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Abstract: COVID-19 pandemic promoted a lot of research activities in relation to mucosalivary
fluid airborne transport. Indeed, infection mechanisms are the result of mucosalivary fluid droplets
exchange and the knowledge in this area is still largely inadequate. One of the main challenges
concerns the modelling of mucosalivary fluid complex nature. Specifically, this is a key element
to predict small diameters dry nuclei formation which are highly relevant from the transmission
risk point of view. For this reason, in this paper we present and discuss the development of a
new multi-scale modelling technique which incorporates the Population Balance Equation into a
standard particle-source-in-cell method. Thus, the effectiveness of the aforementioned technique in
droplet nuclei generation modelling is showed and discussed. Also the impact of velocity boundary
conditions at the mouth print is assessed as well as the effect of the correlations for mass transfer
showing that their neglect causes an underestimation in distance reached by the droplets.

Keywords: SARS-CoV-2; high performance computing; openFOAM; population balance equation;
multi-scale modelling

1. Introduction

COVID-19, which is a disease caused by the SARS-CoV-2 virus, was recognized as a
global pandemic in March 2020 by the World Health Organization (WHO). More than 600
million cases and more than 6 millions deaths were reported worldwide as of September
2022 [1]. SARS-CoV-2 virus airborne transmission was confirmed as the dominant route
to spread the virus itself [2]. Moreover, typical infection mechanisms are the discussed
in Mittal et al. [3] and they can be classified as follows: (i) direct transfer of large saliva
droplets to the receiver’s conjunctiva, mouth, or nose; (ii) physical contact with droplets
deposited on the surface and subsequent absorption to the nasal mucosa of the receiver;
and (iii) inhalation of respiratory ejected aerosolized particles.

The physical phenomena governing the aforementioned mechanisms are mainly
inertia, gravity, buoyancy, aerodynamic drag, and evaporation [4]. In such context, a critical
role is related to evaporation which continuously decreases the droplets’ mass until they
are reduced to a non-volatile dry nuclei also known as droplet nuclei [5]. Specifically, dry
nuclei formation process is strictly related to droplets’ chemical composition as well as
the environmental relative humidity and temperature. Hence, it is important to remark
that human saliva is more complex than pure water. Indeed, in addition to water, which
represents ∼99% of its mass, also mucus, amylase, electrolytes, sodium chloride, white
blood cells, epithelial cells, proteins and enzymes are typically contained within saliva
droplets [6], creating a complex water solution. In most cases, water’s evaporation can
produce a supersaturated solution condition which triggers nuclei crystallization and their
growth that is finalized in solid dry particles [7]. Droplet nuclei are also often characterized
by small diameters and, for this reason, they are not highly influenced by gravity as larger
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droplets [8]. Moreover, saliva dry nuclei can reach significant distances remaining airborne
for longer periods (up to hours) [9].

Therefore, it is very simple to recognize the complexities of the physical phenomena
involved in the propagation of a saliva cloud produced by extra-ordinary respiratory
activities. In addition, their deep understanding is essential in order to define appropriate
guidelines for face masks wearing as well as social distancing. Unfortunately, distancing
rules are insufficient to contain the spread of aerosols carrying SARS-CoV-2. Thus, the
physics behind the saliva droplets spread must be also correctly understood also for
designing effective engineering solutions to be implemented in closed environments [10].
A lot of review and research papers, relying on numerical and experimental techniques,
have been published in the recent months in order to gain new insights into routes of SARS-
CoV-2 transmission process and on the efficacy of prevention methods [11,12]. Considering
the complex nature of mucosalivary fluid is probably the biggest modeling challenge and
only very few papers addressed this topic at the time of this writing [7,13–15]. In all the
literature cases non-volatile components are replaced by NaCl. However, this approach has
been applied to a very limited number of cases to date and, for example, is not still clear the
most appropriate concentration of NaCl.

This paper, which is an extended version of our former conference paper [16], presents
our latest results in foregoing research area. In particular, a new computational approach,
relying on the OpenFOAM library [17], is presented. Special care was devoted to modeling
crystallization kinetics triggered from NaCl/water solution supersaturation. Indeed, our
approach that will be accurately discussed in the paper, is intended to allow the modelling
of droplets’ behaviour at micro–scale level which is activated by meso-scale evaporative
phenomena. This research is oriented to advance the state-of-art concerning the saliva chem-
ical composition accounting. Notably, Population Balance Equation (PBE) is solved inside
each droplet laden into the domain for the sake of prediction crystallization phenomena.

This paper is organized as follows: the governing equations are reported in Section 2,
while the numerical approximations are discussed in Section 3. Numerical results are
shown in Section 4. Finally, Section 5 contains the conclusions.

2. Governing Equations

The numerical computations presented in the following are based on an Eulerian–
Lagrangian technique described in this section. Specifically, Eulerian and Lagrangian
phases are coupled with particle-source-in-cell (PSI-Cell) method [18]. On the other hand,
sodium chloride related crystallization kinetics effects are taken into account by solving
PBE in combination with PSI-Cell approach.

2.1. Eulerian Phase

Compressible Reynolds Averaged Navier-Stokes (RANS) equations are solved for
Eulerian phase:
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ũiτ̂ij

)
+ se,

∂

∂t
(
ρỸk
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where ρ, ũi, p and Ỹk denote density, velocity component in xi direction, pressure, tempera-
ture and chemical specie k mass fraction. Ẽ and H̃ are, respectively, the total internal energy
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and enthalpy. As usual in CFD community, the overbar and the tilde are filtering operators
which are introduced for unweighted and density-weighted averages.

In Equation (1) we can find several unclosed terms which handled in a standard
way, i.e., rheological equation for newtonian fluids, Fourier law and Fick law are employed.
Conversely, Reynolds stresses are modelled using SST k–ω model developed by Menter [19].
It is also important to note that the source terms in Equation (1) are the mathematical
expression of the Lagrangian and Eulerian phases coupling [18].

2.2. Lagrangian Phase

The velocity and the position of the particles laden into the computational domain
are the results of the momentum and trajectory equations. In this paper we adopt a two-
way coupling between carrier fluid and Lagrangian phase. Thus, non-collisional spherical
particles are scrutinized. Saliva droplets, considered in this paper, exhibit a diameters’ range
such that pressure, virtual mass and Brownian forces can be neglected [20,21]. Furthermore,
the Weber number calculated for the droplets’ velocities considered in this work, is such
that no secondary break-up phenomena occur. For the above reasons is possible to study
each discrete particle including: gravity, aerodynamic drag and buoyancy. Aerodynamic
drag coefficient is obtained from standard Putnam correlation for spheres [22]. By contrast,
the convective heat transfer coefficient and the mass transfer one are obtained from two
different approaches summarized in Table 1. Specifically, Red is the Reynolds number
evaluated on the particles’ diameter, while Pr and Sc represent Prandtl and Schmidt
numbers, respectively.

Table 1. Correlations for Nusselt and Sherwood numbers.

Nu Sh

Ranz–Marshall [23] 2 + 0.6Re0.6
d Pr

1
3 2 + 0.6Re0.6

d Sc
1
3

Clift [24] (1 + Re · Pr)
1
3 · max

[
1, Re0.77

d

]
(1 + Re · Sh)

1
3 · max

[
1, Re0.77

d

]

The droplets’ initial diameter is assessed through a Rosin–Rammler distribution [25]:

f =
n

DP

(
DP,i

DP

)n−1
exp

[
−
(

DP,i

DP

)n]
; (2)

the parameters required by Equation (2) are calibrated on the basis of Xie et al. [26] experi-
mental data [27]. Specifically, n was fixed equal to 8 while average parcels’ diameter, Dp
was set equal to o 80 µm. In Equation (2) DP,i represents the i-th particle’s diameter. Lastly,
the minimum diameter of the injected parcels is 10 µm, while the maximum one is 280 µm.

2.3. PSI–PBE Coupling

One of the main novelty of this work is related to the coupling between PSI-Cell
method and PBE. Precisely, PBE is solved in the droplet’s inner part in order to model
nucleation and growth processes of the NaCl crystals.

PBE solution enables the possibility to predict droplet nuclei generation phenomenon.
In this context, PBE is reformulated ignoring spatial terms, i.e., both convective and dif-
fusive terms are removed. This is possible due to the homogeneous spatial condition of
the considered system. Hence, PBE collapses in an ordinary differential equation which
requires limited computational resources for its solution. Moreover, a similar formulation is
also attractive from the numerical point of view because of its increased numerical stability.
PBE reads as follows [28]:

∂Nj

∂t
+∇ ·

(
Njup

)
−∇ ·
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Dt∇Nj

)
= −∑

j

∂
[
GjNj

]
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+ B ∏
j

δ
(
rj − rj0

)
+ h (3)
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where Nj is density number of i-th chemical specie, Dt is the local turbulent diffusivity, Gj
is the growth rate, rj is the particle internal coordinate, rj0 is the particle internal coordinate
for a crystal nucleus. Furthermore, δ is the Dirac function, B is the nucleation rate, and h is
the creation or destruction of particles due to aggregation, agglomeration, and breakage.

The interest of this paper is limited to crystallization phenomena issues of NaCl.
Consequently, PBE needs to include only B and G terms. Moreover, the convective and
diffusive terms for the particles disappear because we assume each droplet to be well mixed
and tracked independently in the Lagrangian frame.

It is feasible to re-write PBE in a semi-discrete form integrating Equation (3) over r:

d f j

dt
= − 1

∆r

[
Gj+1/2

(
f j +

∆r
2
( fr)j

)
− Gj−1/2

(
f j−1 +

∆r
2
( fr)j−1

)]
(4)

where f j is the particle-averaged population density. It is also important to remark that in
Equation (4) nucleation term is included averaging the nucleation rate within discrete linear
computational cells built inside the droplets. Starting from Woo et al. [28], it is possible to
evaluate particle-averaged crystal mass:

Nw,j =
1
4

ρckv f j

(
r4

j+1/2 − r4
j−1/2

)
(5)

which, in turns, allows to calculate the total mass related to crystallization process as:
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D3

p,i

6 ∑
j

Nw,j (6)

and the radius of the (dry) solid part of the droplets, rN :
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∑j Nw,jr4

j

∑j Nw,jr3
j

; (7)

actually, combining Equations (5) and (6), semi-discrete PBE can be formulated as:

dNw,j
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=− ρkv

4∆r

(
r4
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( fr)j
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+ B︸︷︷︸

j=0

.
(8)

In the above equation ∆c = c − c∗ is supersaturation, while c and c∗ are the NaCl
concentration and its solubility in pure water. Since particles’ temperature variation in
almost negligible, then c∗ dependence from the temperature is not here considered; thus,
we have fixed c∗ = 0.36 g NaCl/g H2O. Finally, nucleation and growth rates coefficients
are evaluated using literature correlations for NaCl/water solutions [29,30]:

G = 2

√
1.3 · 10−9

πtcr
(c − c∗),

B = Ab exp(−rs).

(9)

In Equation (9) tcr represents the time passed from crystallization process beginning;
on the other hand Ab is a constant value and it is equal to 9.78304 · 1028, while rs is evaluated
as follows:

rs =
π
( c

c∗
)0.1642(

log c
c∗
)2.52 c

c∗
. (10)
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It is also important to remark that particle density, ρP, is updated during crystals’
growth as follows:

ρP = (1 − xm)ρH2O + xmρNaCl (11)

where xm is the sodium chloride mass fraction in its dilute solution with water. As can be
easily understood this value changes in each time step due to water evaporation and it is
used to re-compute the particles’ diameter.

3. Numerical Approximation

The Eulerian phase governing equations were space discretized using an unstructured
collocated cell-centered finite volume approach. Time-integration relied on an implicit
second-order scheme with an adjustable time stepping strategy. Additionally, the local
Courant Co was fixed to be lesser a user-defined value, i.e., Comax. In the computations
presented in the following Comax was fixed equal to 0.2.

A linear-upwind scheme was used for convective fluxes interpolation handling. Dif-
ferently, a central scheme was adopted for diffusive terms. Pressure–Implicit with Splitting
Operators (PISO) procedure [31], was assumed as pressure–velocity decoupling strategy.
Distinct solution strategies were considered for the linear solvers deriving space-time
discretization. A preconditioned conjugate gradient (PCG) method was used to solve
the Poisson equation for pressure; a diagonal incomplete–Cholesky preconditioner was
borrowed. All other systems deriving from the remaining equations were solved using a
preconditioned bi-conjugate gradient (PBiCG) method. The Diagonal Incomplete Lower
Upper (DILU) preconditioner was applied in these cases. Furthermore, a local accuracy
of 10−7 was established for the pressure, whereas other linear systems were considered as
converged when the residuals reached the machine precision.

Lagrangian phase momentum and mass equations were solved using a backward
Euler scheme for time-integration. By contrast, energy equation for particles was solved
analytically. A critical point of our solution strategy is related to PBE. Indeed, several
numerical instabilities issues were encountered in our computational experience. To avoid
the blow-up of the computations we use an explicit Strong Stability Preserving Runge-Kutta
(SSPRK) having 9 stages and 5-th order of accuracy [32]. The adoption of this scheme is
particularly appealing since it allows to use same time-step size for all the involved scales.
Moreover, ( fr)j terms, are approximated by the min-mod limiter [28].

Initial and Boundary Conditions

In the present work, a 3D computational domain, represented in Figure 1, was employed;
it consists of an open air volume starting from the mouth print of a standing coughing
person. A length L = 4 m, a width W = 1 m, and a height H = 3 m were adopted for the
entire domain, in accordance with Dbouk and Drikakis [27]. The reference frame origin,
O = (0, 0, 0), is placed in the same plane where the mouth print itself is inserted. It is
worth noting that x-axis is aligned with the streamwise direction, i.e., 0 ≤ x ≤ 4; y-axis is
the transverse direction: −0.5 ≤ y ≤ 0.5. Lastly, z-axis is employed for vertical direction,
thus 0 ≤ z ≤ 3. Moreover, the mouth print shape was approximated to be rectangular
with an area of 2 × 10−4 m2 and its center, Pm, was placed in the same position selected by
Dbouk and Drikakis: Pm = (0, 0, 1.63) [27]. The reason behind this choice is due to the fact
a regular shape allows to use a fully orthogonal hexahedral cells. Furthermore, the number
of grid cells is fixed to 5.83 × 106 which is the result of our former investigations about the
solution space-time convergence [33].



Appl. Sci. 2022, 12, 12381 6 of 14

Figure 1. Computational domain discretization.

For the sake of discussing the employed boundary conditions (BCs), it is noteworthy
to mention that, for all the simulations presented below, both the Eulerian and Lagrangian
phases are introduced from the mouth print boundary at x = 0 m. The remaining part
of the y–z plane at x = 0 m is such that all the variables have a null gradient through it.
The ground is handled as a standard viscous wall. Differently, symmetry conditions are
used on lateral boundaries. Zero gradient condition is also set for all the variables at the
domain top with the exception of the pressure. Specifically, the pressure is reduced to its
hydrostatic level. The y–z plane at x = 4 m is handled as a physical outflow. By contrast,
the pressure is imposed to decrease linearly, starting from the atmospheric pressure level at
z = 0 m.

The initial temperature of the carrier fluid is 20 ◦C with relative humidity fixed at 50%.
The ground is at 25 ◦C, while the air and droplets ejected by human mouth are at 34 ◦C.
No background flow is included in the presented computations. However, initial fields
consistent with atmospheric conditions were adopted. These fields are obtained through a
preliminary computation which does not provide Lagrangian particles into the domain. It
should be noted that cloud evolution is strongly influenced by this conditions [33].

In order to mimic the mass injection from human mouth two different strategies were
adopted, see Figure 2. A first approach consists in imposing a stepped velocity inlet at the
mouth boundary. A stream-wise velocity inlet step, having an amplitude equal to 8.5 m/s,
was applied over 0.12 s. These values were deduced on the basis of measurements carried
out by Scharfman et al. [34].



Appl. Sci. 2022, 12, 12381 7 of 14

Figure 2. Velocity time histories at mouth print boundary.

Secondly, following Cortellessa et al. [35], a sinusoidal approximation of breathing,
hereinafter coughing/breathing configuration, is adopted to simulate a real-life condition.
In particular, the transient sinusoidal velocity profile presents an amplitude of 1 m/s and a
frequency of 0.2 Hz. A velocity peak of 5 m/s was also mounted on the sinusoidal velocity
profile in order to reproduce coughing effect as showed by Abkarian et al. [36]. In both
the configurations, carrier fluid and injected particles were subjected to the same velocity
condition. Note also that, for the second strategy, particles are injected only during the
velocity peak. Moreover, turbulence intensity, Tu, is fixed at 15% and the mixing length is
equal to 7 × 10−3 at the mouth boundary.

As regards saliva droplets, it is important to put in evidence that total mass laden into
the domain for a single cough event is 7.7 mg, according to the experimental measurements
performed by Xie et al. [26] and CFD simulations [27,33]. When breathing is simulated,
no further Lagrangian particles are introduced. Lastly, as already explained in Section 1,
saliva is handled as NaCl completely diluted in water. The related concentration value
are obtained from Rosti et al. [7]. Specifically, NaCl mass is fixed equal to 1% of initial
droplet’s mass.

4. Results

In this section we present the numerical results referred to the saliva droplets’ cloud
produced during coughing. Some cloud characteristics are computed in order to investigate
its diffusion: the center of mass and fraction of particles present in a reference volume. The
cloud center of mass is defined as:

G =
∑

Np(Ω0)
i=1 mP,ixP,i

∑
Np(Ω0)
i=1 mP,i

, (12)

where Np(Ω0) is the number of parcels laden in the overall domain, Ω0, in a given time-
instant. In the following, G = (xG, yG, zG) is considered as the center of mass components.
By contrast, the ratio between the number of particles present in a reference volume, Ωi,
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and the total number of particles in Ω0 (in a given time instant) is used to track the droplets’
population distribution in a possible risk zone. The reference index [33], is defined as:

ΦΩi =
∑

Np(Ωi)
k=1 Np,k

∑
Np(Ω0)
k=1 Np,k

, (13)

the aforementioned reference volume, Ωi, is parallelepipedal type having the
following features:

Ωi = [0, αi]× [−0.5, 0.5]× [1.3, 1.8]. (14)

The parameter αi, appearing in Equation (14), spans the following values: 1.0 m,
1.2 m and 1.5 m. Ωi stream-wise dimensions were selected in order to investigate the
effectiveness of 1 m distance, which is the safety distance adopted in Italy during pandemic.
The transverse direction range is considered in order to completely cover the domain. Lastly,
the z-axis interval is defined as useful to assess possible direct contamination mechanism
in a one-to-one close contact situation. The impact of droplets’ evaporation is estimated
using the particles weighted average diameter, D10:

D10 =
∑

Np(Ω0)
i=1 NP,iDP,i

∑
Np(Ω0)
i=1 NP,i

. (15)

All the computations here presented were performed on the HPC-system CRESCO6
hosted by ENEA at Portici (Italy). CRESCO6 is made up 434 nodes with two Intel Xeon
Platinum 8160 of the Skylake (SKL) generation operating at 2.1 GHz for each node. The
processors have 24-cores each one. There are 192 GB of RAM available in standard nodes.
Finally, the codes were built using Intel compilers and the MPI library version developed
by Intel. It should be noted that the typical computation time of a single case is about 24 h
run in parallel using 384 CPU-cores on CRESCO6.

4.1. Impact of Saliva Chemical Composition

In this section we discuss the impact of NaCl presence within droplets comparing
their kinematic behaviour with pure water particles. Note that for this analysis we use the
same injection strategy for particles’ diameters selection, see Section 2.2. In addition, only
Ranz–Marshall correlations for particles’ Nu and Sh and stepped velocity time-history at
the inlet boundary are considered.

Looking at Figure 3a,b, it is very straightforward to note the effect of the different
mucosalivary fluid chemical compositions here considered. Indeed, after 4 s from the
emission, the reference control volume which is evidenced with the red lines, (αi = 1 m),
is occupied by almost the same number of particles for both the cases. Nevertheless, it is
also easy to observe that clouds shape is fairly different. This evidence can be explained
with reference to droplets’ density. Indeed, initial diameters distribution is the same for the
two cases. Thus, the deriving particles’ kinematic behaviour is affected in a non-negligible
way on the basis of their chemical composition. Moreover, up to t = 4 s the crystallization
kinetics is still in a premature stage to have notably effect on particles evolution, see Figure 3b.

Otherwise, in Figure 4a,b, at t = 10 s the effect of NaCl crystallization process pro-
duces an evident impact on the discrete phase space distribution. This is mainly related to
the effects that can be observed only when salty droplets interaction with the surrounding
environment is taken into account. In fact, the PBE adoption at particle level allows to
capture dry nuclei formation at a possible receiver’s height and having small diameters.
This phenomenon is totally neglected in case of pure water droplets because their com-
plete evaporation occurs after few seconds from their emission. On the other hand, the
crystallization process modeling, produces a time-dependent density variation within the
droplets that shows a significant impact on the cloud dynamics.
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(a) Pure water droplets (b) Salty droplets

Figure 3. Cloud representation at t = 4 s. Parcels are colored with the particle diameter.

(a) Pure water droplets (b) Salty droplets

Figure 4. Cloud representation at t = 10 s. Parcels are colored with the particle diameter.

In particular, the risk area is sensibly more populated, even for a stream-wise length
greater than 1 m, when salty droplets are considered. This evidence is also expressed
quantitatively from φΩ time-history represented in Figure 5a.

The center of mass trajectory on the x–z plane, depicted in Figure 5b, shows a peculiar
behaviour. It is very clear that in an initial stage, 0.35 m < xG < 1 m, the zG = f (xG) curve
is almost linear due to the cancellation of inertial terms. By contrast, for grater distances
the crystallization effects have a relevant effect and the zG curve is not linear anymore. It is
worth noting that, for stream-wise distances greater than 2 m from the mouth print, the
zG = f (xG) curve is extrapolated. This is possible since Lagrangian particles move into
the domain with an uniform velocity. It is really evident that dry nuclei are able to reach
distances sensibly longer than pure water droplets which completely evaporates from the
domain in less than 20 s. Additionally, dry particles have average diameter approximately
around 10 µm. For this reason a fly time having an order of magnitude of 60 s is expected.
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(a) (b)

Figure 5. Effect of droplets’ chemical composition on saliva cloud reference parameters. (a) Fraction
of particles present in the volume Ωi; (b) Saliva cloud center of mass evolution.

4.2. Effect of Velocity Inlet Time-Histories

In this subsection we discuss the impact of the different velocity time-history profiles
at inlet boundary as well as the overall effect of the two approaches here considered for
particles’ Nu and Sh numbers evaluation (see Section 2.2). For this specific case, only salty
droplets are used because of they are closer to physical reality.

Looking at Figure 6 it is very easy to note that the saliva cloud’s center of mass is
influenced from both BCs and Nu/Sh approaches. Specifically, for both the velocity inlet
BCs strategies, Clift correlations for Nu/Sh numbers produce an higher average center of
mass height from the ground. This is a clear consequence of a reduced evaporation rate
of Clift correlations if compared with Ranz–Marshall ones. It should be pointed out that
stepped velocity at inlet produces an average zG lesser than coughing/breathing configu-
ration. This evidence is clearly related to the average values of the particles’ momentum
laden into the domain. Indeed, with the stepped approach, particles are injected with a
velocity equal to 8.5 m/s, while in coughing/breathing configuration particles’ velocity
during cough is 5 m/s. Thus, it is very easy to understand the reason why particles are
able to fall down easier in the stepped velocity configuration at the mouth print.

Figure 6. Saliva cloud center of mass trajectory with different BCs and Nu/Sh correlations.

Therefore, Figure 6 clearly emphasizes that from transmission risk point of view
coughing/breathing configuration coupled Clift configuration is the more relevant. For this
reason, Figure 7 shows ΦΩi (t) curve for the aforementioned setup. It is quite easy to note
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that, for stream-wise distances ranging from 1 m to 1.5 m, ΦΩi curves are very similar each
other. More in depth, particles’ number concentration estimated with coughing/breathing
configuration and Clift correlations, after 20 s from the emission, is approximately twice
if compared with stepped velocity inlet and Ranz–Marshall correlations data showed
in Figure 5a.

Figure 7. Fraction of particles present in Ωi volumes. Coughing/breathing configuration,
Clift configuration.

In Figure 8 D10(t) plot is showed. It is to be noted that D10 approaches average
particles’ diameters. For both the cases represented in Figure 8, it is very clear to note that a
locked final diameter value is reached. This is due to the formation of dry particles nuclei.
Clift correlation and Ranz–Marshall ones differ only for the time required to reach terminal
diameter because they impose different evaporation rates. The data showed in Figure 8
are very encouraging, since the ratio between terminal diameter and the initial one, D/D0,
is 0.161 which is in fairly good agreement with literature data. Indeed, Lieber et al. [37]
showed experimentally, on real mucosalivary fluid, that 0.18 ≤ D/D0 ≤ 0.2. It is worth
noting that in our modeling strategy, human saliva is handled as a dilute NaCl solution
in water. Thus, our data can be considered sufficiently reliable in comparison with real
mucosalivary fluid.

Figure 8. D10 time-history with different Nu/Sh correlations.

5. Conclusions

This paper presents a new multi-scale approach for the prediction of the generation
solid dry nuclei deriving from human saliva. The main point of novelty is the introduction
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the solution of PBE at droplet level into an Eulerian–Lagrangian technique. In particular,
a coupling method between PSI-Cell method and PBE was proposed and discussed. In
this context, it was showed that NaCl presence has a relevant effect on the saliva droplets
kinematic behaviour. Additionally, the evaporation process leads to an increase in droplets’
density due to the growing NaCl concentration. The aforementioned processes have
a significant impact on cloud dynamics. More in depth, the adoption of pure water
droplets produces an underestimation of the distance reached by the droplets theirselves.
Furthermore, we have also noted that velocity time-histories applied at inlet boundary, as
well as Nu/Sh correlations, strongly affect saliva cloud evolution.

The presented approach can be considered sufficiently reliable since numerical data
put in evidence a satisfactory agreement with experimental literature data produced on real
human saliva in terms of final diameters prediction. Finally, it is should be pointed out that
distances ranging from 1.0 m to 1.5 m are almost equivalent in terms of transmission risk.
Thus, it is crucial, for possible future events, to better understand the processes discussed
in this paper.

Author Contributions: V.D., M.F., L.G. and R.R.: conceptualization, methodology, software, valida-
tion, formal analysis, data curation, writing—original draft preparation, project administration. All
authors read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors want to acknowledge “Associazione Nazionale Big Data” that
awarded this research work within COVID-19-Fast access to the HPC supercomputing facilities
program. We acknowledge ENEA for awarding us access to CRESCO6 based at Portici.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

COVID-19 Coronavirus Diseases-2019
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
PSI Particle-Source-in-cell method
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