domains. An unsteady RANS solver is ran to get statistically steady-state solution for
velocity, v̄ and pressure, p̄, within the domain of a public transport vehicle. The main governing
equation for momentum conservation is the following, taking into account a linear eddy viscosity
model approximation:

∂ρv̄

∂t
+∇ · (ρv̄ · v̄) = g −∇p̄′ +∇ · (µeff∇v̄) +∇ ·

[
µeff dev2 (∇v̄)T

]
(1)

where µeff is the effective dynamic eddy viscosity, evaluated as µeff = µ+µt. The dev2 operator
is defined as follows:

dev2 (ϕ) = ϕ− 2

3
tr (ϕ) I (2)

The incompressibility constraint is introduced during resolution to account for mass conserva-
tion. Simulations were run on the OpenFOAM software. In particular, the pimpleFoam solver
was employed, which is a transient solver for turbulent flow in incompressible fluids. The k − ε
turbulence model [5] is employed, while the epsilonWallFunction boundary condition is used
to provide a wall constraint on the turbulent kinetic energy dissipation rate. In this approach, a
two transport-equation linear-eddy-viscosity turbulence closure model is employed, thus, solving
two additional transport properties, namely, turbulent kinetic energy, k, and turbulent kinetic
energy dissipation rate, ε, for the calculation of µt, defined as

µt = Cµ
k2

ρϵ
(3)

The transport of air-age, τ , was added to the solver, representing a reliable indicator to analyse
the air quality within a closed environment

∂τ

∂t
+∇ · (v̄τ)−∇ ·

(
νeff
στ

∇τ

)
= 1 (4)

where νeff = ν+νt is the effective kinematic viscosity, sum of the molecular kinematic viscosity,
which is an intrinsic property of the fluid, and the turbulent kinematic viscosity, which charac-
terizes the turbulence of the flow. στ is the equivalent Prandtl number for τ and represents the
ratio between the diffusion coefficients of the linear momentum and the air age.
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2.2 Contaminant transport

Additionally to Navier-Stokes and air-age equations, the transport of additional quantities
is performed in this work, aimed at studying the distribution of viruses or other contaminants
within the environment. The transport of a quantity ϕ, e.g. in terms of volumetric concentration,
whose particles are sufficiently small in size, can be studied by a typical convection-diffusion
equation with a source term:

∂ϕ

∂t
+∇ · (ϕv − αϕ∇ϕ) = Sϕ (5)

where Sϕ is the source term, only considered if a source term for ϕ is present within the domain.
Before defining the concept of sufficiently small in size, we need to mention the fact that the issue
of the transport of contaminants will be analyzed in this work under two different paradigms.
On the one hand, there is the issue of the transport of infectious elements, such as the viruses
responsible for the SARS-CoV-19 disease. In this case the problem of quantifying the infection
probability arises, as a function of the amount of infectious agent in the air. On the other hand,
a more general problem arises related to the quality of the air breathed by the users of the
transport vehicle. In this case, the aim is to measure the internal levels of contamination of
some markers, and compare them with reference levels identified as acceptable by the health
authorities. The size of viruses is generally very small, for example, the virus responsible for
SARS-CoV-19 has an estimated size of between 50 and 150 nm. Therefore, a study through
Eq. 5 is highly realistic. The quantification of viruses and bacteria can be done by introducing
the concept of quanta concentration ϕ [quanta/m3] which gets transported over a fluid field (as
discussed in detail in the Sec. 4). A separate discourse must be made for generic air pollutants,
present in a more or less industrial urban environment and therefore also present within public
transport vehicles. Common contaminants, along with their size and characteristics, are listed
in the following table:

Table 1: Possible pollutants to be analyzed in Air Quality CFD studies.

Size Remarks

CO2
Very small size (molecular level)

- Easy to perform on-time measurements

- Not effective to assess filtering strategiesNOx

PM10 ≤10 µm - Easy to perform on-time measurements

- Removed by common filtersPM2.5 ≤2.5 µm
Bacteria 0,5 µm - 5 µm

- Difficult and slow to analyze experimentally
Fungi 2 µm – 50 µm

In general, the method of studying the transport of contaminating particles can be established
through the Stokes number, Stk, a dimensionless number characterizing the behavior of particles
suspended in a fluid flow:

Stk =
t0v0
l0

(6)
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Figure 1: Classification of modelization approach versus particle size.

where t0 is the relaxation time of the particle (the time constant in the exponential decay of
the particle velocity due to drag), v0 is the fluid velocity of the flow well away from the obstacle
and l0 is the characteristic dimension of the obstacle (typically its diameter). A particle with a
low Stk number follows fluid streamlines (perfect advection), while a particle with a large Stk
is dominated by its inertia and continues along its initial trajectory. For mild Stk numbers,
e.g. Stk ≃ 1, both fluid and particle effect should be taken into account. For low Stk numbers,
a passive scalar model can be applied, the particle follows the movement of the fluid and its
distribution is evaluated as a concentration scalar parameter described by a convection-diffusion
equation. As Stk increases, Eulerian-Lagrangian models must be employed, and a finite number
of particles is simulated. Each particle is solved using Newton equations and the movement is
coupled with the velocity field solution of the Navier-stokes equations. For an important number
of particles, this approach is more complex and computationally expensive. Certain debate exists
regarding the particle size and the Stokes number for which it may be considered appropriate to
use an Eulerian transport model: Liu et al. [6] considers 20 µm as superior limit, while Hathway
et al. [7] study the transport of contaminats with d = 2.5 µm as median parameter. A general
overview is proposed by Isukapalli et al. [8], and resumed graphically in Fig. 1. Resuming, it has
been chosen to employ PM2.5 as representative parameter the measure air quality. Indeed, it
seems reasonable to consider the transport of these particles by means of a convection-diffusion
transport equation.

Diffusion coefficients: To determine the diffusion coefficient αϕ of Eq. 5 different approaches
can be adopted. In general, αϕ = (α + αt), sum of molecular and turbulent diffusivity. If the
molecular diffusivity is well known, as in the case of popular species and contaminants, it can
be directly set, while αt is calculated by the turbulent solver. In other cases, the formula from
[9] for the calculation of αϕ can be employed:

αϕ = 0.824 · Q
3
√
V N2

(7)

where Q[m3/s] is the total volumetric flow, V [m3] is the room volume, and N [m3/s] is the
number of air supply vents. The equation considers that the effects of the turbulence on the
diffusion due to mixing is much more important than the molecular diffusion. Introducing this
constant αϕ model for all the domain will probably not be as accurate as using a turbulent model
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for this property with its specific value for each region, but it will probably be good enough when
considering that other factors (for example, moving people) are not taken into account.

Source term: As already commented, the source term Sϕ, is considered only if an infection
source is present within the domain. For the case of virus transport, the value of the source term
Sϕ is related to the quanta generation rate concept explained in Sec. 4, and is introduced within
the domain to take into account the presence of an infected subject. The methodology, as well
as the empirical coefficients employed to calculate the infection probability for the specific case
of SARS-CoV-2 are detailed in Sec. 4. On the other side, when considering PM transport, no
sources are present within the domain, as the source of contamination comes from the external
air.

3 NUMERICAL METHOD VALIDATION

The ventilated and heated rectangular cavity proposed by Nielsen [10] is used as a test case to
validate a numerical set-up which will be employed to perform thermo-ventilation studies. The
domain consists of a rectangular cavity reported in Fig. 2a. Fresh air is supplied to the cavity
from a thin inlet slot of height h = 0.056H located at the top-left side. The air leaves the cavity
through a thin slot of height t = 0.16H located at the bottom-right side (plane x = L). The air
is introduced horizontally at a velocity U0 = 15.2m/s. (Re = 7100) with a turbulence intensity
of the order of 5% and a temperature T = 295.15K. All the walls of the cavity are considered
adiabatic except for the floor where a uniform heat flux density is imposed (q = 563W/m2 or
Q = 128W ). In order to introduce the natural convection effect due to the heated floor, a variant
of the pimpleFoam solver is employed here, i.e. the buoyantBoussinesqPimpleFoam solver. This
solver still employs an incompressible flow formulation, i.e. the density is constant in all the
terms, except in the calculation of the gravity force, where the density is considered variable to
take into account buoyant effects (Boussinesq approximation). In particular, the gravity force
is calculated as

fb = −ρβ(T − T0)g (8)

where β is the air expansion coefficient and T0 is the reference temperature. This enables natural
convection problems to be dealt without having to solve for the complete compressible formu-
lation with Navier–Stokes equations. This solver also solves energy conservation to obtain the
temperature evolution needed to evaluate the buoyancy effect. The thermo-physical coefficients
used in the simulations are constant and must be chosen to represent fairly well the behavior
of the flow in the range of temperatures expected in the simulation. The adoption of a similar
set-up for air quality studies has been done lately by several authors, e.g Limane et al. [11].
Different velocity and temperature profiles are available in the literature to perform the set-up
validation [10, 11]. In Fig. 2 results for the horizontal velocity profile along z, temperature
profile along x at y = 0.67W, z = 0.25H and temperature profile along x at y = 0.67W, z = 0.0
are proposed. Numerical results were obtained on a Cartesian mesh of 381×127 cells, employing
a 2D approximation of the domain. Even so, the the velocity profile is reproduced with good
accuracy, while only small errors are obtained on temperature profiles.
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Figure 2: Heated floor cavity validation case: (a) validation case domain; (b) horizontal velocity
profile along z; (c) temperature profile 1 along x at y = 0.67W, z = 0.25H; (d) temperature
profile 2 along x at y = 0.67W, z = 0.0.

4 INFECTION RISK METHODOLOGY

4.1 Wells-Riley Model

According to the Wells-Riley model, the probability of infection follows a Poisson distribution,
being q the quanta breathed by a person over a certain period of time

P = 1− e−q (9)

where q is a quantum of infection or quanta [12, 2], representing the number of infectious air-
borne particles required to infect a person based on a Poisson distribution. The probability of
being infected by a single quanta is 63.2%. To clarify, if you breathe a certain quantity of air
over a period of time, and this volume of air had an equivalent of a quanta in terms of infectious
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particles, you have 63.2% chances of getting infected. In terms of quanta generation and ab-
sorption, every disease is different. However, the expulsion rate of virus particles from infected
subjects, the quantity inhaled from susceptible people, and the probability of being infected as
a function of exposure time can be determined as a result of empirical studies. In this work, we
employed empirical data from different sources to estimate the quanta generation rate [14, 4].
It must be noticed, that there is some variation between sources due to the high uncertainty
which characterize this kind of empirical magnitudes. However, the results are capable of giving
an order of magnitude for the probability of infection and to compare the contaminants removal
effectiveness between different configurations. For our cases we will consider the quanta gener-
ation rate (quanta emitted or exhaled by one person) reported in Tab. 2, corresponding to the
source term for the virus transport equation.

Table 2: Quanta generation rate for COVID-19 in our simulations. fa is the mask correction
factor

Case Sθ Assumption

Person breathing 25 · fa Average behavior (some seated, some standing, some talking)
Person coughing 200 · fa Person singing or loudly speaking

In our studies, the concentration of quanta over time ϕ(t) in the proximity of a each susceptible
subject is tracked. Then, considering the volumetric flow of air that a person breathes, we can
calculate the quantity of ϕ inhaled (Iϕ). A person breathing rate [13] is 7.5 l/min when resting,
and up to 120 l/min in heavy exercise. We will consider the people of the bus to be in a resting
mode, so using the adequate units we can write the following expression for the Person breathing
flow rate

br = 1.25 · 10−4 m3/s (10)

The average kind of masks employed are surgical masks, which are estimated to block about
30 − 60% of the particles, leading to a reduction factor fa = fb = 0.4 − 0.7. In simulations,
an average fa = fb = 0.5 is set, considering a 50% reduction for both the source and inhaled
quantities. With all previously explained data we can calculate the inhaled quanta Iϕ. The
numerical integration is performed at the end of the simulation as follows:

Iϕ = fb ·
∫ tend

0
ϕ(t) · br dt (11)

being ϕ [quanta/m3] the local quanta concentration. Hence, based on the Wells-Riley model we
can estimate the probability of infection as:

Pi = 1− e−Iϕ (12)

4.2 Risk Matrix

In this work a methodology is defined to evaluate the global risk of contagion with a certain
configuration of air sources, e.g. the air conditioning and the air control device. The reference
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situation is described as follows: an infected person enters a clean bus an at t = 0 min and
takes a seat of the ones depicted in Fig. 3a. She/he breathes normally and at t = 2 min starts
coughing (for about 20 seconds), and then again coughs at t = 10 min during 20 s. This person
remains in the bus for 20 minutes and then leaves. The contamination effect is tracked within
the simulation over 30 minutes. The source profile is shown in Fig. 3b. The probability of
contagion is calculated for each person inside the N positions in bus. Then, a new simulation is
performed, assuming the infected person takes another seat. This process is repeated for the N
seats. The output of this study consists of a risk matrix, corresponding to the risk for a person
placed in place x of N (Susceptible Seats) of being infected by that person sitting in place y of
N (Infected Seats). Examples are reported in a graphical way in Fig. 4d. The total sum of the
risks provides an overall indication of the risk obtained with a certain configuration. It must
be considered that each of these simulations is performed only on the transport of ϕ and with
a stationary velocity field (which must be resolved only once for each flow field configuration),
therefore, the global simulation time is contained.

(a) Position of people within the transport vehicle.
(b) Profile of the exhaled quanta from the infected
person

Figure 3: Positions considered for calculating the infection risk, and source profile of the exhaled
quanta.

5 CONTAMINANT DIFFUSION IN A PUBLIC TRANSPORT VEHICLE

The results obtained on the basic configurations depicted in Fig. 3a are shown and commented
in terms of air-age distribution, infection risk, and contaminant distribution. The proposed
simulation represents the case of a generic transport vehicle in which the HVAC system is
switched on, providing an air flow within the vehicle of 6000 m3/h. The renewal of the internal
air, infected by the presence of the virus, is due to the introduction of a percentage of non-
recirculated external air (25%). As an example of the possible outputs of the method, some
magnitudes of interest were collected along the two lines reported in Fig. 4a. The results
regarding air-age are reported in Fig. 4b, where an overall low air-age is observed along the
two profiles. The value is particularly low in the center of the domain, while larger values are
experienced at the front and back of the bus. The air-age gets specially high in correspondence
with the driver seat, although it is not particularly critical as it would correspond to 8 renovations
per hour. This is explained by the presence of the glass shield in correspondence behind the
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driver’s back, which impedes an efficient air renewal. This situation could be resolved by placing
inlet air ports around the driver’s seat. The concentration of the contaminant PM2.5 would be
identical to the outdoor concentration (20 ppm) if no filtration is applied to the outdoor air. The
graph in Fig. 4c shows the result of a simulation in which an air filtration device is activated in
the front part of the vehicle cabin. It is possible to notice how the concentration is considerably
lowered in the areas where the filtration is more effective. The overall risk matrix is reported in
Fig. 4d, reporting the infection risk of each susceptible subject to be infected from SARS-CoV-19
by an infected subject placed in each of the positions of the bus. We observe that the seats at
the center are the ones that are more prone to causing infection, while the ones at the back,
along the ones at the front are the less prone ones. People in the front of the bus, including the
driver, are the people with higher probability of contracting infection.

6 CONCLUSIONS

A numerical framework aimed at simulating the transport of contaminants and infectious
agents within a closed domain is presented in this work. The discussion regarding viruses/contaminants
sizes and characteristics serves to identify the model and the diffusive coefficients needed to sim-
ulate their behavior within closed environments. Velocity and temperature fields measured on
the canonical test case firstly proposed by Nielsen [10] show good agreement with the reference
results. The results proposed in the final section, regarding the simulation of a generic transport
vehicle, are aimed at providing indications regarding the potentiality of the method.
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Figure 4: Contaminant transport in a public vehicle: (a) Probing lines; (b) Air-age profiles; (c)
PM2.5 concentration inside the bus; (d) Overall risk matrix for SARS-COV-19 Infection.
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