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ABSTRACT

Infectious diseases are primarily transmitted through droplets exhaled during respiratory events. In the present
work, the risk of infectious disease transmission is evaluated from a statistical analysis based on respiratory
droplet trajectory spatial distribution. Trajectories are collected from a fluid dynamics analytical model solving
the governing equations of droplet transport, evaporation, energy, and species recently developed and validated
by the authors. The analytical model is completed by a droplet release randomisation model, an unsteady
empirical model of the respiratory cloud motion within which the droplets are released, and a discrete random
walk approach to account for the droplet turbulent dispersion. Imposing the proper boundary and initial
conditions, different respiratory events may be modelled with ease and a large number of trajectories can be
tracked with a limited computational effort. With assumptions on the exhaled droplet size distribution and viral
content, the data collected may be post-processed to provide spatial distribution transmission risk maps able
to discriminate between the various transmission routes. In this work the coughing scenario is considered. A
number of simulation runs, made of more than twenty thousand droplets each, are performed and discussed
to assess the role of ambient temperature and relative humidity on the droplet evaporation, trajectory, and
inhalation transmission risk. It is found that airborne risk is largely affected by the ambient thermo-hygrometric
conditions while direct inhalation and fomite risks are not. Airborne infection risk and droplet critical diameter
are found to almost double passing from cold humid environments to hot and dry ones.

KEYWORDS: Infectious disease transmission, Respiratory droplets, Droplet transport, Virus concentration, Risk
assessment, Thermo-hygrometric conditions

1. INTRODUCTION

Pathogen-laden respiratory droplets are among the main means of infectious disease transmission. Different
respiratory droplet-based transmission routes are possible, including direct and indirect (airborne) inhalation,
and direct and indirect (fomite) contact transmission [1]. Direct inhalation occurs when infectious exhaled
droplets are directly inhaled by a susceptible individual due to the small interpersonal distance kept, airborne
or indirect inhalation route instead is due to small droplet nuclei that remain suspended in the air for long time
and can travel large distances. Contact transmission is referred to as direct when it involves the direct contact
between individuals after contamination from droplets, e.g. hand-shaking, and indirect or fomite when it occurs
through an infected surface, e.g. a door-knob.

The size of the droplets exhaled during respiratory events spans over different orders of magnitude, going from
~1 mm down to sub-micron scale [2]. The fluid dynamic behaviour of droplets of such different size varies in
terms of transport and evaporation, since different is the balance between gravity and drag forces, and different
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is the surface exposed to convection mass transfer with respect to the droplet volume. Large droplets are mostly
influenced by inertia and fall to the ground before evaporation is complete, thus boosting fomite transmission.
Small droplets, instead, are driven by drag and evaporate rapidly leaving airborne droplet nuclei made of salts,
enzimes, and eventually viruses, that are at the basis of airborne transmission. A critical droplet diameter of
~90 um, discriminating between these two behaviours, is generally reported in the literature [3]. This threshold
may change moderately depending on the type of respiratory event investigated but is largely affected by the
thermo-hygrometric environmental conditions impacting on the droplet evaporation history.

The experimental characterisation of the exhaled droplets transport for different respiratory events is extremely
challenging. Some characterisation of the breath cloud has been presented in the literature [4, 5]. While this is
important for modelling small droplet transport in the early stages after exhalation, a significant variability in
the data has been found between individuals. Much more difficult is the characterisation of the exhaled droplets
in terms of size distribution due to their small size, the large range of sizes at stake that cannot be caught by a
single instrument, the very rapid evaporation of small droplets after exhalation, and, once again, the variability
among individuals. Some attempts have been presented in the literature [6, 7], but the data collected is largely
fragmented and the agreement between different works limited [8]. Last, an experimental assessment of the
droplet evaporation rates along their trajectory is essentially impossible.

Due to these difficulties, most works tackle the problem using a numerical approach. These can be subdivided
into two categories: the works recurring to Eulerian-Lagrangian Computational Fluid Dynamics (CFD) sim-
ulations, and those where the analytical equations governing the transport and evaporation of the droplets are
mixed with empirical models and solved numerically. The formers are very versatile in their ability to model
complex physical systems and are used mostly to present case specific indoor infection transmission scenarios,
e.g. in an office [9], a supermarket [10], or a car [11]. The high computational cost of the Lagrangian particle
tracking, nonetheless, seriously limits the number of particles that can be addressed. The latters are much
less computationally intensive and allow a large number of droplets to be tracked with limited effort. Further,
being based on a meshless approach they do not depend on the quality of a grid spatial resolution, and the
analytical approach grants a high accuracy of the numerical solution. On the contrary, the price to pay is a
lesser versatility in modelling complex physical systems, the inability to model particle interactions that yet
have been demonstrated to be negligible in respiratory events [12], and the need for a series of empirical models
to account for physical features needed to provide the time-varying boundary conditions encountered by the
droplet during its flight within the breath cloud. Different empirical models of breath cloud have been proposed
in the literature ranging from steady jets [13], to jets having two different spatial development phases (namely,
jet and puff) [14], to fully unsteady models [15]. Some model include the effect of buoyancy [16], or implement
the effect of turbulent dispersion following a discrete random walk approach [17]. All these models, although
elaborated and reasonably accurate, suffer from the fact that the fluid dynamics of buoyant, intermittent, and
unsteady exhaled jets is inherently three-dimensional, and cannot be caught correctly by empirical models.

Recently, the authors have developed an analytical model of exhaled droplet transport and evaporation embed-
ding all the most advanced features proposed in the literature [18]. The model addresses the droplet energy
balance, and accounts for its non-volatile fraction. Anunsteady intermittent empirical model of droplet transport
within the humid buoyant breath cloud, a random walk approach to address the droplet turbulent dispersion, and
a droplet injection randomisation method complete the analysis. The model was validated against a set of CFD
simulations and the little experimental data available in literature finding good agreement. In a second moment
the breath cloud empirical model was abandoned in favour of a multi-scale approach where a set of unsteady
CFD simulations were used to provide the local boundary conditions needed by the analytical solver to compute
the droplet trajectory and evaporation history [19]. While the multi-scale approach provided slightly better
results, the comparison confirmed the reasonable accuracy of the previous analytical/empirical. The approach
proposed has been shown to be much cheaper in terms of computational resources needed with respect to
more elaborated Eulerian-Lagrangian CFD analyses. Thanks to this, a large number of droplets can be easily
simulated and the model has been used by the authors to perform statistical analyses of the droplets trajectory
extrapolating spatial risk maps for different scenarios. To do so, assumptions on the droplet quantity and size
distribution [8], on the viral concentration in the saliva [20], and on the virus titer decay [21] are necessary.
The analyses were performed for a reference thermo-hygrometric condition of 20°C and 50% relative humidity.

In the present work, the previous analysis is expanded by using the mentioned analytical/empirical model to
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investigate the role of temperature and relative humidity on the exhaled droplet spatial distribution and on the
critical droplet diameter. Different scenarios are compared for the case of coughing, namely: 10°C, 20°C,
30°C temperature, and 20%, 50%, 80% relative humidity.

2. ANALYTICAL MODEL

The analytical and the empirical models are briefly recalled in this section, for a more detailed analysis the
reader is referred to the previous works from the authors [15, 18].

2.1 Trajectory Weight # and drag 2 are the main forces acting on the droplet during its flight

W =—(pp—pm) "D} 0]
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where subscript p denotes the droplet, m the humid air mixture, p is the density, g the gravity acceleration
vector, D the diameter, Cq the drag coefficient, and u,=up—uy, the relative velocity vector. By integration,
Newton’s second law of motion provides equations for the droplet velocity up(#) and position sp(#) in time,
given the initial conditions uyo and sp o
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where the local velocity of the humid air uy, can be modelled at will to simulate different ventilation scenarios.
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is the drag characteristic time and the subscript t denotes the terminal condition attained in the limit when w;=0.
Drag coeflicient is computed from the correlations for the flow past a sphere and, due to the small droplet size,
must include Cunningham slip correction factor.

2.2 Evaporation Convection-diffusion equation in stationary form can be manipulated to provide a simple
formula expressing the rate of change of the droplet diameter due to evaporation as

K
Dp=-———0 6
»= 30 (©)

where the evaporation rate K =—dD12)/dt depends on many parameters such as the droplet density and temper-
ature Tp, the binary diffusion coeflicient of water in air Dy, Sherwood number, the water vapour gas constant
Ry, and the vapour partial pressure difference between ambient and surface of the droplet (py,s—pPv,c0)

4D,Sh p
K= — (Pvs—py, (N
PpRvTp pas (Pus = Pus)
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By integration

Dy (1) = Df)yo -Kt (8)

2.3 Energy Conservation of energy applied to the droplet requires that the sensible energy rate of change is
balanced by convective heating and evaporative cooling. The thermal energy balance can be casted in terms of
the droplet temperature rate of change

. Ty — T,
T, =2 P 9)
Te
where
c D?
o= 2P b (10)
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is the droplet characteristic evaporation time, function of the droplet density, diameter, and specific heat cp p,
the air thermal conductivity by the droplet surface A, and Nusselt number. The droplet terminal temperature
Tp1=Too— ATy, is the temperature reached by the droplet as a consequence of evaporative cooling, where Tt is
the ambient temperature, and ATy, is the cooling term that depends on the water latent heat of vaporisation, the
droplet density, the evaporation rate, the air thermal conductivity, and the Nusselt number. By integration

Tp(t)zproexp(—ri)+Tp,t[l—exp(—i)] (11

e Te

2.4 Species Assuming the droplet is formed by water and a nonvolatile solute solid fraction, from Raoult’s
law the water vapour partial pressure at the surface is reduced proportionally to the water molar fraction in the
droplet yiq. As a consequence the evaporation rate K is reduced accordingly and evaporation will terminate
once the vapour partial pressure at the droplet surface is in equilibrium with that in the ambient. The water
molar fraction can be expressed as a function of the liquid (Iq) and nonvolatile (sl) molar mass M, density, and
volume fraction ¢ as

M -1

g=11+
Vg ( Mg piq P1q

The droplet initial solid fraction is assumed to be equal to 1% in volume.

3. EMPIRICAL MODEL

3.1 Exhalation model An exhalation model is needed to evaluate the droplet transport within the warm
humid breath cloud. The model proposed stems from uniform steady jets theory and momentum conservation,
expanded to account for non-uniformity, unsteadiness, and viscous dissipation. It is assumed that the breath
cloud grows as a cone with the distance and is characterised by a constant entrainment coefficient § so that
at a generic distance 7’ the cloud half width is fr’ whereas at the mouth =1 and r'=r|. The cloud thermo-
hygrometric properties are computed from mixing, while the jet velocity decreases with the distance.
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A non-uniform velocity profile is imposed assuming a self-similar radial profile given by any normalised
function of the non-dimensional distance from the jet centreline {. A bell-shaped Gaussian function is chosen
here. Introducing the non-dimensional distance {=r'B/1],

uiE, ) 1 | po 2
= LY exp(- 13
1o é\/p(é)exp( <) (13)

where the subscript 0 denotes the mouth cross-section. To account for unsteadiness and the possible periodicity
of respiratory events, it is assumed that the velocity profile shape of eq. (13) is retained in time and is scaled by
a factor y(#) derived from momentum conservation, thus providing the final velocity field in the breath cloud

u(é)() 1) 1 Po 2
Up f\/ p () o ( ¢ ) @ .

With the due considerations, the function y () can be derived for any type of unsteady and non-uniform velocity
respiratory impulse, and can embed an exponential decay term to account for momentum dissipation.

The breath cloud buoyancy is enforced by applying an empirical model taken from the literature for steady jets
[22]. The jet potential core is modelled by enforcing {=1 up to a certain distance from the mouth as suggested
in the literature [16] and rescaling ¢ accordingly at further distances.

In the present work, the coughing impulse is modelled as a piecewise positive sinusoidal function peaking at a
generic time #p=0.1s and terminating at time Zex=0.4s. The overall exhaled volume and the peak velocity are
chosen as Vgg=1dm? and upk=10m/s [23], implying a mouth opening diameter of ~22mm. The breath cloud
is supposed to be expelled upward at an angle 27.5° with respect to the horizontal [24] from a height of 1.5m,
with a temperature of 34 °C and relative humidity of 95%. The entrainment coeflicient is set to $=0.11 [25].

3.2 Turbulent dispersion and droplet randomisation Turbulent dispersion is modelled using a discrete
random walk approach. This is a standard approach in CFD. The velocity fluctuation u’ is modelled as a random
function of the turbulent kinetic energy which is updated periodically and added to the local air velocity uy, in
egs. (3) and (4).

It is assumed that droplets are randomly released from the mouth cross-section in a proportional way to the
local velocity both in space and time. In this way a Gaussian spatial distribution injection is obtained where
droplets are more likely to be released close to the velocity peak time.

These random elements in a model that would otherwise be deterministic allow statistical analyses over the
droplet trajectories to be performed. Droplets are assumed to be released in a condition of thermal equilibrium
with the breath cloud environment and with zero relative velocity.

3.3 Inhalation model To transform the droplet trajectory data into a probability of inhaling a certain amount
of viruses and become infected, an inhalation model is needed.

Here, it is simply assumed that a breathing susceptible individual will inhale a hemispheric volume in front
of his nose at each breath. Assuming a uniform inhalation over a given periodic time span, the inhaled air
velocity uj, can be estimated as a function of the radial distance from the individual nose. A droplet crossing
the inhaled volume is assumed to be inhaled, with a probability equal to the breathing inhalation time over the
breathing period, if its velocity component orthogonal to ujy is smaller than [luj, .

The inhaled volume is assumed to be V;,=600cm?® per breath, the breathing period equal to tpr=4s and the
inhalation time ,=2.4s.
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4. EXHALATION DATA

In addition to the foregoing fluid dynamic model, to quantify the risk of infectious disease transmission
additional information is needed. The exhaled droplet size distribution is assumed to follow a power-law
Probability Density Function (PDF) 28 in line with what suggested in [8]

B

p
with B and m to be determined. Since smaller droplets are deemed more dangerous being able to penetrate
into the lower airways, a droplet diameter dependent infectious dose .# power-law PDF is further assumed

4 (Dp) = ID} (16)

where I and n are constants to be determined. With m=2 and n=1 and integrating over a generic range
of possible droplet diameters [Dmin, Dpax]=[10""m, 1073 m] [2], the number of exhaled droplets Np, their
cumulative volume Vp, and the number of quanta exhaled Qp (assuming a uniform virus concentration c in the
saliva) are evaluated as

Dmax B 1 1 B
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From the definition of average infectious dose as the quantity of viruses corresponding to one quanta I=cVp/Qp,
where one quanta is the virus dose causing the disease with a probability of 1—exp(—1)=63% when inhaled

21 21
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In the following, the virus concentration in the saliva is assumed to be c=3300copies/mm?. This corresponds
to an average value reported in the literature for SARS CoV-2 virus [20]. The average infectious dose is believed
to be I~100copies for many infectious diseases [26]. Last, the amount of saliva expelled during a cough is
estimated to be Vp~5mm?, in line with [27], resulting in B=20mm. It follows that the number of droplets
exhaled and the number of quanta associated to coughing are Np=2x10° and Qp=172.8 quanta, respectively.

5. SIMULATION CAMPAIGN

During the simulation campaign, atmospheric pressure is assumed in a quiescent environment. Nine scenarios
are investigated involving different ambient temperatures and relative humidities, namely: 10°C, 20°C, 30°C,
and 20%, 50%, 80%. In each scenario a set of 972 logarithmically distributed diameters are tested. The range
from 0.1 um to 1 mm is subdivided in 972 parts and the median diameter in each sub-range is picked. 21
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droplets are simulated for each diameter resulting in 20412 droplets overall. A number of quanta obtained from
eq. (21) is associated to each range. In this way, even though the size distribution simulated does not reflect
that in eq. (15), the viral distribution does and the trajectories collected cover uniformly the range of interest.

Droplets are tracked up to when they either deposit on the ground or terminate evaporation reaching thermal
equilibrium with the environment having a terminal velocity <2cm/s outside of the breath cloud volume, in
which case they are assumed airborne. For each droplet, a large set of information is collected at each time
step, including position, velocity, diameter, temperature, local air velocity and thermo-hygrometric conditions.

Each scenario required on average 7h time to be completed running on a small cluster using 21 CPUs. This
corresponds to =25s of CPU time per droplet. Nonetheless, the time required by the simulation of a single
droplet varies much depending on its size and ranges from just a few seconds for large droplets that deposit
quickly, up to a couple of minutes for small droplets remaining trapped in the breath cloud for long.

6. POST-PROCESSING

Let us consider the exhaled droplets that in their journey cross a generic volume of space V; and let the residence
time of the droplet inside the volume and its viral load be #; and Q;, respectively. The viral exposure of the
volume [28] is defined as

0. = Viz Qiti (22)

The number of quanta inhaled, along with the volume V. by a susceptible individual breathing normally is

LY o) 23)

lpr 7

where the sum is made on all droplets intercepting the volume that comply with the inhalation condition in
§3.3. From the definition of quanta, the risk to contract the disease once a dose i. has been inhaled is

re=1-—exp(—ic) 24)

Equations (22)-(24) account for direct inhalation route. Airborne route can be included, under the assumption
of well-mixed airborne fraction, using Wells-Riley model [29]. Coughing suddenly introduces an amount of
airborne quanta Qg in an environment of volume Vi. If 7.y is the characteristic time associated to viral
removal rate, e.g. by titer decay and/or ventilation, the viral concentration in the room ¢, decays as

t
G (1) = 22 exp - | @5)
rm Trm
or, on a time-average basis
o (1) = Qap Trm [ —exp(— ) (26)
Vim Trm

Including airborne contribution, eqs. (22)-(24) can be rewritten as
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where /1, is the number of breaths during which the susceptible individual remains exposed to the airborne
viral concentration. Wells-Riley model can also be used to evaluate the time-varying viral concentration on the
ground associated to fomite transmission risk due to the quanta Qg deposited on a surface Sg; after a cough

Cc =

Qgr t
S exp (—T—gr) (30)

In the following, the time-dependent airborne and fomite components are evaluated for an exposure time of 1h
after a single cough in a room of V;,=300 m3 assuming T,;;=45min abd 7g=9h [21] starting from a virus-free
environment at time zero.

During post-processing, the volume and the ground in front of the infected individual are discretised with cells
of 4mm. For each cell eqs. (27)-(30) are evaluated by processing the trajectories of all simulated droplets.
As a result, spatial maps of viral exposure &, inhaled quanta i, inhalation transmission risk 7., and viral
concentration on the ground ¢ are made available. For visualization purposes, the spatial three-dimensional
maps are projected on the exhalation midplane where data is averaged over the local breath cloud width.

7. RESULTS

Table 1 and Fig. 1 show how the critical diameter and the number of airborne quanta released after a cough vary
with the temperature and the ambient relative humidity. Of course, the warmer and the drier the environment
the most evaporation is favoured, leading to large critical diameters, large amounts of airborne quanta, and an
increased airborne transmission risk. On the contrary, cold and humid environments hamper evaporation and
favour the droplet deposition on the ground, thus boosting fomite transmission. For the T=30°C, RH=20%
scenario the critical diameter and the number of airborne quanta are almost double compared to the T=10°C,
RH=80% one, and so is the risk of airborne transmission. Nonetheless, it must be noted that the difference
among these scenarios is =8.5 quanta, which is just a small fraction (=5%) of the 172.8 quanta emitted with
a cough according to the model outlined in §4. This suggests that while airborne transmission will be largely
affected by the ambient thermo-hygrometric conditions, direct inhalation and fomite transmission will not.

For the sake of brevity, in the following only the results of these two limit scenarios are shown and compared.

Table 1 Critical diameter and airborne quanta for the different scenarios investigated.

Relative Temperature
Humidity 10°C 20°C 30°C
20% D¢ =91.6 um D¢=102.1 pm D=108.9 um
Qap=15.81 Qap=17.62 Qa,=18.80
50% D =78.8 um D¢ =87.3um D¢=94.9 um
Q.p=13.60 Qa=15.07 Q.,=16.38
80% D¢=59.5um D¢=66.0 um D¢=70.8um
Qap=10.27 Qa.p=11.38 Qap=12.21
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Fig. 1 Critical diameter for the different scenarios investigated.

Figure 2 shows the droplet trajectories coloured by their initial size. Three different behaviours are highlighted:
large droplets follow a quasi-parabolic trajectory being little affected by drag, small droplets evaporate almost
immediately and remain trapped within the breath cloud due to their small terminal velocity, intermediate size
droplets are able to exit the breath cloud influence area by gravity at some point during their journey and, being
the ambient quiescent, fall vertically as their horizontal velocity is rapidly damped by drag forces. Figure 3
shows the same information limited to airborne droplet trajectories above 10 um in size. The breath cloud is
shown to remain coherent up to a distance of =1 m from the coughing individual. The hot and dry scenario
of course is characterised by a larger number of airborne droplets and also by a larger number of droplets that
remain within the breath cloud, while in the cold and humid scenario the role of buoyancy in deviating the
breath cloud upward can be perceived.

Figure 4 shows the viral concentration on the ground 1h after the respiratory event for the two scenarios. As
expected there is no apparent difference among the two cases for what concerns fomite transmission. Larger
droplets can deposit on the ground up to 2m away from the infected individual, and viral concentrations up to
0.3 quanta/cm? are found, meaning that the amount of viruses that could be collected by a simple fingertip
touch are likely to cause the disease if brought in contact with the airways and inhaled.

To conclude, Figs. 5-7 show the spatial distribution maps of the viral exposure &, of the viral inhalation i,
and of the risk of infection 7. as introduced in §6. These quantities are derived from one another, and of course
are largely correlated. The traces of the droplet trajectories are mostly linked to direct inhalation transmission
risk, while the map background colour to the airborne transmission risk after 1h exposure. As such, the main
difference that may be noted among the two scenarios in these images is, in fact, in the lighter background
colour that clearly highlights the increased risk of airborne transmission associated to the hot and dry scenario.

Airborne contribution to the viral exposure amounts to 1.25x10™* quanta-s/m? in the hot and dry scenario,
and t0 6.81x10~° quanta - s/m? in the cold and wet one. This translates into the inhalation of 1.87x 1072 quanta
and 1.02x1072 quanta after just 1h of exposure, respectively, corresponding to infection risks of 1.85% and
1.02%. Although these risks of infection are apparently low, airborne transmission becomes a real issue in case
of repeated and prolonged exposures in relatively crowded environments such as it occurs in offices and school
classrooms. Further, airborne transmission is particularly challenging to mitigate as conventional preventive
measures that can be taken by individuals, such as maintaining physical distance, do not ensure protection.

Small and intermediate droplet trajectories, form a compact high virus density area covering the space between
the infected individual mouth and the ground within a 1m distance. As such, 1m interpersonal distance is
barely sufficient in both cases to protect the susceptible individual from direct inhalation of small droplets from
the breath cloud, but is not enough to protect from direct inhalation of large droplets that may occur if the
susceptible individual is at a lower height compared to the infected one. This may occur, for instance, when
the infected individual is standing in front of a desk where the susceptible individual is sitting. Further, such a
condition is also very dangerous in view of surface infection and fomite transmission through the desk surface.
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Fig.2 Droplet trajectories coloured by their initial diameter: T=30°C, RH=20% scenario (left), and T=10°C,
RH=80% scenario (right).
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Fig. 3 Airborne droplet trajectories coloured by their initial diameter: T=30°C, RH=20% scenario (left), and
T=10°C, RH=80% scenario (right).
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Fig. 4 Viral concentration on the ground expressed in quanta/cm?: T=30°C, RH=20% scenario (left), and
T=10°C, RH=80% scenario (right).

8. CONCLUSIONS

The risk of infectious disease transmission under different scenarios has been evaluated, from a purely fluid
dynamics perspective, using an analytical model recently developed by the authors that simulates the transport
and the evaporation of respiratory droplets. The analytical tool is coupled to a series of empirical models

10
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Fig. 5 Viral exposure map expressed in quanta-s/cm®: T=30°C, RH=20% scenario (left), and T=10°C,
RH=80% scenario (right).
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Fig. 6 Viral inhalation map expressed in quanta: T=30°C, RH=20% scenario (left), and T=10°C, RH=80%
scenario (right).
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Fig. 7 Risk of infection map: T=30°C, RH=20% scenario (left), and T=10°C, RH=80% scenario (right).
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to account for the droplet transport within the humid air breath cloud, the random walk droplet turbulent
dispersion, and the randomised droplet exhalation. These stochastic features allow statistical analyses on the
droplet trajectory distribution to be performed over large sets of droplets. With assumptions on the droplet
size distribution and viral content, the trajectory distribution has been transformed into spatial maps of viral
exposure, viral inhalability, viral concentration, and risk of infection accounting for direct inhalation, airborne,
and fomite transmission risks.

Nine scenarios were investigated simulating more than 20 thousand droplets in each run. The scenarios were
chosen to assess the role of thermo-hygrometric conditions on the risk of infection. It was found that the ambient
temperature and relative humidity can have a significant impact on the risk of airborne transmission, risk that
is almost doubled passing from a reference cold and wet condition (7=10°C, RH=80%) to a hot and dry one
(T=30°C, RH=20%). On the contrary, direct inhalation and fomite transmission are essentially unaffected by
the ambient thermo-hygrometric conditions.

NOMENCLATURE
B droplet size PDF (m™1) 4 centreline dimensionless distance  (—)
Cq drag coefficient (-) ¢ radial dimensionless distance (=)
c concentration (m™3) ) density (kg/m3)
Cp specific heat at constant pressure  (J/kgK) T characteristic time (s)
D diameter (m) 0 volume fraction (-)
D,  binary diffusion coefficient (m?/s) subscripts
9D drag force N) a dry air
e viral exposure (s/m3) ab airborne
g gravitational acceleration (m/s) c cell
5 infectious dose PDF (m™1) cr critical
i viral inhalation (-) D exhaled droplets
K evaporation rate (m?/s) d drag
M molar mass (kg/kmol) e evaporation
N number (-) ex exhalation
Nu  Nusselt number =) gr ground
p pressure (Pa) in inhalation
Q exhaled quanta -) Iq liquid fraction
R Specific gas constant (J/kgK) m humid air mixture
r risk of infection (=) max maximum
r’ radius or radial distance (m) min  minimum
S surface area (m?) mt mouth or nose orifice
s position (m) P droplet or particle
Sh  Sherwood number =) pk  peak
T temperature X pr period
t time (s) r relative
u velocity (m/s) rm  room
%4 volume (m3) S air value by the droplet surface
1/ 4 weight force (N) sl solid fraction
y molar fraction (-) t terminal condition
greek symbols v water vapour
B entrainment coeflicient (-) 0 initial condition
Y cloud velocity scaling factor -) o0 ambient condition
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