Livia Grandoni 
email: livia.grandoni@ec-lyon.fr
  
Agnese Pini 
email: agnese.pini@uniroma1.it
  
Armando Pelliccioni 
email: a.pelliccioni@inail.it
  
Pietro Salizzoni 
email: pietro.salizzoni@ec-lyon.fr
  
Loic Méès 
email: loic.mees@ec-lyon.fr
  
Giovanni Leuzzi 
email: giovanni.leuzzi@uniroma1.it
  
Paolo Monti 
email: paolo.monti@uniroma1.it
  
Numerical dispersion modelling of droplets expired by humans while speaking

Keywords: Droplet dispersion, droplet velocity, droplet size, airborne disease

à la diffusion de documents scientifiques de niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

Introduction

The study of the dispersion process of dropletladen air clouds ejected by humans during different respiratory activities is of major importance for understanding disease transmission involving the airways. In fact, the exhaled droplets can contain pathogens present in the airways of the emitter person. This topic has particularly attracted the attention of the scientific community in recent years due to the COVID-19 pandemic.

After the emission, the droplets undergo different phenomena, i.e., they can settle at the ground, evaporate, and be dispersed by the airflow. Droplets settle more or less rapidly depending on their size. The smallest droplet cannot settle at all and keep on following the airflow. In general, droplet size reduces in time due to evaporation. Some of the droplets can reach their final equilibrium size -varying with ambient conditions -becoming the so-called droplet-nuclei. Depending on the behaviour of the droplets after the emission, they can be responsible for different transmission mechanism, i.e. direct contact, contact with fomites (contaminated surfaces and objects), close (or short-range) airborne and distant (or long-range) airborne [START_REF] Seminara | Biological fluid dynamics of airborne covid-19 infection[END_REF][START_REF] Mittal | The flow physics of covid-19[END_REF][START_REF] Asadi | The coronavirus pandemic and aerosols: Does covid-19 transmit via expiratory particles?[END_REF]?). Transmission via direct contact occurs when a susceptible person touches directly an infected one. Droplets that settle on surfaces or objects are responsible for the second type of contact transmission. Close airborne transmission occurs when the exhaled droplets are directly inhaled by a susceptible person, located close to the emitter, while the distant airborne transmission is associated to the smallest droplets that remain suspended and that are mixed in the air. The risk of distant airborne transmission is higher in closed or semiclosed environments due to weak ventilation and dilution.

Several works -including experiments, simplified models and numerical simulations -have been carried out to assess the behaviour of the droplets after the emission and to understand if they are responsible for disease transmission of different kind. [START_REF] Abkarian | Speech can produce jet-like transport relevant to asymptomatic spreading of virus[END_REF], [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF], [START_REF] Tang | Airflow dynamics of human jets: Sneezing and breathing -potential sources of infectious aerosols[END_REF], [START_REF] Vansciver | Particle image velocimetry of human cough[END_REF], [START_REF] Zhu | Study on transport characteristics of saliva droplets produced by coughing in a calm indoor environment[END_REF], [START_REF] Nishimura | A new methodology for studying dynamics of aerosol particles in sneeze and cough using a digital high-vision, high-speed video system and vector analyses[END_REF] and Wang et al (2020b) carried out real scale experiments, conducted by means of different measurement techniques, i.e., visualizations with high speed imaging, Particle Image Velocimetry, and Schlieren/Shadowgraph imaging technique, in which the volunteers were asked to breath, speak, cough and sneeze. Only in a few real scale experiments the behaviour of the exhaled droplets has been directly assessed, e.g., [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF], [START_REF] Nishimura | A new methodology for studying dynamics of aerosol particles in sneeze and cough using a digital high-vision, high-speed video system and vector analyses[END_REF], [START_REF] De Silva | Bespoke flow experiments to capture the dynamics of coughs and sneezes[END_REF], [START_REF] Li | Towards realistic simulations of human cough: Effect of droplet emission duration and spread angle[END_REF], [START_REF] Bahl | An experimental framework to capture the flow dynamics of droplets expelled by a sneeze[END_REF] and [START_REF] Bahl | Flow dynamics of droplets expelled during sneezing[END_REF]. [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF] and co-authors tracked the droplets exhaled in a cough and described their behaviour qualitatively. [START_REF] Nishimura | A new methodology for studying dynamics of aerosol particles in sneeze and cough using a digital high-vision, high-speed video system and vector analyses[END_REF] measured the evolution in time and space of the velocity of the exhaled droplets in the case of a sneeze, i.e., when higher concentrations and larger sizes of the droplets occur. de Silva et al ( 2021), [START_REF] Bahl | An experimental framework to capture the flow dynamics of droplets expelled by a sneeze[END_REF] and [START_REF] Bahl | Flow dynamics of droplets expelled during sneezing[END_REF] measured the variation of droplet velocity probability density function between 5 and 25 cm from the mouth in a cough and a sneeze. Lastly, [START_REF] Li | Towards realistic simulations of human cough: Effect of droplet emission duration and spread angle[END_REF] tracked the droplets exhaled in a small area downstream of the mouth and used the results to validate their numerical simulations of a cough. Laboratory experiments, such as the ones performed by [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF], [START_REF] Wei | Human cough as a two-stage jet and its role in particle transport[END_REF], [START_REF] Liu | A laboratory study of the expiratory airflow and particle dispersion in the stratified indoor environment[END_REF], consist in reproducing the emission resulting from expiratory activities in a water tank; the density difference between the exhaled and ambient air -due to temperature difference in reality -can be obtained with a salinity difference, while solid spheres of various sizes are used in place of droplets. In simplified models, such as the ones proposed by [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF], [START_REF] Xie | How far droplets can move in indoor environments-revisiting the wells evaporationfalling curve[END_REF], [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF], [START_REF] Liu | Evaporation and dispersion of respiratory droplets from coughing[END_REF], [START_REF] Chaudhuri | Modeling the role of respiratory droplets in covid-19 type pandemics[END_REF], Wang et al (2020a), [START_REF] Balachandar | Host-to-host airborne transmission as a multiphase flow problem for sciencebased social distance guidelines[END_REF], [START_REF] Renzi | Life of a droplet: Buoyant vortex dynamics drives the fate of micro-particle expiratory ejecta[END_REF] and [START_REF] Wang | Modelling the direct virus exposure risk associated with respiratory events[END_REF], existing jet and puff models are used to describe the airflow, while the droplets are either treated individually by solving their momentum balance equation or globally (in [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF] and [START_REF] Balachandar | Host-to-host airborne transmission as a multiphase flow problem for sciencebased social distance guidelines[END_REF]) by considering the variation in time of the droplet number concentration within the puff. In [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF], [START_REF] Liu | Evaporation and dispersion of respiratory droplets from coughing[END_REF] and Wang et al (2020a) turbulent velocities are considered and Discrete or Continuous Random Walk models are used for particle motion. Note that in [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF] results from Computational Fluid Dynamics (CFD) are used to account for turbulent velocities. Droplet evaporation is also considered in these works, except for [START_REF] Bourouiba | Turbulent Gas Clouds and Respiratory Pathogen Emissions: Potential Implications for Reducing Transmission of COVID-19[END_REF]. Many numerical simulations have been carried out to assess exhaled droplet dispersion, mainly in violent expiratory events such as coughing and sneezing (e.g. Li et al (2022), De Padova and[START_REF] De Padova | Multi-phase simulation of infected respiratory cloud transmission in air[END_REF], Dbouk and Drikakis (2020a), Dbouk and Drikakis (2020b), [START_REF] Busco | Sneezing and asymptomatic virus transmission[END_REF], [START_REF] Rosti | Fluid dynamics of covid-19 airborne infection suggests urgent data for a scientific design of social distancing[END_REF], [START_REF] Abkarian | Speech can produce jet-like transport relevant to asymptomatic spreading of virus[END_REF], [START_REF] Wang | Short-range exposure to airborne virus transmission and current guidelines[END_REF], [START_REF] Rosti | Turbulence role in the fate of viruscontaining droplets in violent expiratory events[END_REF]). CFD makes it possible to afford the complexity of the phenomenon, including the complex evaporation processes strongly affected by ambient conditions and the effects of ambient airflows, of head movement during the exhalations, of timevarying exhalation velocity and of droplet and air ejection spread angle.

Numerical simulations require, however, realistic input data in order to provide reliable results that can be used in guidelines. [START_REF] Rosti | Fluid dynamics of covid-19 airborne infection suggests urgent data for a scientific design of social distancing[END_REF] highlighted this problem by showing the wide variability of the results obtained in their simulations when considering different initial droplet size distributions. Data used as input consist in an initial size distribution for the ejected droplet and an initial exhaled air velocity. Droplet ejection velocity could also be an interesting quantity as it could also affect their dispersion. Indeed, differently to what commonly assumed in numerical simulations and simple models, droplets and air do not share the same velocity at the mouth. [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF] and [START_REF] De Silva | Bespoke flow experiments to capture the dynamics of coughs and sneezes[END_REF] showed that droplets span a wide direction range. Besides, de Silva et al (2021) observed that droplets have almost the same velocity of the air only at the beginning of a cough and a sneeze.

Even though many works in the literature dealt with this problem, the knowledge still has to be deepened. Droplet size distributions reported in the literature (e.g. [START_REF] Asadi | Aerosol emission and superemission during human speech increase with voice loudness[END_REF], [START_REF] Chao | Characterization of expiration air jets and droplet size distributions immediately at the mouth opening[END_REF], [START_REF] Duguid | The size and the duration of air-carriage of respiratory droplets and droplet-nuclei[END_REF], [START_REF] Johnson | Modality of human expired aerosol size distributions[END_REF], [START_REF] Morawska | Size distribution and sites of origin of droplets expelled from the human respiratory tract during expiratory activities[END_REF], [START_REF] Loudon | Droplet expulsion from the respiratory tract[END_REF], [START_REF] Papineni | The size distribution of droplets in the exhaled breath of healthy human subjects[END_REF], [START_REF] Xie | How far droplets can move in indoor environments-revisiting the wells evaporationfalling curve[END_REF] for the speaking activity) significantly differ due to intrinsic variability among human beings, but also because of the inherent difficulties in measuring [START_REF] Seminara | Biological fluid dynamics of airborne covid-19 infection[END_REF][START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF][START_REF] Mittal | The flow physics of covid-19[END_REF][START_REF] Johnson | Modality of human expired aerosol size distributions[END_REF]. For example, it is difficult to account for evaporation undergone by the droplet when travels between the mouth and the sampling point, which causes a variation in the measured size distribution. The distance between the mouth and the sampling point also affects the number of detected droplets due to dilution. Furthermore, a wide range of tools has been employed to carry out this measure, which have different sensibilities. Lastly, particulate matter naturally present in the air could interfere in droplet number measurement. Air ejection velocity has been measured by [START_REF] Abkarian | Speech can produce jet-like transport relevant to asymptomatic spreading of virus[END_REF], [START_REF] Chao | Characterization of expiration air jets and droplet size distributions immediately at the mouth opening[END_REF], [START_REF] Kwon | Study on the initial velocity distribution of exhaled air from coughing and speaking[END_REF] and [START_REF] Gupta | Flow dynamics and characterization of a cough[END_REF] for the speaking activity, but their results also disagree. [START_REF] Gupta | Characterizing exhaled airflow from breathing and talking[END_REF] measured by means of a spirometer a mean airflow of 0.8 l/s, which corresponds to a mean velocity of ∼ 4 m/s, considering a mean mouth opening of ∼ 1.8 cm 2 , while [START_REF] Kwon | Study on the initial velocity distribution of exhaled air from coughing and speaking[END_REF] and [START_REF] Chao | Characterization of expiration air jets and droplet size distributions immediately at the mouth opening[END_REF] measured by means of the PIV technique 4 m/s as a maximum expiration air velocity instead. [START_REF] Abkarian | Speech can produce jet-like transport relevant to asymptomatic spreading of virus[END_REF] measured velocity of tens of centimetres per second on average and peaks of the order of 1 m/s. As above-mentioned. only a few works report velocity of the ejected droplets [START_REF] Nishimura | A new methodology for studying dynamics of aerosol particles in sneeze and cough using a digital high-vision, high-speed video system and vector analyses[END_REF], Wang et al (2020b), [START_REF] Bahl | An experimental framework to capture the flow dynamics of droplets expelled by a sneeze[END_REF], [START_REF] Bahl | Flow dynamics of droplets expelled during sneezing[END_REF]), de Silva et al (2021) and only for violent expiratory activity (sneezing and coughing). Only in Wang et al (2020b) and de Silva et al ( 2021) droplet size and velocity were measured simultaneously, for quite large droplets (≳ 30µm) and for two velocity components. A dependency of droplet velocity on their size is found in de Silva et al (2021).

In this work, numerical simulations of droplet dispersion conducted by means of ANSYS Fluent in a semi-closed domain are performed. Namely, the speaking activity is assessed, a feature so far rarely considered in literature studies, despite its relevancy in the disease transmission, notably by asymptomatic individuals [START_REF] Seminara | Biological fluid dynamics of airborne covid-19 infection[END_REF]. Input data consisting in droplet size and velocity distributions are provided by the measurement campaign carried out in the Laboratoire de Mécanique des Fluides et d'Acoustique of the Ecole Centrale de Lyon (France) in May 2021 [START_REF] Grandoni | Interferometric laser imaging for respiratory droplets sizing[END_REF]. The experimental technique employed allowed us to measure simultaneously the size and the three velocity components of the exhaled droplets down to 2 µm. Besides, the technique makes it possible to collect data very close to the mouth, minimizing evaporation and dilution effects. Therefore, the effect of the initial velocity on the droplet fate can be assessed. That can be of interest for numerical modellers since most of the models reported in the literature assume that the initial velocity of the droplet coincides with that of the air or be zero. The number of droplets ejected per unit time is also provided by the experiments and that is useful to infer realistic droplet concentrations in the simulation domain. In addiction to the effect of the ejection velocity of the droplets on their dispersion, the effects of i) air ejection velocity, ii) different ambient temperature and droplet evaporation are also assessed. Information about the air ejection velocity is taken from the literature and two extreme values are evaluated. Concerning the ambient temperature, two conditions, typical of summer and winter temperatures in indoor environments, are taken into account.

In Section 2 the experimental campaign is briefly presented. The numerical simulation setup is also described in detail in this section. The results are presented and discussed in in Section 3.

Materials and methods

Experimental campaign

A measurement campaign involving 20 volunteers has been carried out in the Laboratoire de Mécanique des Fluides et d'Acoustique of the Ecole Centrale de Lyon. In order to simulate the activity of speaking each volunteer counted from "one" to "one hundred" for 10 times. A similar protocol has been adopted by [START_REF] Chao | Characterization of expiration air jets and droplet size distributions immediately at the mouth opening[END_REF], [START_REF] Johnson | Modality of human expired aerosol size distributions[END_REF][START_REF] Duguid | The size and the duration of air-carriage of respiratory droplets and droplet-nuclei[END_REF]. Velocity and size of the droplets exhaled by the volunteers while speaking have been measured simultaneously by using the Interferometric Laser Imaging for Droplets Sizing (ILIDS). With ILIDS the liquid saliva droplets expelled are illuminated by a laser light sheet and, consequently, they scatter light in all directions. A portion of the scattered light is collected by means of a system of lenses and acquired by a camera. The scattered light is characterized by regular interference fringes resulting from the interference between the reflected and refracted light. The spacing among the fringes is inversely proportional to the droplet size. A couple of images -the time lag between the two is set to 700 µs -is recorded by the camera each 1/15 s. The droplet velocity is obtained by evaluating its displacement between the two consecutive images. The working principles of the ILIDS are described in detail in [START_REF] Mees | Interferometric laser imaging technique applied to nuclei size measurements in cavitation tunnel[END_REF]. To make it possible the measure of particle sizes down to 2 µm and all the three velocity components, the technique has been improved with respect to its classical application, along with the related image treatment, as reported in [START_REF] Grandoni | Interferometric laser imaging for respiratory droplets sizing[END_REF]. Joint droplet velocity and size probability distributions can be, then, obtained. Since the measurements are not continuous, only a portion of the total amount of the ejected droplets is detected. However, the total number of droplets can be derived from the following relation:

E = N P,det ν P N imm T h (1)
where 

E

Setup of numerical simulations

To assess the dispersion of the particle-laden air cloud ejected while speaking the software ANSYS Fluent is used. In what follows the numerical simulation setup is described.

Gaseous phase (air)

The simulation domain is a parallelepiped box 3 m high, 2 m wide and 2 m long (Figure 1). The mouth is modelled as a square surface of 0.013 m x 0.013 m. The surface simulating the mouth is located on the left side of the domain at 1.6 m from the ground -the average height of the mouth of a standing person.

The mesh consists of ∼ 9 10 6 hexahedral cells. The maximum cell size is 0.013 m; the size reduces getting closer to the mouth, so that the minimum size is 3.25 mm (Figure 1). A velocity-inlet condition is set at the mouth, from which the expired air enters the domain. The mouth belongs to the "mouth face", on the rest of which a velocity-inlet condition (0.01 m/s) is considered. At the face in front of the mouth, hereinafter "front face", a pressure-outlet condition is used. At the ceiling, floor and side faces of the domain a smooth-wall boundary condition is set. With these boundary conditions a semiclosed space roughly representative of an indoor environment is simulated.

Ambient air is a mixture of gaseous Nitrogen, Oxygen, water vapour and Argon. Water vapour concentration is fixed so that ambient relative humidity (RH%) is 50%. The composition of the air exhaled is slightly different in that it contains about 4% in volume of Carbon Dioxide and it is saturated by water vapour [START_REF] Hall | Guyton and Hall textbook of medical physiology[END_REF].

Two ambient temperature are considered representative of summer and winter temperature in indoor settings, i.e., 293.15 K and 301.15 K. The ambient temperature is maintained by fixing the temperature of the sidewalls and of the air entering the domain through the "mouth face". The floor and the ceiling are adiabatic. The temperature of the exhaled air is always set at 306.15 K, thus, higher than the ambient.

A density difference between exhaled and ambient air results from their different composition and temperature, namely the former is lighter than the latter. The air density is calculated by ANSYS Fluent through the incompressible ideal gas law (Eq. 2):

ρ = P op R M m T (2)
where ρ is the density of the mixture of gases, P op is the operative pressure, fixed at 101325 P a, R = 8.314 JKmol is the universal gas constant, M m is the molar mass resulting from the average of the components weighted by their molar fraction in the mixture. The resulting exhaled and ambient air densities are about 1.15 kg/m 3 and 1.20 kg/m 3 (if T amb = 293.15 K) or 1.17 kg/m 3 (if T amb = 301.15 K), respectively. The other material properties are also calculated by means of mass-weighted averaging.

Despite the process of speaking is highly unsteady due to the variety of phonemes, for sake of simplicity a steady emission of air is considered in this work, using an average air emission velocity at the mouth, as suggested by [START_REF] Gupta | Characterizing exhaled airflow from breathing and talking[END_REF]. The steady emission results in a steady turbulent jet exiting the mouth. [START_REF] Abkarian | Speech can produce jet-like transport relevant to asymptomatic spreading of virus[END_REF] observed experimentally the formation of a turbulent jet-like flow when multiple words are spoken one after the other. This result is confirmed by Large Eddy Simulations performed by the same author considering a real varying emission of air from the mouth. The approximation of the expiratory flow from speech with a conical quasi-steady turbulent jet is used in the subsequent work by the same authors [START_REF] Yang | Towards improved social distancing guidelines: Space and time dependence of virus transmission from speech-driven aerosol transport between two individuals[END_REF]. The values of the air emission velocity measured in the literature are discordant (see Section 1). In the present work two cases are considered for the speaking activity, representing the minimum and maximum air emission velocities, i.e., a constant air emission velocity of 0.5 m/s and of 4 m/s. In both cases, the emission velocity is perpendicular to the mouth surface.

Reynolds averaged Navier-Stokes (RANS) equations with a standard k -ϵ turbulence closure model are used to solve the airflow. Therefore, mass and momentum balance equations along with the equations of turbulence kinetic energy and its dissipation rate are solved. Buoyancy effects are considered for turbulence production term, but not for its dissipation rate. Due to the air temperature difference within the domain, the heat transport equation is also solved. Lastly, the species transport equation is solved due to the presence of different gas mixtures (exhaled and ambient air). The pressure-based solver with SIM-PLE algorithm is employed. For spatial discretization of all the variables and for the gradients second order upwind schemes are used, PRESTO! is employed for the pressure and least squares cell based for the gradients. For more details on the equations, on the solver and on the discretization schemes refer to ANSYS (2013).

As a k -ϵ turbulence closure model, information on turbulent quantities at the boundaries must be provided. At the mouth the Intensity and Hydraulic diameter condition is used. The hydraulic diameter is set equal to the mouth size, while turbulence intensity is calculated by means of the Equation 3:

I = 0.16Re -1/8 DH (3)
where Re -1/8 DH is the Reynolds number calculated using air ejection velocity and the hydraulic diameter (DH). At the other open boundaries the Turbulence kinetic energy and dissipation is used and the related values are provided by the CFD simulation of a simplified indoor environment carried out by [START_REF] Pini | Analysis of the influence of geometric and ventilation on indoor pollutant dispersion: a numerical study[END_REF].

As convergence criterion 10 -6 is considered for all the residuals.

Droplets

To simulate droplet dispersion ANSYS Fluent Discrete Phase Model is used. This is a discrete random walk model in which the momentum balance equation is solved for each droplet to obtain droplet velocity and then, to compute its displacement (refer to ANSYS (2013) for more details). The default value of 0.15 is used for the time scale constant, which is involved in the computation of the integral time scale and then, of the eddy lifetime. Unsteady droplet dispersion simulations are carried out and the position of the droplets is recorded each 0.05 s for 1200 s. An uncoupled method is used, so that the gaseous phase transports the droplets by transferring them momentum, but droplets do not affect the fluid motion. This hypothesis is valid in the real case thanks to the small droplet concentration. Besides, the low droplet volume fraction occurring in speaking activity avoids droplet-to-droplet interaction. Droplet brake-up is also negligible for droplets smaller than 50 µm and, therefore, it is not modelled in the present simulations. To evaluate the importance of rupture phenomenon, one should consider the Weber number (W e), which is defined as the ratio between inertial forces and surface tension, i.e. W e = ρ p d v 2 p /σ (where ρ p , d ad v 2 p are the droplet density, size and velocity, respectively, and σ is the surface tension). Considering the most extreme condition measured in the measurement campaigns, i.e. ρ p = 1000kg/m 3 , d = 50µm and v p = 4.5m/s and σ = 76N/m, then W e ≈ 0.01 < 1. A surface tension much higher than inertial forces avoids droplet brake up.

In this work the droplets are simulated either as spherical inert water particles or as evaporating water droplets. In the former case evaporation is not taken into account. In the latter case instead droplet evaporation is modelled, particularly a convection-diffusion controlled vaporization model is used. Therefore, evaporation is not only due to the vapour pressure difference between the ambient and the surface of the droplet, but also to the relative velocity between the droplet and the surrounding air. The size of the droplets reduces while they evaporates. Droplet evaporation rate is affected by the presence of dissolved salts and other organic materials. Besides, droplets do not evaporate until they disappear, but a solid residual remains, made up precipitated salts, organic materials and that may contains water due to hygroscopicity. As far as the presence of dissolved salts affects the evaporation rate only at the late stage, when their concentration becomes very high due to water loss [START_REF] Stiti | Transition from saliva droplets to solid aerosols in the context of covid-19 spreading[END_REF][START_REF] Liu | Evaporation and dispersion of respiratory droplets from coughing[END_REF], in this work pure water droplets are considered. On the other hand, the residual after water evaporation is taken into account by stopping the evaporation process. Namely, the volatile fraction of the droplets ϕ is set to 98.7%, so that the size of the residual d res is 0.235 of the droplet initial size d init . The two quantities are simply related as follows:

ϕ = ( d res d init ) 3 (4)
The value of 0.235 has been measured by [START_REF] Stiti | Transition from saliva droplets to solid aerosols in the context of covid-19 spreading[END_REF] and corresponds to a concentration of Sodium Chloride of ≈ 6g N aCl /kg solution , which is an average value. [START_REF] Rosti | Turbulence role in the fate of viruscontaining droplets in violent expiratory events[END_REF] uses a value of d res /d init = 0.16 in their simulations, while Balachandar et al (2020) considers two extreme cases, i.e. ϕ = 99.9% and ϕ = 97%.

The droplets, which are ejected with the air from the mouth, can rebound elastically on the side walls and on the ceiling (reflect boundary condition, with constant reflection coefficients equal to 1). They can either escape the domain through the front and the mouth faces (escape boundary condition) or be trapped on the floor (trap boundary condition). The boundary conditions used for the droplets are listed in Figure 1.

Each 0.05 s 1024 droplets are injected into the domain by using an ad hoc injection file. For each injected droplet its initial position, velocity and size are set in order to meet droplet velocity and size distributions measured in the experimental campaign. As the experiments highlighted a link between droplet velocity and size, five different velocity distributions for five different size classes are considered. Droplets of different sizes and velocities are randomly distributed over the mouth surface.

The number of droplets within the domain increases during the first few minutes of simulation. Then, a stationary condition is reached, as droplet injection does not change for the whole duration of the simulation and neither does the airflow. In this work, only the final stationary condition is considered. Nonetheless, unsteady simulations are useful to control the number of droplets ejected per unit time, making it possible to relate droplet concentrations provided by the numerical simulations within the domain to realistic concentrations. In fact, the number of droplets injected in the domain is higher with respect to real emissions in order to obtain good statistics for droplet size and velocity distributions. The real droplet concentration and the concentration obtained by means of ANSYS Fluent are related according to Eq. 5:

C real = C sim C mouth,real C mouth,sim (5) 
where C real and C sim are the real concentration within the domain and the concentration obtained by ANSYS Fluent, respectively, while C mouth,real and C mouth,sim are the corresponding concentrations at the mouth. C mouth,real is given by the droplet emission E divided by the exhaled airflow. Note that the droplet concentration field is computed a posteriori, as ANSYS Fluent does not provide it when uncoupled fluid-discrete phase simulations are performed.

In order to analyse the role played by the initial velocity of the droplets an additional simulation in which it is set to zero is also carried out.

Summarizing, eight simulation cases have been performed, which are reported in Table 1. 

Simplified model for droplet initial velocity effect

The effect of the initial droplet velocity is also assessed by means of a simplified calculation of inert droplets settling in a horizontal laminar airflow with velocity v a = 0.5 m/s. Droplets of size d = 1, 10 and 100 µm are injected in the horizontal airflow with initial horizontal velocity v P x,0 in the range 0-10 m/s. The droplets are accelerated (decelerated) by the gaseous phase if their initial velocity is lower (higher) than the air until they reach the equilibrium with the airflow. On the other hand, the droplets are accelerated along the vertical direction due to gravity force until they reach their final settling velocity, v T S . Air (ρ a ) and droplet (ρ P ) density of 1.2 kg/m 3 and 1000 kg/m 3 are considered, respectively. The momentum balance equation along the vertical and horizontal direction is solved for each droplet, i.e. Equations 6 and 7 [START_REF] Hinds | Aerosol Technology: Properties, Behavior, and Measurement of Airborne Particles, 2nd Edition[END_REF]:

m dv xP dt = -C D π 8 ρ a d 2 (v xP -v xa ) 2 (6) m dv zP dt = F G -C D π 8 ρ a d 2 v 2 zP ( 7 
)
where m is the droplet mass, v xP and v zP are the horizontal and vertical velocity, F G is the gravity force, while the rightmost terms in the equations represent the drag force in the two directions.

The drag coefficient C D depends on the droplet Reynolds number, Re P . In particular, three motion regimes are identified based on Re P , viz., i) Stokes' regime for Re P < 1, ii) transition regime for 1 < Re P < 1000 and iii) Newton's (or turbulent) regime for Re P > 1000. The corresponding expressions for C D , valid for spherical droplets, are Eq. 8, 9 and 10 (Hinds, 1999):

C D = 24 Re P (8) C D = 24 Re P (1 + 0.15 Re 0.687 P ) (9) C D = 0.44 (10) 
The droplet Reynolds number is calculated as follows (Eq. 11):

Re P = ρ a d v P -v a µ ( 11 
)
where µ is the dynamic viscosity of air.

The momentum balance equation is written for the two directions, horizontal and vertical. Note that the analysis of each component separately is strictly valid only within the Stokes' region. However, the approximation is acceptable for our purposes. The equation is discretized and solved for each time step. As initial condition for droplet velocity, zero velocity is assumed along the vertical, while v P x,0 for the horizontal direction. At each time, the droplet Reynolds number is calculated and the related expression for the drag coefficient is chosen acordingly. The calculation ends once the droplet reaches its final velocity, i.e., 0.5 m/s for the horizontal component and v T S for the vertical. The terminal settling velocity v T S is calculated by means of an iterative procedure if Re P exceeds the Stokes' region. The procedure consists in assuming a Stokes' settling velocity as a first approximation, calculating the related Reynolds and drag coefficient considering the approximated value and, then, using the general expression for v T S along with the Re P an C D just calculated. The procedure is iterated until v T S does not change significantly.

Results and discussion

Air motion

The air velocity magnitude contour plots at the central section of the domain are depicted in Figure 2 listed in Table 1. Note that the airflow is the same for the cases I-III (panel a.) and V-VII (panel b.). Analogous trend is observed for the temperature (not shown).

In all the cases, a stationary jet forms at the exit of the mouth. The effect of buoyancy can be clearly observed in the figures. The jet is initially horizontal near the mouth, where momentum prevails over buoyancy. Then, it bends upwards, as already observed in the experiments by [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF]. Ambient air is entrained by the jet causing a reduction of jet velocity and temperature as well as a variation of its buoyancy and momentum. The higher the temperature difference between the ambient and the exhaled air and the lower the air ejection velocity, the closer to the mouth the upward bending of the jet. In cases I-III the exhaled air travels less than 20 cm horizontally, then, it moves upwards and reaches the ceiling at a longitudinal distance from the mouth of about 50 cm. The jet reaches the ceiling with a velocity ∼ 0.1 m/s, i.e., about 10 times higher than the ambient. Then, the jet opens close to the ceiling. In case IV, qualitatively the same phenomenon occurs, but the jet reaches the ceiling at about 1 m from the mouth and with a lower velocity. In cases V-VIII, the jet is mostly horizontal and does not reach the ceiling; it exits the domain through the front face with a velocity that is more than 10 time higher than that of the ambient velocity.

An airflow of ∼ 0.06 m 3 /s crosses the domain due to the entrance of air at very low speed through the mouth face. The resulting domain ventilation expressed as number of changes of the domain air volume per hour (ACH), is ∼ 18 1/h. 

Measured droplet size and velocity distributions

Droplet motion

Droplet trajectories

In Figure 4 the droplet trajectories obtained once the steady state has been reached are depicted.

For the sake of brevity only the results for Cases I and V (inert droplets) and II and VI (evaporating droplets) are reported. Note that the figures are representative of a situation where a person speaks for a sufficiently long time with the same ventilation condition of the indoor environment, so that a steady state for both airflow and droplet concentration has been reached. As expected, the smaller and lighter droplets follow the airflow, while larger and heavier droplets fallout from the air jet and start to settle. According to the model proposed by [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF], droplets of a given size remain suspended into the air jet until when the jet velocity is greater than the droplet settling velocity. More precisely, droplets continuously fall out, but this simplification is useful to understand why, on average, droplets with decreasing size leave the jet and start to settle at increasing distances from the mouth. Also, the simple model by [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF] helps to explain why when the air ejection velocity is higher (Case V) even the largest droplets are transported further than when a lower air ejection velocity is considered (Case I).

For Case I, the largest droplets (d mean ∼ 50 µm) immediately fallout from the jet, due to the low air velocity. Droplets of size d mean ∼ 36 µm, instead, initially follow the upward motion of the air jet, but soon fallout and start to settle. Droplets in the size range 18-28 µm follow the air jet up to the ceiling; then, they move parallel to it for a while (the smaller the droplet size, the longer the traveled distance), until they start to settle. These droplets do not settle completely within the simulation domain but some of them exit either through the front face or through the mouth face. Smaller droplets completely exit the domain through the two open boundaries. In particular, droplets smaller than 8 µm remain close to the ceiling, except the droplets located close to the side walls which move downward due to the interaction with them. In cases V, where the air injection velocity is higher, larger droplets remain within the jet for a longer distance. Smaller droplets also remain at the mouth height for a longer distance in Case V, as the air jet itself moves almost horizontally. In contrast, in Case I, the air jet and the smallest droplets move upward due to the stronger buoyancy.

The fundamental role played by the evaporation phenomenon is clearly evident by comparing the results for Cases II and VI and Cases I and V. The size of the droplets reduces while they evaporate modifying their dynamics, namely reducing droplet settling velocity and drag. Evaporation rate varies with droplet size, however, it is sufficiently rapid for its effect on respiratory droplet dispersion to be considerable. In Cases II and V the initially largest droplets fallout from the jet, but they hardly settle at all at the ground within 2 m from the mouth.

In what follows, the spanned distances and the related number of droplets that travels them are analysed in detail, along with the concentration of the droplets that remain suspended in the air.

Distance traveled by settled droplets

Droplets that settle at the ground are removed from the air and, thus, they no longer represent a risk for airborne disease transmission. For this reason, most of the works focused on the distances traveled by the exhaled droplets before settling.

In the four panels of Figure 5 the floor surface (x,y) and the settled droplets are shown for the Cases I and V (inert droplets) and II and VI (evaporating droplets). The mouth is located at x = 0 m, y = 0 m.

In Cases I and V much more droplet settle at the ground within 2 m from the mouth with respect to cases II and VI, where only a few droplets of initial size d = 50 µm can settle.

In Cases I and V the mean distance traveled by the droplets decreases with increasing size, as expected. However, the separation between droplets of different sizes is more evident in Case I, while in Case V all the droplets (irrespective of the size) are transported further and span a wider range of distances. Also, the minimum droplet size that can settle within 2 m from the mouth is larger in case V with respect to Case I.

The reach probability of droplets in the different size ranges depicted in Figure 6 provides an idea of the number of droplets that are removed Fig. 3 Droplet size (a.) and velocity (b.) distributions obtained from the experimental campaign. In the latter five velocity distribution (bars) and mean velocity (dashed lines) for five different droplet size classes are depicted. The data have already been shown in [START_REF] Grandoni | Interferometric laser imaging for respiratory droplets sizing[END_REF] and [START_REF] Grandoni | Numerical dispersion modelling of the droplets expired by humans. 21st International Conference on Harmonisation within Atmospheric Dispersion Modelling for Regulatory Purposes[END_REF] from the air by settling at a given distance from the mouth, and therefore, of the distances traveled by the droplets. This quantity is used also in [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF], [START_REF] Rosti | Fluid dynamics of covid-19 airborne infection suggests urgent data for a scientific design of social distancing[END_REF], Wang et al (2020a). The reach probability (P reach ) is defined as (Eq. 12):

P reach (x) = 100 - N set (x) N inj 100 ( 12 
)
where N set (x) is the number of droplets settled at the ground at the distance x in a given time interval, while N inj is the number of the injected droplets in the same time interval. Note that once the steady state has been reached, N set (x) and N inj are statistically constants.

The same probability can be defined in terms of droplet volume (V ol set (x), V ol inj ) instead of number. This is interesting as the volume of the droplet is reasonably proportional to the quantity of virus that it can carry, provided that viral concentration is the same irrespective of the size. Several works in the literature assume this proportionality, e.g. [START_REF] Rosti | Fluid dynamics of covid-19 airborne infection suggests urgent data for a scientific design of social distancing[END_REF], [START_REF] Buonanno | Estimation of airborne viral emission: Quanta emission rate of sars-cov-2 for infection risk assessment[END_REF], [START_REF] Wang | Short-range exposure to airborne virus transmission and current guidelines[END_REF] and [START_REF] Wang | Modelling the direct virus exposure risk associated with respiratory events[END_REF]. However, this hypothesis, although reasonable, could not be valid, as droplet viral load depends on the viral load of its zone of formation in the respiratory apparatus. Besides, the actual infectivity of a droplet depends not only on the virus copies that it carries but also on its size and therefore on its penetrability into the possible susceptible individual's respiratory apparatus. Note that to pass from number to volume spherical droplets are considered, with diameter equal to droplet initial size. The initial size is chosen as it is assumed that the viral load -proportional to droplet initial volume -does not reduce during the evaporation process. Therefore, considering droplet initial size allows us to keep the information about the possible infectivity removed by settling.

For Cases I and V the number reach probability for each droplet size along with the overall droplet number and volume reach probability are depicted in panels a. and b. of Figure 6. Differently, only the overall number and volume reach probability is shown for Cases II-IV (panel c.) The differences between simulations carried out with inert droplets and evaporating one already pointed out qualitatively above are here evident. While suspended droplet volume reduction is about 90 % and 70 % for Cases I and V, it is only ≈ 2 ÷ 3 % for Cases II-IV and 1 % for Cases VI-VIII. Note that droplet number reduction is far smaller than the volume reduction as the larger droplets settle first.

When the air ejection velocity is higher the droplets travel longer distances and span wider ranges. This negative effect is due to the higher velocity inside the air jet which keeps the droplets suspended and to the reduced buoyancy effect, therefore the air jet moves almost horizontally. In Case I droplets of size d = 50 µm start to settle immediately after the emission and are almost completely removed at ≈ 50 cm from the mouth. In Case V start to settle at about 10 cm from the mouth and are almost completely removed only for distances longer than 1 m. In Case I droplets of 36 and 28 µm are almost completely removed within 2 m from the emission, while in Case V ≈ 30 % and ≈ 70 % of these droplets are still suspended at 2 m from the emission, respectively. The effect of air ejection velocity is very attenuated when evaporating droplets are considered, even if still visible.

Using a different initial droplet velocity could affect the results in that the relative velocity between the droplets and the surrounding air is initially different. This could have an effect on both droplet dynamics and evaporation rate. However, comparing Cases III and VII compared with Cases II and VI, respectively, the differences seem to be negligible.

A higher ambient temperature (Cases IV and VIII) seems to slightly reduce the number of settled droplets. This can be explained by an increase of the evaporation rate when the ambient temperature is higher (see Section 3.4).

Most of the works in the literature focused on violent expiratory events, such as coughing and sneezing [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF]Wei andLi, 2015, 2017;[START_REF] Rosti | Fluid dynamics of covid-19 airborne infection suggests urgent data for a scientific design of social distancing[END_REF][START_REF] Busco | Sneezing and asymptomatic virus transmission[END_REF]Dbouk and Drikakis, 2020a;[START_REF] De Padova | Multi-phase simulation of infected respiratory cloud transmission in air[END_REF]Wang et al, 2020a;[START_REF] Li | Towards realistic simulations of human cough: Effect of droplet emission duration and spread angle[END_REF][START_REF] Wang | Short-range exposure to airborne virus transmission and current guidelines[END_REF]. Therefore, it is difficult to compare our results with those reported in the literature. In fact, both sneezing and coughing can be described as a two-stage phenomenon. The first phase occurs during the emission of the dropletladen air cloud that lasts for less than 1 s and that can be described as a jet. In the second phase, the emission is interrupted and the cloud disperses as a puff [START_REF] Bourouiba | Violent expiratory events: on coughing and sneezing[END_REF][START_REF] Wei | Human cough as a two-stage jet and its role in particle transport[END_REF]. The initial jet is characterized by higher injection velocities with respect to the speaking activity, so that the droplets are transported far away from the mouth. Besides, in the puff phase a quicker decrease of the cloud velocity occurs [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF], resulting in a different droplet dispersion process with respect to the steady jet approximating the speaking activity.

Among the works in the literature, [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF] and Wang et al (2020a) considered in their droplet dispersion simulations a case of stationary jet, even if with higher emission velocity with respect to the present work, i.e., ∼ 10 m/s, typical of coughing. In the work by [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF], when evaporation phenomenon is not considered, droplets sized 50 µm reaches longer distances with respect to our Case I and V (4 m compared to 0.3 or 0.7 m of the present work), as expected due to the higher jet emission velocity and, also, to the absence of buoyancy. In [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF] the span-wise spread of the settled droplets is also provided as a result and it agrees with our work (≤ 1 m). In addition to the calculation described above [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF] studied the spread of evaporative droplets in a buoyant jet (a steady jet is considered). The results by [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF] are in agreement with the ones in the present work, although not directly comparable due to the different air ejection velocity and ambient relative humidity. Droplets of initial size d = 50 µm do not settle at all within 4 m away from the mouth if the ambient RH% is 0 (high evaporation rate), while settle ≈ 40 % of them are removed by settling if the ambient RH is 90. Our results are in the middle between these two extremes. A good agreement is also observed with the work by Wang et al (2020a). When inert droplets are considered 30 % of 50 µm-sized droplets are removed by settling within 2 m from the emission. The lower value with respect to our results is due to the higher high ejection velocity that the authors used in their model (10 m/s). When evaporation is taken into account the reduction is about 10 %, which is higher than both the results in the present work and by [START_REF] Wei | Enhanced spread of expiratory droplets by turbulence in a cough jet[END_REF].

In the work by [START_REF] Xie | How far droplets can move in indoor environments-revisiting the wells evaporationfalling curve[END_REF] a stationary jet with several emission velocity proper of the different respiratory activities (breathing, speaking, coughing, sneezing) is considered. Several ambient relative humidity and temperature are also tested, while the air ejected from the mouth is always saturated and has a temperature of 306.15 K. Our results are in agreement with [START_REF] Xie | How far droplets can move in indoor environments-revisiting the wells evaporationfalling curve[END_REF] in that droplets larger than 30 µm escape the air jet before they are completely evaporated and droplets smaller than 50 µm evaporate completely before settling at the ground. Comparing the traveled distance is hard because the authors assume that the droplets disappear once completely evaporated. However, our results confirm that most of the 50 µm droplets are completely evaporated about 1 m away from the mouth when air emission velocity is 4 m/s and less than 25 cm when air emission velocity is 0.5 m/s. In general, the present work confirms the findings by [START_REF] Xie | How far droplets can move in indoor environments-revisiting the wells evaporationfalling curve[END_REF], for which the horizontally travelled distance is strongly dependent on the initial air jet velocity.

Droplet evaporation time

The results shown in Section 3.3 pointed out the key role played by the evaporation phenomenon on droplet dispersion process. Therefore, it is interesting to analyse the parameters that affects the evaporation rate. From the simulations carried out in this work resulted that the most relevant parameter is the ambient temperature T amb , while air and droplet ejection velocity have a negligible effect. For instance, the time taken by the droplets initially of size 50 µm to reach their final size (≈ 12µm) is ≈ 4 s in all the Cases II, III, VI and VII, irrespective of the air and droplet velocity set at mouth. Differently, in Cases IV and VIII, where the ambient temperature is higher (T amb 301.15 K with respect to T amb 293.15 K of the previous cases), the time taken is slightly reduced, i.e. ≈ 3.5 s. In Figure 7 the probability that a droplet with residence time in the domain t smaller than a given time t * has a size d smaller than a given size d * is depicted. The normalization is done for each time, so that following horizontal lines in the plot the cumulative size distribution for all the droplets with residence time t ≤ t * can be obtained. Only the results for droplets of initial size d = 50 µm for the Cases II (a.), IV (b.), VI (c.) and VIII (d.) are depicted as examples.

Droplet concentration

Droplets that are not removed by settling, remain suspended in the air and either accumulate into the semi-closed environment or exit it through the two open boundaries. These suspended droplets are a potential risk for airborne disease transmission, which can be direct or indirect [START_REF] Seminara | Biological fluid dynamics of airborne covid-19 infection[END_REF]. The former is due to droplets that move directly from the emitter to the receiving person's mouth, while the latter is due to droplets mixed within the semi-closed environment volume. Safe distances indicated during COVID-19 pandemic are useful to avoid direct airborne disease transmission, which constitutes a major risk due to higher droplet concentrations involved. However, in closed or semi-closed environments some risk remains even further from the emitter person due to possible indirect transmission. It is therefore interesting to analyse the spatial distribution of the droplets suspended in the air in order to better quantify the airborne transmission route.

Figure 8 show droplet concentrations maps calculated along some vertical sections (y-z) of the simulation domain at different downstream distances (x) from the mouth. Here, z is the vertical axis (0 ≤ z ≤ 3 m), while y (-1 ≤ y ≤ 1 m) is the transversal axis (see inset in Figure 8; the pink square denotes the mouth position of a possible receiving person, i.e., a standing person as tall as the emitter). The concentration is normalized with that at the mouth and expressed as percentage. Therefore, it is possible to determine a realistic concentration field from the droplet concentration at the mouth known experimentally. The latter can be easily calculated by multiplying the droplet emission rate (∼ 2.3 #/s) estimated from the experimental data to the ejected airflow (see Section 2.2). Although the concentration is expected to vary with droplet size (see the results shown in the previous sections), for the sake of brevity droplets of all sizes are included in the concentration calculation. In order to take into account the different sizes contributing to the concentration field, the concentration is expressed in terms of volume. Besides, it is worth noting again that droplet volume is proportional to the potential viral load. Air jet boundary is represented in the plots by dashed black lines. The boundary is defined as the location where the air velocity is 15 % of its maximum value. For the sake of brevity only results for Cases I, II and V are reported.

If the droplets were completely mixed in the domain, applying the droplet mass balance and considering an air exchange rate of ∼18 1/h (see Section 3), the number of droplets in the domain would be ∼ 4 10 6 , which would correspond to a concentration in number of ∼ 3.4 10 5 #/m 3 . Nevertheless, in none of the four cases considered here a completely mixed condition occurs. In Case VIII the air jet exits the domain almost undisturbed carrying all the suspended droplets. In this case the number of droplets within the domain is smaller than ∼ 4 10 6 . In case V-VII the air jet is only partially affected by the presence of the ceiling, so that some droplets accumulate in the upper part of the domain. However, quite a few droplets are transported outside the domain directly by the air jet, so that the number of droplets within the domain is still smaller than ∼ 4 10 6 . In contrast, in cases I-IV, the droplets are transported by the air jet close to the ceiling, where accumulate and are not transported outside the domain. Consequently, their number within the domain is about ∼ 4 10 6 . Notwithstanding, in the cases I-IV a completely mixed condition is not reached either. In fact, one clean and one droplet-laden layer, form into the domain. Only further from the mouth the droplets are mixed along the vertical. A high concentration zone, possibly responsible for direct airborne disease transmission can be seen in all the four cases. Such zone dilutes and rises due to buoyancy moving away from the mouth. The non-zero concentrations below the mouth height are due to settling droplets. As can be observed by comparing panels a. (Case I) and c. (Case V), air jet buoyancy plays a key role in removing the droplets from the breathing height. Indeed, the lower the buoyancy effect, the longer the distance for which the high concentration zone persists at the mouth height. Note that in Case I, when no evaporation is considered and a strong buoyancy effect occurs, concentrations are under 0.5 % after ≈ 80 cm from the mouth. When evaporation is considered (panels b., Case II) the settling phenomenon is slowed down, therefore, higher concentrations persist at mouth height.

Droplet initial velocity effect

Varying droplet ejection velocity could affect the results in that it modifies the relative velocity between the droplet and the surrounding air, and therefore, their dynamics and evaporation rate. However, as seen above the comparison between simulation results for Cases II-III and VI-VII highlighted a negligible effect of droplet ejection velocity at mouth on the overall droplet dispersion process. The negligible effect of initial droplet velocity on their dynamics can be confirmed by simple calculations that can be done for droplets settling in a uniform horizontal airflow (Section 2.2), whose results are shown in Figure 9. In the figure the variation in time of the horizontal velocity and position of a 100 µm droplet is depicted (only the plots for 100 µm droplet are reported for sake of brevity). The equilibrium with the gaseous phase (velocity of 0.5 m/s) is reached almost immediately irrespective of the initial droplet velocity. Only for the first fractions of second droplets with higher initial velocity travel longer distances with respect to droplets with zero initial velocity. However, once the equilibrium with the air is reached, the difference in the distance traveled by initially faster and slower droplets remain constant, as all droplets move with the same velocity (0.5 m/s). In Table 2 the time needed to reach the equilibrium and the maximum difference in the distance traveled by faster droplets and droplets with zero initial velocity are reported for all the droplet sizes and initial velocities considered here. The time needed to reach the equilibrium is very short also for the larger droplets. For example, for a 100 µm droplets with initial velocity far higher than the air -10 m/s versus 0.5 m/s -the time needed is of about 0.3 s. Consequently, the difference in the traveled distance is very small too, viz., it is less than a millimetre for 1 µm droplets (irrespective of the initial velocity), of the order of millimetres for 10 µm droplets with high initial velocity and of the order of centimetres for 100 µm droplets. Since all the droplets considered here reach the equilibrium with the air before settling, the maximum difference in the traveled distance is reached before settling. For both 1 and 10 µm droplets the time needed to settle, i.e., to travel about 1.6 m along the vertical direction, is long and so the related distance traveled horizontally. Droplets of size 100 µm and zero initial velocity settle in about 3 s, travelling horizontally about 1.6 m from the emission point. The distance traveled by 100 µm droplets with higher initial velocity is not significantly longer -about 16 cm over 1.6 m for droplets with an initial velocity of 10 m/s.

Conclusions

In this work, numerical simulations are carried out by means of the software ANSYS Fluent to study the dispersion of droplets ejected by humans while speaking within a semi-closed environment. Droplet size and velocity distributions obtained experimentally from a laboratory campaign are used as input for the discrete phase. The innovative simultaneous measurement of droplet velocity and size has two advantages. First, it allows us to assign the actual initial droplet velocity instead of a zero velocity or that of the air emitted from the mouth. Secondly, it makes it possible to estimate a realistic droplet emission, expressed as number of droplets ejected per unit time.

In addiction to droplet initial velocity, the effect of ambient temperature, air ejection velocity and evaporation on droplet dispersion process are assessed. Input for the gaseous phase -air velocity and temperature -are taken from the literature. For the air ejection velocity the results in the literature are discordant. Therefore, two extreme cases are considered in the present work, i.e., 0.5 and 4 m/s. Besides, two different ambient temperature are taken into account, 293.15 K and 301.15 K, representing typical winter and summer conditions in indoor environments. The exhaled air temperature is fixed at 306.15 K in both the cases, in agreement with the literature. For the evaporation, pure water droplets are considered assuming that the effect of dissolved salts (found into real exhaled droplets) on droplet evaporation rate is negligible. On the other hand, the solid residual left in real cases after water evaporation is considered by setting the volatile mass fraction of the droplets at 98.7 %. Therefore, droplets do not disappear once the evaporation is completed, but a residual droplet of size d ≈ 0.2 of the initial size remains.

The main results obtained in this work can be summarized as follows. Setting for the droplets the actual initial velocity resulted to do not have any significant effect on the overall dispersion process. This result was expected given simple considerations about droplets in a wide range of sizes and 0 9.00 10 -6 0.00 9.20 10 -4 0.00 2.51 10 -1 0.00 0.3 7.00 10 -6 7.66 10 -7 6.40 10 -4 9.07 10 -5 2.11 10 -1 9.56 10 -3 0.5 0.00 1.24 10 -6 0.00 1.44 10 -4 0.00 2.13 10 -2 1 9.00 10 -6 2.48 10 -6 9.20 10 -4 2.87 10 -4 2.51 10 -1 4.26 10 -2 2 1.20 10 -5 5.05 10 -6 1.25 10 -3 5.89 10 -4 2.78 10 -1 6.33 10 -2 5 1.50 10 -5 1.28 10 -5 1.52 10 -3 1.32 10 -3 2.95 10 -1 1.06 10 -1 10 1.70 10 -5 2.56 10 -5 1.68 10 -3 2.36 10 -3 3.02 10 -1 1.57 10 -1 velocities settling in a uniform horizontal airflow (not considering evaporation). The air jet emission velocity is of major importance as it determines how long the droplets remain within the air jet. The higher the initial velocity the longer the distance travelled by the air jet downstream of the mouth.

The buoyancy effect -which increases with the temperature difference between ambient and exhaled air and decreases as the air jet emission velocity grows -plays also a key role. For the so-called direct (or short-range) airborne transmission, a greater buoyancy has a positive effect, as the buoyant air jet removes the droplets from the breathing zone, transporting them towards the ceiling. The effect of buoyancy on indirect (or longrange) airborne disease transmission depends on the geometrical configuration and ventilation condition considered, in particular, on the interaction between them and the jet. In the present simulations, less droplets accumulate into the domain in the cases with weaker buoyancy effect, as the droplet-laden air jet is allowed to exit from the front face.

Considering a more realistic representation of an indoor environment with different kind of ventilation, such as mixing, downward and upward ventilation, can be a future development of the present work.

Another improvement of the work could be the assessment of the time variation of droplet dispersion within the domain. The steady simulations carried out in the present work are representative, indeed, of a long continuous speech occurring in a not-varying ventilation condition.

Furthermore, other respiratory activities could be assessed.
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Fig. 1

 1 Fig.1Sketch of the simulation domain. Boundary conditions for air and droplets are indicated on the respective faces. Mesh refinement close to the mouth is also depicted.

  Droplet size and velocity distributions obtained from the experimental campaign and used as input in the numerical simulations are depicted in Figures3 a, b. The droplets detected in the tests of all the volunteers are considered for the statistics. Droplet sizes span the range 2-60 µm and are divided into 16 size classes; in the followings the average diameter d mean of each size class is used for the result description. Most of the droplets lay in the range 2-4 µm, then the droplet number decreases until a relative maximum is observed between 25 and 30 µm. Note that 5 different droplet velocity distributions are used for 5 different droplet size classes (for the sake of brevity in Figure3b only the streamwise velocity component is shown). In fact, droplet velocity has been observed to vary slightly with droplet size; particularly, the streamwise velocity component increases with droplet size, while the spanwise and vertical components remain almost similar (about zero on average).

Fig. 2

 2 Fig. 2 Velocity magnitude contour plots at the central section of the domain for the eight simulation cases performed in the present work.

Fig. 4

 4 Fig. 4 Droplet trajectories for Cases I, V (inert droplets) and II, VI (evaporating droplets) once the steady condition is reached. Colours refer to droplet size.

Fig. 5

 5 Fig.5Droplets settled at the ground (x,y-plane) in 20 s once the steady condition is reached in Cases I, V (inert droplets) and II, VI (evaporating droplets). Each circle represents a droplet, while their colour refers to their size (initial size if evaporating droplet are considered, such as in Cases II and VI).

Fig. 6

 6 Fig.6The number reach probability for each size along with the overall droplet number and volume reach probability are depicted in panels a. for Case I and b. for case V. The overall number and volume reach probability are depicted in panel c. for Cases II-IV and d. for Cases VI-VIII.

Fig. 7

 7 Fig. 7 Probability that a droplet of initial size d = 50 µm has a residence time in the domain t smaller than a given time t * and a size d smaller than a given size d * (the normalization is done for each time). Results for Cases II (a.), IV (b.), VI (c.) and VIII (d.).

Fig. 8

 8 Fig. 8 Normalized droplet volume concentration fields within transversal sections at different downstream distances from the mouth obtained for Case I (a.), II (b.) and V (c.)

Fig. 9

 9 Fig.9Horizontal velocity (a.) and position (b.) variation in time for 100 µm droplets with different initial velocity; the droplets move in a constant horizontal airflow of 0.5 m/s.

  is the total number of droplets ejected in time, N P,det is the number of detected droplets, v P is the droplet velocity, N imm is the number of acquired images and T h is the thickness of the measurement volume. T h/v P is the time taken by the droplets to cross the measurement volume. Since T h and v P depend both on the droplet size d

	(Grandoni et al, 2023), different emissions, E(d),
	for different size classes are first obtained, where
	the average droplet velocity value for each size
	class v P (d) is considered. Then, an average emis-
	sion rate for all the size classes is calculated. It
	is worth noting that the emission estimate would
	not be possible without the simultaneous measure
	of droplet velocity and size.

Table 1

 1 Summary of the eight simulation cases performed in the present work.

		va [m/s] T amb [K]	v P [m/s] Evaporation
	Case I	0.5	293.15	̸ = 0	no
	Case II	0.5	293.15	̸ = 0	yes
	Case III	0.5	293.15	= 0	yes
	Case IV	0.5	301.15	̸ = 0	yes
	Case V	4	293.15	̸ = 0	no
	Case VI	4	293.15	̸ = 0	yes
	Case VII	4	293.15	= 0	yes
	Case VIII 4	301.15	̸ = 0	yes

Table 2

 2 Time taken by droplets of different size and initial velocity to reach the equilibrium with air ( t EQ ) and difference in the horizontal distance travelled by initially faster droplets and droplets with zero initial velocity, for each droplet size.[m/s] t EQ [s] dif f max [m] t EQ [s] dif f max [m] t EQ [s] dif f max [m]

	d = 1µm	d = 10µm	d = 100µm
	v x,i		
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