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Abstract

:

Studies on droplet transmission are needed to understand the infection mechanism of SARS-CoV-2. This research investigated the effects of coughing intensity and wind direction on respiratory droplets transportation using the Euler–Lagrange method. The results revealed that both coughing intensity and wind conditions considerably influence the transmission of small and medium droplets but had little effect on large droplets. A stronger coughing intensity resulted in small and medium droplets traveling farther in a calm wind and spreading widely and rapidly in a windy environment. The droplets do not travel far in the absence of ambient wind, even with stronger coughing. Medium droplets spread in clusters, and small droplets drifted out of the domain in the band area in different wind conditions except for 60° and 90° wind directions, in which cases, the droplets were blown directly downstream. In 0° wind direction, many droplets were deposited on the human body. The fast and upward movement of particles in 60° and 90° directions could cause infection risk with short exposure. In 180° wind direction, droplets spread widely and traveled slowly because of the reverse flow downstream, prolonged exposure can result in a high risk of infection.
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1. Introduction


Coronavirus disease 2019 (COVID-19) has been a major threat to human health and the economy since its emergence at the end of the year 2019. As a result, the transmission of virus-carrying respiratory droplets has drawn considerable research attention. The dispersion of mouth exhaled droplets has long been studied theoretically, with one of the earliest studies by Wells [1], analyzing the transmission pattern of airborne droplets. Some researchers have recently proposed new theoretical formulations to predict droplet trajectories [2,3]. With the development of micro-technique and new imaging technologies, observing and measuring the diameter distributions of expelled droplets [4,5,6,7] and exhaled airflow velocity [8,9] have become feasible. These methods offer great advantages in terms of visualization. However, such experiments are costly and can only track droplets in a limited radius.



An experimentally validated computational fluid-particle dynamics (CFPD) model based on the Euler–Lagrange method has been widely used to simulate the transmission of airborne particles [10,11,12,13]. The CFPD model increases the convenience and flexibility of predicting the transmission of respiratory droplets both indoors and outdoors. Combining experiments and numerical simulations, several studies have investigated the transport of the particles generated by patients in a hospital under diverse conditions [14,15,16,17]. These studies have demonstrated the reliability of the CFPD method. Other studies have examined the transmission of exhaled droplets numerically in typical indoor environments, such as an aircraft cabin [18,19], a high-speed rail cabin [20], and other ventilated rooms [21,22]. As mentioned above, most studies have focused on particle transmission in an indoor environment to reduce the risk of infection [23], with comparatively few studies considering outdoor transmission [24,25,26]. Feng et al. [27] examined the effects of wind and relative humidity on the transmission and deposition of droplets between two virtual humans in an outdoor environment, they also found that wearing masks should be recommended for both infected and healthy humans, to reduce the airborne cough droplet numbers. However, some studies put forward that wearing a surgical mask induces a reduction in circulating O2 concentrations while an increase in heart frequency and a sensation of shortness of breath [28]. The climate conditions have been certified to influence the transmission of respiratory droplets [29]. However, further study of outdoor transmission is critical for managing a highly infectious virus such as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).



Humans engage in four respiratory activities: breathing, talking, coughing, and sneezing. Coughing has attracted most research attention because it is a violent expiratory event and the main symptom of respiratory infectious disease [8,30,31]. The present work aimed to investigate the influences of cough intensities and meteorological conditions on the transport characteristics of coughed droplets with different diameters. This study can help people to decide on risky regions around an infected person so as to raise attention to avoid being infected in an outdoor environment.




2. Methodology


2.1. Model Validation


As the standard k–ε model often yields an overestimation of turbulent kinetic energy k in the impingement region when applied to solve flow around bluff bodies [32,33], a revised k–zε model proposed by Kato and Launder [34] (hereafter denoted as LK model) was adopted. The LK model was derived to revise the overestimation of k by modifying the production term of the k equation, as displayed in Equation (1).


   P k  =  V t  S Ω  



(1)




where    ν t    = Cμk2/ε is turbulent viscosity, ε is the dissipation rate, S is the strain rate magnitude, and Ω is the vorticity rate.



The airflow around an isolated building is similar to that around a human body. This study used previously obtained wind tunnel measurements of the flow and gas diffusion around a high-rise building in a neutral condition to verify the turbulence model [35,36]. The measurements were conducted in the wind tunnel of Tokyo Polytechnic University. The model building (0.1 m × 0.1 m × 0.2 m) was located in a fully developed turbulent boundary layer, a point gas source was set on the floor at 50 mm from the leeward side of the building, and tracer gas was released from a 2 mm diameter hole at a flow rate of 0.35 L/min (Figure 1a). The wind velocity and gas concentration were measured simultaneously using a split film probe and a fast response flame ionization detector.



Figure 1b,c depict the correlations of normalized streamwise velocity and pollutant concentration between the experimental and computational fluid dynamics results. The LK model demonstrated favorable performance, compared with the experimental results. As a result, this study selected the LK model to simulate turbulent flow and particle dispersion.




2.2. Outline of Simulations


The simulation domain covered a range of 11 H × 2 H × 2 H in the streamwise, spanwise, and vertical directions, where H is the height of the manikin (1.74 m). The virtual manikin model was constructed by referencing the parameters of the Ito institution [37], which represents a normal Asian person. The size of the open mouth was approximately 6 cm2. A schematic of the computational setup and the meshes on the manikin’s surface and around the body is depicted in Figure 2. Unstructured tetrahedral meshes were generated and the grids on the manikin surface were refined to locate the non-dimensional wall distance y+ between 10 and 30. Scalable wall functions were used to avoid the deterioration of standard wall functions under grid refinement, in which a limiter in the y+ calculation was introduced to force the usage of the log law in conjunction with the standard wall functions approach,


    y ˜  +  = M a x    (   y +  ,  y  l i m i t  +   )   



(2)




where    y  l i m i t  +    = 11.225.



A uniform weak wind velocity of Vin = 1.8 m/s (light breeze) was applied to the inlet boundary to investigate the cough-jet intensity influence. A velocity of 3.6 m/s (gentle breeze) was applied to assess the effect of wind direction on particle dispersion. Symmetric conditions were employed for the lateral and the top boundaries. The pressure-outlet condition was used for the outlet boundary. A second-order Upwind scheme was applied to all convection terms.



Before calculation, three simulations with different mesh systems (3.5 million, 4.9 million, and 6.9 million) were conducted to verify the grid independence. In Figure 3, the velocity magnitude in a vertical line at 0.5 m downstream of the manikin body is assessed. No distinct differences were observed among the three mesh systems. Therefore, the mesh system with 4.9 million grids was selected in this study to reduce the computing resources while accurately capturing the wind flow around the body.



The cough droplet size distribution used in this study, as shown in Figure 4a, was obtained from a previous experiment [38] and has been widely accepted and applied [19,27,39]. The airflow velocity placed as the mouth boundary condition was generated using the volumetric flow rate of the transient cough-jet airflow depicted in Figure 4b. The experimental data on cough-jet flow rate were adopted from the study of Gupta et al. [40]. In their study, 25 volunteers (12 women and 13 men) were selected to measure and record the airflow rate at the mouth opening during one coughing, the recorded data of 25 volunteers were averaged to obtain universal data on the human cough jet. These universal data were widely accepted in the field and were widely used in other studies to study the transmission of respiratory droplets caused by cough activity [19,27,39].




2.3. Simulation Cases


In this study, 12 simulation cases were performed. To investigate cough-jet effects, four simulations were performed of standard cough-jet velocity (depicted in Figure 4b) and 2× standard cough-jet velocity in a calm wind environment (Vin = 0 m/s) and in a windy environment (Vin = 1.8 m/s). For the windy environment, the incoming wind was perpendicular to the back of the manikin. One case was used to determine the effect of the initial velocity of the droplets by comparing jet velocities of 2.9 m/s (the average velocity of a standard cough stream) and 6 m/s (slightly below the peak of a standard cough stream) in a calm wind environment.



To examine the effects of wind angle, seven simulation cases with 0°, 30°, 60°, 90°, 120°, 150°, and 180° wind directions were employed. For these cases, the inflow wind velocity was 3.6 m/s, the standard cough jet was used to spray droplets, and the initial velocity of droplets was set to 2.9 m/s. The definition of wind directions is presented in Figure 5. In a 0° direction, the wind blew directly to the face of the manikin.




2.4. Motion Equations of Discrete Phase


As the volumetric fraction of the droplets is low, compared with the continuous phase (air), the Euler–Lagrange method was used to track the trajectories of numerous droplets. The particle motion equation was derived from Newton’s second law and is as follows:


    d   u →  p    d t   =    u →  −   u →  p     τ r    +    g →   (   ρ p  − ρ  )     ρ p    +  F ¯   



(3)




where     u →  p    is the discrete droplets velocity,   u →   is the continuous phase velocity,   g →   is the gravitational acceleration,    ρ p    is the particulate density, and  ρ  is the air density.   F →   represents additional forces with unit mass, including the pressure gradient force, thermophoretic force, Brownian force, and Saffman’s lift force. These additional forces are only relevant for particles with submicron diameters and were neglected in this study.    τ r    is the droplet relaxation time, which was defined as follows:


   τ r  =  4 3     ρ p   d p    ρ  C d   |    u →  p  −  u →   |     



(4)




where dp is the particle diameter and Cd is the drag coefficient.



Firstly, a steady calculation was conducted to obtain a steady wind condition. Subsequently, the calculation was converted to a transient simulation and the discrete phase model was used to track the motion trajectories of the droplets. Both the droplet tracking time step and the flow time step were set to 0.001 s. The droplets were treated as inert particles, and deformation, evaporation, condensation, crushing, and fusion were disregarded.





3. Results and Discussions


3.1. Effects of Cough-Jet Intensity and Droplet Ejection Speed


Figure 6 displays the streamwise wind velocity of the standard and double-strength cough-jet cases in the middle plane of the domain in a calm wind environment. The cough stream spreads in 0.5 s for both cases. Coughing airflow was sprayed from the mouth at time t = 0 s, and the cough-jet velocity peaked at t = 0.1 s. The standard cough jet’s maximum speed is approximately 7 m/s when using the experimental data in Figure 4b. Therefore, the maximum velocity of the double-strength cough jet was approximately 14 m/s. The maximum speed was sustained for only a short time and decreased due to air friction over the next 0.4 s. The ambient air was disturbed during the cough, and the affected area by the cough-jet was much larger for the double-strength cough-jet case. The results indicated that the size of the affected zone was proportional to the cough airflow intensity. The affected zone remained unaltered for a while even after the cough jet finished, and the contour line with a value of 0.01 m/s extended 0.4 m and 0.8 m in the streamwise direction for the normal strength and double-strength cough jet, respectively.



The streamwise wind velocities of cough jets of different intensities in the symmetry plane under an inflow condition of Vin = 1.8 m/s are displayed in Figure 7. Compared with the calm condition (Figure 6), a large reverse-flow region (dark blue area) was present downstream of the human body in a windy environment, and the flow separation from the body dominated the wind field. For both cases, the influence of the cough jet on airflow was quite small except in a small area near the mouth. Compared with the standard cough-jet case, the double-strength cough jet disturbed the flow field much more in a local area when the cough-jet velocity peaked (t = 0.1 s). This could affect the dispersion of the particles when they are ejected from the mouth into the environment.



A more visual view of particle diffusion in the flow field, the droplet positions, and sizes are presented in Figure 8. Cases 1 and 2 simulate the dispersion of droplets sprayed by the standard cough jet and the double-strength cough jet, respectively, in a calm wind environment. Cases 3 and 4 simulate droplet dispersion in a Vin = 1.8 m/s flow field. In Cases 1–4, the particulate ejection velocity from the mouth was 2.9 m/s. In Case 5, the droplets were ejected by a standard cough jet with an initial velocity of 6 m/s in a calm wind environment.



As illustrated in Figure 8a,b, small droplets with a diameter of ≤75 μm were suspended ahead of the manikin after the coughing activity ended. In previous studies, these droplets were usually defined as aerosol particles that are small enough to remain airborne for sufficient time, they were mainly influenced by streamlines of carried airflow, and were less prone to deposition [2,41]. Airflow and gravity affected medium droplets (75–200 μm). They were suspended in the air with the small droplets and then gradually fell to the ground. This transmission pattern of small and medium droplets was similar to the findings of another study [24]. The position of the suspended small and medium droplets was close to the edge of the region in which the air velocity was larger than 0.04 m/s and moved forward very little after the coughing ended. This indicates that air velocity is a key factor in determining whether small and medium droplets continue to diffuse [41]. The small and medium particles were transmitted farther in the 2× strength case than in the standard case. The small particles cluster center was approximately 0.36 m and 0.52 m ahead of the manikin in Cases 1 and 2, respectively. Inertia and gravity dominated the motions of large droplets with diameters of ≥200 μm, and in Cases 1–5, they rapidly fell to the ground. Thus, cough droplets cannot travel long distances even with a stronger cough jet in the absence of ambient wind.



As illustrated in Figure 8, the inflow wind substantially affected particle dispersion. Small and medium droplets diffused rapidly in ambient wind. At time t = 3 s, they were distributed throughout the wake region downstream of the manikin. Many particles were trapped near the head and chest, and some were even carried back to the manikin’s surface within the initial stage due to the reverse flow depicted in Figure 7. Most of the small droplets traveled downstream with the airflow mainly at a height between the chest and head. The medium droplets diffused in the flow fields and gradually fell to the ground. The wind hardly affected the trajectories of the extremely large droplets. Figure 8c,d demonstrate that cough-jet intensity substantially influenced particle transmission in a windy environment. Small and medium droplets spread more rapidly and widely and traveled longer in a windy environment with stronger coughing. In the case of strong coughing, the likely reason is that most droplets can be blown away from the reverse-flow region near the mouth and avoid being trapped near the body.



The results of Case 1 (Figure 8a) and Case 5 (Figure 8e) can be compared to examine the effect of particle ejection velocity. Extremely large droplets (red and orange colors) traveled a longer distance in the x-direction at t = 0.5 s in Case 5, in which the particles were ejected from the mouth at a high initial velocity (6 m/s). Most small and medium particles were suspended at a similar position in both cases. As large particles have a large mass and inertia, high ejection velocity provided them with sufficient energy to overcome air resistance. Airflow dominated the motions of small and medium particles, and their mass was so small that their initial momentum had little influence on their trajectories. As a result, initial ejection velocity only influenced the trajectories of the large droplets. Therefore, the effect of initial ejection velocity on the trajectories of small droplets can be disregarded.



The coordinate values of suspended and ground-deposited droplets were recorded, and the average values of the x coordinates of particles with the same diameter were obtained at time t = 1 s. The travel distance was calculated by subtracting mouth coordinate from averaged particle coordinates, as illustrated in Figure 9. The time of 1 s was selected because, in a calm wind environment, the droplets stopped traveling at this time. A comparison of Case 1 with Case 2, and Case 3 with Case 4, showed that small and medium droplets traveled longer in stronger coughing activity under the same inflow conditions. The travel distance difference between Cases 1 and 2 was 0.2 m (no wind), and it increased to 0.37 m between Cases 3 and 4 (Vin = 1.8 m/s). By contrast, the influence of coughing intensity on the travel distance of large particles was small. No major differences were noted between Cases 1 and 2 and between Cases 3 and 4. Small particles were transported longer when ambient wind was present for the same cough-jet intensity, whereas the wind effect on the travel distance of medium particles was small. For Case 3, the travel distances of certain medium-sized particles were very short because the reverse flow slowed them down under windy conditions. In Cases 1 and 5, the travel distances of small and medium particles with different initial ejection velocities almost overlapped, which indicates that their motion was not affected by their ejection velocity. Overall, the travel distance of droplets in windy conditions was longer than in calm wind fields. The travel distance of large droplets was longer than others, but they fell to the ground rapidly due to gravity; thus, their direct contributions to virus transmission were small. Small and medium droplets mainly accomplished the airborne transmission of the respiratory virus. Their motion was little affected by the ejection velocity. Therefore, a single initial ejection velocity of VP = 2.9 m/s was used to study the effect of wind direction in subsequent simulations.




3.2. Effects of Wind Direction on Droplet Dispersion


The flow field near the mouth had a considerable effect on droplet transmission in the initial stage. Therefore, to elucidate the flow field near the manikin, the x velocity contour and two-dimensional streamlines on the horizontal plane at mouth height of z = 1.554 m were examined, as displayed in Figure 10.



The cross-section shape of the head resembles an ellipse that is slightly steeper on the face side, thus affecting the wind stream around it. At a 0° wind angle, the sharp part of the head faced the oncoming wind. As flow separation was small and the airflow was smooth and distributed symmetrically around the head, no reverse-flow region was observed. Backflow formed on the leeward side of the head under the 30°, 60°, 90°, 120°, and 180° wind directions, but the shape and size of the reverse-flow region differed. The backflow area was widest under the 60° wind direction and longest under the 180° wind direction. Under a 150° wind angle, no backflow area was present because the wind flowed along the boundary of the head. Moreover, the upward flow behind the body also affected the streamlines on the leeward side of the head. In addition, high-speed areas were present near the two sides of the head in the crosswind direction due to flow separation. The mouth location in the flow field was key because the airflow captured small and medium droplets immediately after leaving the mouth. For a 0° wind direction, the mouth was located in the symmetry plane of the domain. As a result, the air flowed symmetrically along both sides of the face after it crossed the mouth. In the 60° and 90° wind directions, the airflow near the mouth was strong and transported the droplets quickly. In the 180° wind direction, the mouth was entirely located in the reverse-flow area, leading to small and medium particles being trapped.



The visual position of droplets in a windy environment is illustrated from different perspectives in Figure 11. Large droplets rapidly fell to the ground because of gravity. By t = 0.5 s, most large droplets descended to a height between the manikin’s knee and hip. In the case of a 0° wind direction, large droplets were positioned near the front of the manikin due to the mixed effects of inertia, wind speed, air drag, and gravity. Compared with small droplets, medium droplets generally maintained their motion trend because they were less likely to be dispersed by air disturbance due to their relatively larger inertia. As a result, they traveled together in the flow field according to their diameters and fell to the ground in groups, except in the 0° and 180° wind directions. In the 0° wind direction, the mouth was facing the oncoming flow, and flow impinging and separation affected the medium droplets after entering the flow field. The droplets bypassed the head and were distributed symmetrically downstream along the two sides of the wake region. In the 180° wind environments, the strong reverse flow and turbulence on the leeward side of the manikin’s chest and head dispersed medium droplets widely. Apart from in the 60° and 90° wind environments, small droplets formed a distribution band downstream of the body, and the band floated to the outlet of the simulation domain over time. In the 60° and 90° wind environments, the small particles were blown downstream directly in conjunction with the medium particles and were distributed in groups throughout the space. Overall, the transmission speed was quick for windy environments with 0°, 30°, 60°, 90°, 120°, and 150° wind directions, and droplet speeds were substantially higher for the 60° and 90° directions. This could lead to rapid infections in susceptible people downstream. For the 180° wind environment, most particles were trapped in the wake near the body in the initial stage due to the strong reverse flow, and they moved downstream slowly and dispersed widely, increasing the risk to people downstream over a long exposure time. Notably, in the 60° and 90° wind environments, some droplets spread above the head because of the updrafts caused by the disturbance of the air by the body.



The deposition positions of large and medium droplets on the ground in different wind directions are depicted in Figure 12. The wind direction substantially influenced the deposited position of the droplets. Large droplets with diameters of 500–1000 μm were rapidly deposited on the ground due to the effect of gravity, and their travel distances were shorter than 3 m. Over time, medium droplets are deposited on the ground downstream up to the outlet of the computational domain. Symmetrical depositions were observed for particles in the 0° wind direction. Certain small droplets with a diameter of 75 μm were deposited on the ground only in the 60° wind direction. In the 150° wind direction, the deposition positions of particles nearly coincided with the x-axis, indicating a lower dispersion area in the spanwise direction.



Air suspended droplets may cause airborne viral transmission through small particles inhalation by susceptible people. Droplets deposited on the ground and body may lead to contact transmission [42,43]. For airborne propagation, this study examined the spatial diffusion of droplets using the spatial diffusion range (SDR), defined as follows:


  S D R =     ∑   i = 1  N       (   x i  −  x ¯   )   2  +   (  y i  −  y ¯  )  2  +    (   z i  −  z ¯   )   2     N   



(5)




where xi, yi, and zi are the three coordinates of the i’s air-suspended particle, N is the total number of suspended particles, and    x ¯   ,    y ¯   , and    z ¯    are the averaged positions of all suspended particles.



The risk of infection may increase when the SDR becomes large. Figure 13a depicts the SDR of different cases at t = 4 s, when the droplets were dispersed widely and some particles began to escape from the computational domain. The droplets’ depositions on the ground and human body result in possible contact transmission, and high deposition may increase the infection risk for susceptible people. Figure 13b displays the particle deposition fraction, which is defined as the number of deposited particles at the end of the simulation divided by the total number of ejections. The particle deposition fraction includes the ground particle deposition fraction (GPDF) and the body particle deposition fraction (BPDF).



The SDRs in the 30° and 180° wind directions were extremely large, conducive to viral spread (as shown in Figure 11b,g). For the 30° wind environment, many small droplets were located in the distribution band and remained in the domain for an extended period. In the 180° wind environment, droplets spread widely and floated slowly in the air due to reverse flow downstream of the manikin. In this situation, people have a greater likelihood of inhaling virus-carrying droplets. In the 0° and 120° wind directions, fewer droplets floated in the distribution band, and most droplets traveled in groups through space; thus, the SDR value was extremely small.



Droplets’ depositions on the manikin and ground were greatest for the 0° wind environment because some droplets sprayed from the mouth were carried back to the manikin by the oncoming wind and the remaining particles had more potential travel distance before escaping from the domain. In the 90° and 120° wind environments, no droplets were deposited on the manikin body, because the droplets were blown directly downstream after being ejected by the mouth. Deposition on the ground was also small because droplets moved rapidly and escaped from the domain before they could deposit on the ground. Overall, the risk of airborne viral transmission was greatest in the 30° and 180° wind environments. However, the risk of viral contact transmission was greatest in the 0° wind direction due to the high number of droplets on the manikin body. As the airborne transmission of SARS-CoV-2 is the primary route of long-distance transmission, the 30° and 180° cases should be given the most attention. In the 90° and 120° wind environments, the infection risk was relatively small for both transmission modes.



Figure 14a depicts the deposition time on the ground for particles with different diameters in various wind directions. Droplets larger than 100 µm in diameter were deposited on the ground in all wind environments. Droplets whose diameters were equal to 100 μm were not deposited on the ground at all in the 0° wind environment because most of them were blown back to the manikin body by the oncoming wind. Large droplets with diameters between 500 and 1000 μm had a similar deposition time in all cases. Furthermore, the times until first and final deposition increased as particle diameter decreased. In the 60° wind environment, droplets deposited rapidly and some small droplets with a diameter of 75 μm were also deposited due to the downward flow caused by the body’s flow disturbance. In the 180° wind environment, the starting deposition time was late and the deposition duration was long for medium particles (100–150 μm) due to the reverse flow downstream of the manikin.



We also recorded the escape time from the simulation domain outlet. Figure 14b shows the time for the first and last particle to escape from the domain in different wind directions and the average escape time. The gaps between tmin and tmean were small for all cases, indicating that most particles floated in groups and escaped from the simulation domain within a short time. The different moving speeds of droplets in the distribution band resulted in a sizeable difference between tmin and tmax. The time that the last droplet escaped from the domain was late in the 30°, 150°, and 180° wind fields. Both tmin and tmax were the smallest for the 90° wind environment, indicating rapid particle transmission downstream from the manikin. This could cause infection risk during short exposure.





4. Conclusions


This study examined the influence of coughing intensity, droplet ejection velocity, and wind direction on the transmission of respiratory droplets generated by coughing. The Euler–Lagrange method was adopted to calculate airflow as the continuous phase and track the trajectories of droplets as the discrete phase. The transportation mechanism of particles with different diameters was discussed under diverse wind conditions, and the infection risk of COVID-19 was evaluated.



Wind speed and coughing intensity substantially influenced the transmission of small and medium droplets, with little effect on large droplets. Stronger coughing causes virus-carrying droplets to travel farther in calm wind fields and spread widely and rapidly in a windy environment. Even with stronger coughing, the droplets were not transported far without ambient wind. The particle ejection velocity only affected large droplets, and they can be disregarded because small and medium droplets dominate airborne viral transmission.



The wind directions greatly influenced droplets dispersion in windy environments. Large droplets fell to the ground rapidly, and their landing position and travel time were similar in all cases. Medium droplets were transmitted downstream from the manikin in groups and fell to the ground over time. The times to first deposition and the deposition duration increased with decreased particle diameters. Except for the wind environment at 60° and 90°, a long distribution band of small droplets was formed and slowly drifted out of the simulation domain.



Lastly, the transmission risk in different wind directions was evaluated. In the 0° wind environment the viral transmission risk through contact is high. The spatial diffusion range was very large in the 30° and 180° wind environments, as many droplets remained in the simulation domain for an extended period; this creates a high infection risk through airborne transmission. In both 60° and 90° wind environments, the virus-containing droplets moved rapidly, and some droplets were transported above the head. This may cause infection risk during the brief exposure. In the 180° wind field, the droplets spread widely and traveled slowly because of the reverse flow downstream of the manikin. This could cause a high infection risk for susceptible people during extended exposure. This study indicated that the virus-containing droplets were mainly suspended in a narrow zone in the wake of an infected patient. A person can avoid being infected if he/she stands at the two sides of the wake.



This study can help epidemic management departments understand how wind influences droplet transmission, thus potentially reducing viral infection risk for people exposed to hazardous environments. However, this study has several limitations. The droplets were treated as inert, and the influences of temperature, humidity, and the collisions between particles were neglected. This study only investigated the transmission of droplets generated from coughing. Viral transmission from talking and breathing also warrants attention because respiratory diseases such as COVID-19 have extremely high infectivity. Large-eddy simulations are necessary to be conducted to capture more turbulent statistics of both the wind flow and particle dispersion. Further studies are also needed to assess droplet transmission between two people.
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Figure 1. The simulation domain and correlations between the wind tunnel experiment and the LK model: (a) diagram of the simulation domain; (b) normalized streamwise velocity; (c) normalized pollutant concentration. 
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Figure 2. The computational domain with a standing virtual manikin and the meshes on the manikin’s surface and around the body. 
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Figure 3. Vertical distributions of the velocity magnitude at 0.5 m downstream of the manikin body. 
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Figure 4. Droplet size and jet distribution of a cough: (a) cough droplet size distribution; (b) transient airflow rate of cough jet. 
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Figure 5. Definition of wind directions. 
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Figure 6. Flow fields of the cough jet in a calm wind environment: (a) standard cough jet at different times; (b) double-strength cough jet at different times. 
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Figure 7. Wind fields of different cough conditions under Vin = 1.8 m/s: (a) standard cough jet at different times; (b) double-strength cough jet at different times. 
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Figure 8. Droplet dispersions at different times in different wind environments: (a) Case 1 (no wind, standard cough jet, VP = 2.9 m/s); (b) Case 2 (no wind, double-strength cough jet, VP = 2.9 m/s); (c) Case 3 (Vin = 1.8 m/s, standard cough jet, VP = 2.9 m/s); (d) Case 4 (Vin = 1.8 m/s, double-strength cough jet, VP = 2.9 m/s); (e) Case 5 (no wind, standard cough jet, VP = 6 m/s). 
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Figure 9. Travel distance of droplets with different diameters in the x-direction at time t = 1 s. 
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Figure 10. The x velocity contour and two-dimensional streamlines at plane z = 1.554 m under different wind directions (0°, 30°, 60°, 90°, 120°, 150°, and 180°). 
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Figure 11. Side and top views of particulate distributions at various times in different wind directions: (a) 0°, (b) 30°, (c) 60°, (d) 90°, (e) 120°, (f) 150°, and (g) 180°. 
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Figure 12. Deposition positions of droplets on the ground in different wind directions: (a) 0°, (b) 30°, (c) 60°, (d) 90°, (e) 120°, (f) 150°, and (g) 180°. 
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Figure 13. Spatial diffusion range of the droplets and the deposition fraction under different conditions: (a) the droplets’ spatial diffusion range at t = 4 s; (b) the droplets’ deposition rates on the ground and manikin body at the end of the simulation. 
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Figure 14. Ground deposition times and domain escape times: (a) ground deposition time of droplets of various sizes in different wind directions; (b) the maximum, minimum, and average escape times in different wind fields. 
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