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ABSTRACT 

 
The new coronavirus (SARS-CoV-2) is rapidly spreading across communities around the world. 

Respiratory droplet transmission is a common transmission route for many airborne diseases, 
including novel coronavirus disease (COVID-19). Wearing the face mask prevents respiratory droplet 
transmission. Both face mask leakage and non-use of the face mask under high-speed wind 
conditions can increase the risk of SARS-CoV-2 transmission. The respiratory droplets’ behavior 
during sneezing or coughing (i.e., the size and the distance between droplets) depends on face 
mask wearing. The respiratory droplets during coughing and sneezing break apart into extremely 
small respiratory droplets (i.e., cloud of aerosol) upon interaction with the high-speed wind condition. 
The volume-of-fluid (VOF) method has been used to study the deformation and breakup of a 
single respiratory droplet placed in high-speed wind flow in the presence of smaller neighboring 
respiratory droplets. The effect of the diameter of respiratory droplets and the distance between 
them on the breakup mechanism has been investigated using open-source field operation and 
manipulation (OpenFOAM) libraries. The results are presented for the dimensionless distance 
and the normalized diameter of the secondary respiratory droplet in the ranges of 2 to 6 and 0.4 
to 0.8, respectively. According to the results of simulations, the spreading of SARS-CoV-2 increases 
with a decrease in respiratory droplet breakup time. In addition, the effects of ambient relative 
humidity and temperature on the cloud of respiratory particles were analyzed. 
 
Keywords: COVID-19, SARS-CoV-2, Dynamic of respiratory droplets, VOF, OpenFOAM, Aerosol of 
viruses, Deformation and breakup, Ambient condition 
 

1 INTRODUCTION 
 

Since December 2019, novel coronavirus disease (COVID-19) has become a major concern for 
the global population. It has led to 915,393 deaths worldwide as of September 12, 2020 (Johns 
Hopkins University and Medicine, 2020). It simulated the clinical course of infection with two 
previously reported human coronaviruses—including severe acute respiratory syndrome coronavirus 
(SARS-CoV) and Middle East respiratory syndrome coronavirus (MERS-CoV) which was named 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) by the Coronavirus Study Group 
of the International Committee on Taxonomy of Viruses (Zhu et al., 2020). Various studies have 
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reported that severe acute SARS-CoV-2 spreads mainly through respiratory droplets and aerosols 
(Yan et al., 2018; Asadi et al., 2019; Hsiao et al., 2020; National Academies of Sciences, 2020; 
Riediker and Morawska, 2020; Wilson et al., 2020). Respiratory droplets can transmit SARS-CoV-2 
through the air (Xie et al., 2009; Rezaei et al., 2020; Nazari et al., 2021). These respiratory droplets 
can be exhaled during coughing, sneezing, or even talking (Xie et al., 2009). The World Health 
Organization (WHO) defined droplets as particles ≥ 5−10 µm in diameter and aerosols as particles 
< 5 µm (Wilson et al., 2020). Under high-speed wind conditions, respiratory droplets may convert 
to very small respiratory droplets in the wind direction. In this situation, the risk of SARS-CoV-2 
transmission increases. Additionally, the deformation and breakup of respiratory droplets under 
wind conditions play a key role in the spread of new coronaviruses. Under high-speed wind conditions, 
the change in behavior of the respiratory droplets (i.e., their number and size) significantly increases 
the risk of SARS-CoV-2 transmission. Furthermore, based on the source of respiratory droplets 
and face mask wearing, different sizes of droplets (such as large ones and aerosols)—which behave 
differently in the outdoor environment—can be generated. Researchers have been seeking 
various solutions on how to control SARS-CoV-2 from spreading into communities (Ameri et al., 
2020a, b; Bhardwaj and Agrawal, 2020; Li et al., 2020; Plog et al., 2020; Rakhsha et al., 2020; 
Siavashpour et al., 2020; Taghizadeh-Hesary and Akbari, 2020; Wang et al., 2020). 

Dbouk and Drikakis (2020a) numerically studied airborne droplet transmission during coughing. 
They found that respiratory droplets could travel unexpected considerable distances depending 
on the high-speed wind conditions. Dbouk and Drikakis (2020b) demonstrated that respiratory 
droplets from coughing or sneezing traveled a distance less than 2 m in the case of zero-wind 
conditions. Bourouiba (2020) found that expelled respiratory droplets during human sneezing 
could travel up to 7–8 m at 36–108 km h–1 wind speeds. Chaudhuri et al. (2020) presented a 
model for the early phases of a COVID-19-like pandemic based on the aerodynamics and evaporation 
characteristics of respiratory droplets. They recognized that respiratory droplets exclusively 
contribute to the infection growth rate, which depends on the ambient temperature and relative 
humidity. Various researchers recommended the use of face masks in the public environment, and 
some of them believed that social distancing of 2 m may not be adequate during the COVID-19 
outbreak (Schroter, 2020). 

Dbouk and Drikakis (2020a) investigated the temporal behavior of respiratory droplet–droplet 
interactions on the high-speed wind. They found that respiratory droplet breakup occurs at different 
rates depending on environmental conditions, such as wind speed. In this work, the advanced 
stages of the breakup of the resulting respiratory particle clouds were observed, and a clear 
definition and quantification of the respiratory droplet breakup times were offered. 

A comprehensive review of COVID-19 transmission via respiratory droplets was conducted by 
Carelli (2020), Chen (2020), Chen et al. (2020), and Drossinos and Stilianakis (2020). The infection 
probabilities of COVID-19 via large respiratory droplets were analyzed by Sun and Zhai (2020). 
They found 1.6−3.0 m as a safe social distance. 

A better understanding of how respiratory droplets deform and break-up on high-speed wind 
may provide insight that contributes to mitigating SARS-CoV-2 spread. The influence of high-speed 
wind, relative humidity, and temperature on the respiratory droplets break-up (i.e., evaporation) 
is a complex topic. In this study, we introduce a novel numerical solution for heat and mass 
transfer for respiratory droplet interactions, which provide generated aerosol as a function of 
high-speed wind, relative humidity, and ambient temperature, as well as including virus fluid 
properties. To the best of our knowledge, the problem of deformation and interaction of multiple 
respiratory droplets in the high-speed wind flows has not been investigated in previous literature. 
The main aim of our work is to present predictions of the flow behavior and regimes resulting 
from the collision, deformation, and fragmentation of two and three respiratory droplets placed 
in a high-speed wind flow. This helps investigators gain a deep understanding of the behavior of 
complex wind flows, which are engaged with the dynamics of respiratory droplets. Then, different 
breakup regimes, including the stripping breakup regime, have been introduced. The simulations 
were carried out at a high-speed wind of 50 km h–1 with various configurations of the respiratory 
droplets, including different positions and diameters of the neighboring respiratory droplets. 

The rest of the paper is arranged as follows. Section governing equation presents details of the 
mathematical modeling, the dimensionless numbers, and assumptions. The section Problem 
description and numerical technique discusses the details of the geometry, the description of the 
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case studies, and the details of the numerical technique. After validation of our results using 
existing experimental and numerical data in the sections Validation of Results and Results and 
discussion presents a comprehensive discussion of the results and some advice. Finally, a 
conclusion is provided.  

 

2 GOVERNING EQUATION 
 

The relevant equations of motion are the momentum conservation law, the continuity equation, 
the energy equation, and the phase fraction equation in their incompressible form, respectively 
represented as: 
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where p, σ, τ are the pressure, the surface tension coefficient, and the deviatoric stress tensor, 
respectively. Stokes’ hypothesis and the symmetry of the stress tensor are supposed to be valid. 
The surface force acting at the liquid-gas interface is considered by the surface integral in Eq. (1). 
κ is twice the mean curvature of the interface, and n is the unit normal vector of the interface. 
δ(x – x') denotes the Dirac-delta function, x' ∈ s(t) is a point on the interface and x is the point at 
which the equation is evaluated (Tryggvason et al., 2001). In Eq. (3), E = ρe + 1/2ρU2 is the total 
energy per unit volume, with e being the internal energy per unit mass of the fluid and ρ being 
the density. 

Eq. (4) is provided by the volume-of-fluid (VOF) model, which governs the volume fraction α 
of one fluid in the mixture. The VOF method determines a phase fraction (α) for each cell within 
the computational domain. The cells having α equal to 1 and 0 contain only water and gas phases, 
respectively (Berberović et al., 2009). 

In Eq. (3), the viscous dissipation term has been neglected. The effect of gravity is small for the 
corresponding size and lifetime of the respiratory droplets. For a given length scale D, three-time 
scales of advection, surface tension, and viscous effects exist. Based on these scales, the 
nondimensional Reynolds number and the Weber number can be obtained as follows. 
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The characteristic parameters are the initial respiratory droplet diameter D0, the gas velocity 

ug, the inlet gas pressure pg, the water density ρl, and the gas density at the inlet ρg. 
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where t* denotes the dimensionless time (Simpkins and Bales, 1972; Guildenbecher et al., 2009), 
x*, u*, and a* are the dimensionless position, velocity, and acceleration, respectively. l* and d* are 
the normalized distance and diameter of the secondary respiratory droplet, respectively.  

The high-speed turbulent effects are modeled using the Reynolds-averaged form of Eqs. (1)–
(4) are called the Reynolds-averaged Navier–Stokes equations (or RANS equations) along with  
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Table 1. Physical properties of water and air at the STP condition. 
 ρ (kg m–3) µ (Pa.s × 10–3) σ (N m–1)  
Air 1.21 0.018 (Xie et al., 2007) - 
Water 977 (Chaudhuri et al., 2020) 1.1 0.0657 (Zhang et al., 2011) 

 
the standard k-ε turbulence model to address the closure problem. The initial values of the 
turbulent kinetic energy and the turbulent dissipation rate are 0.735 m2 S–2 and 3.835 m2 S–3, 
respectively (Smits and Dussauge, 2006; Rodrigues et al., 2016). For the complete description of the 
respiratory droplet-droplet collision, it is necessary to consider the physical properties involving 
viscosity, density, and surface tension coefficient at the standard condition. These parameters are 
listed in Table 1. It is well documented in the literature that average human respiratory droplets 
during sneezing and coughing consist of water, salt, proteins, and virus (SARS-CoV-2)/bacteria 
(Xie et al., 2007; Zhang et al., 2011; Chaudhuri et al., 2020). 
 

3 PROBLEM DESCRIPTION AND NUMERICAL TECHNIQUE 
 
Figs. 1 and 2 represent the schematic view of respiratory droplet ejection during a human 

cough or sneeze with or without wearing a face mask, respectively. The diameter and distance of 
the expelled respiratory droplets depend on the usage of the face mask. Given that larger and 
closer respiratory droplets can be expelled without wearing masks, the effects of the diameter 
and distance between the respiratory droplet on the breakup time, the catch-up time, and the 
collision morphology have been studied. Larger respiratory droplets may carry SARS-CoV-2 and thus 
constitute more danger in terms of COVID-19 transmission under high-speed wind conditions. 

The open-source field operation and manipulation (OpenFOAM) CFD software package version 
4.1 was used to perform the numerical simulations. The OpenFOAM codes were written in C++ 
programming language using the finite-volume numerical technique to solve the conservation of 
mass, energy, and momentum along with the equation of state in their Reynolds-averaged form. The 
base code of our solver is compressibleInterFoam (Deshpande et al., 2012; OpenFOAM Foundation 
Ltd., 2016a, b). This solver can take into account different equations of state (EOS) models, but 
the stiffened-gas EOS is not included by default. Therefore, this feature is added to the basic 
codes by changing the source codes. 

The second-order upwind scheme was used to handle the convective terms except for the 
phase-fraction term, which was discretized using the Van-Leer second-order scheme. The Gauss-
linear second-order approach was employed to address the diffusion terms. The PISO 

 

 
Fig. 1. Schematic view of respiratory droplet dispersion from a human cough or sneeze with a 
mask wearing at a high-speed wind of 50 km h–1. 
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Fig. 2. Schematic view of respiratory droplet dispersion from a human cough or sneeze without 
mask wearing at a high-speed wind of 50 km h–1. 

 
algorithm was applied to couple the pressure and the velocity. The under-relaxation factors for 
the pressure, momentum, and energy equations were 0.4, 0.8, and 0.9, respectively. In addition, 
the minimum residuals for convergence of pressure, velocity, and temperature were 10–7, 10–6, 
and 10–8, respectively. 

Fig. 3 represents the schematic view of the computational domain, including the inlet and 
boundary conditions and the topology of the computational grid. To generate an effective 
computational mesh, we have used the block-mesh utility. The numerical mesh structure was 
gradually refined from the outer boundary with a cell size of D0/h = 3 towards the surface of the 
respiratory droplets (D0/h = 24) by halving the size of the cells, in which h is the cell size. The 
dimensions of the entire computational domain were 6D0 and 22.5D0 in the radial and streamwise 
directions, respectively. It is found that these sizes are large enough to guarantee that the results 
are not affected by the dimensions of the domain. 

The fixed-value and fixed-flux pressure conditions are imposed at the inlet. The outlet-inlet is 
employed to model the outlet and far-field boundaries. The main respiratory droplet was 
supposed to be initially at rest and spherical with the diameter of D0 = 300 µm placed at the 
distance 7.5D0 from the inlet. The distance between the secondary nonidentical respiratory 
droplets and the main respiratory droplet in the tandem arrangement was l* = 2–6. 

 

4 VALIDATION OF RESULTS 
 
The comparison of our data with the experimental visualizations presented by Xie et al. (2007) 

for the two-dimensional numerical simulation of the morphology for the spherical water droplet 
is illustrated in Fig. 4. The airflow with a fixed magnitude moved over the respiratory droplet. The 
respiratory droplet temperature was set to 20°C, and the ambient pressure, p∞, was 105 kPa. The 
drop reached the minimum pressure of 100 Pa at the leeward side. Fig. 4 demonstrates the 
comparison of the temporal droplet diameter between the present work and those of Xie et al. 
(2007). The maximum relative deviation of the droplet diameter for the two cases in Fig. 4 was 
approximately 3%. 

The grid independence test was carried out to compute the required number of numerical cells 
to obtain convergent results. To obtain the grid-independent results, simulations have been carried 
out on three different mesh topologies at the high-speed wind of 50 km h–1 past a single spherical 
respiratory droplet. Fig. 5 presents the VOF contours using the three mentioned numerical coarse, 
fine, and finest meshes. Three computational meshes were generated with the following details: 
A = 1500, B = 2000, and C = 2500. Grids B and C produce almost identical results for the VOF 
contours with a relative error of less than 0.3%. Hence, numerical grid B chose to have a  
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Fig. 3. Schematic two-dimensional (axisymmetric) view of the computational domain including the boundary conditions for the 
case of breakup of the respiratory droplet in high-speed wind flow. 

 

 
Fig. 4. Comparison of the temporal variation of the droplet diameter with the results of Xie et al. 
(2007). 
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(a) (b) (c) 

Fig. 5. The VOF contours around a single respiratory droplet obtained using (a) coarse mesh A, 
(b) fine mesh B, and (c) finest mesh C. 

 
convergent solution with the optimized computational cost. A summary of the output of the grid 
independence test is shown in Fig. 5. The maximum skewness of the grid was 0.3, which is quite 
suitable to obtain accurate results. The number of grid points over the smallest respiratory 
droplet in the finest mesh was 150. The numerical predictions were also analyzed concerning the 
size of the time step. Therefore, three different time steps were considered, and the VOF 
contours were computed, yielding the results that prove that the time-step size-independent 
results have been obtained using the nondimensional time-step size of 0.02. It should be noted 
that the time steps have been normalized by the inlet flow velocity and the main respiratory 
droplet diameter, (∆tug)/D0. 

 

5 RESULTS AND DISCUSSION 
 
The present paper focuses on the morphology of a single respiratory droplet placed in a high-

speed wind flow in the presence of small neighboring respiratory droplets. We assume that the 
secondary respiratory droplet can move with the high-speed wind flow and impact the main 
respiratory droplet. The dimensionless distance between two respiratory droplets was 2, 3, 4, 5, 
and 6. The normalized diameters of the small respiratory droplets were 0.8, 0.6, and 0.4. Due to 
the presence of other respiratory droplets inside the domain, the breakup process for the main 
respiratory droplet includes collision with the secondary respiratory droplet, penetration into the 
respiratory droplet, and splashing of the respiratory droplet. In addition, the effects of wind 
velocity, relative humidity, and ambient temperature have been studied. We defined the cloud 
of airborne to study the effect of the abovementioned parameters on the viruses, airborne, and 
very small respiratory droplets spreading during coughing and sneezing. Fig. 6 demonstrates the 
cloud of the created aerosol after the main respiratory droplet splashing. Three- and two-
respiratory droplets before the collision and the cloud of the airborne and viruses after 
respiratory droplet splashing are shown schematically in Fig. 7. 

 
5.1 CASE A: INTERACTION OF TWO RESPIRATORY DROPLETS 
5.1.1 Stage 1- Penetration 

Figs. 8 and 9 (t* = 0.01–0.3) present the time-elapsed images of the two-dimensional respiratory 
droplet deformation. The normalized diameter of the first respiratory droplet in two cases is 0.4  
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Fig. 6. View of the cloud of the airborne and the width of aerosol during the splashing of the main 
respiratory droplets. 

 

 
Fig. 7. Schematic view of the respiratory droplets cloud from a human cough or sneeze without 
mask wearing. 

 
and 0.6, and the dimensionless distance between the two droplets is equal to 2, 3, 4, 5, and 6. At 
this stage, the smaller respiratory droplet moves with the velocity of the upstream flow and then 
strikes the main respiratory droplet. As the secondary respiratory droplet touches the main 
respiratory droplet, a liquid film starts to spread in the outward direction. A corona (in this case, 
is not the new coronavirus/SARS-CoV-2) around the secondary respiratory droplet is formed, 
which grows over time as the smaller respiratory droplet continues to feed the liquid film. Hence, 
the diameter of the liquid disk is greater in the case of the impact of the larger respiratory droplet. 
With continuous penetration of the smaller respiratory droplet into the main respiratory droplet, 
several coronas become visible on the frame, indicating that the timescale of the formation of 
the corona is much larger than the timescale of the deformation of the main respiratory droplet. 

The comparison of the contours presented in Figs. 8 and 10 reveals that with increasing 
diameter of the secondary respiratory droplet, the time of penetration of the second respiratory 
droplet into the main respiratory droplet decreases. Clearly, when the larger respiratory droplet 
collides with the main respiratory droplet, the diameter of the created hole is larger in comparison  
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Fig. 8. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and splashing stages. The dimensionless 
distance between the respiratory droplets is 2 (the first column), 3 (the second column), and 4 (the third column). The normalized 
diameter of the second respiratory droplet for the specified dimensionless distance is 0.4. 
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Fig. 9. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and 
splashing stages. The dimensionless distance between the respiratory droplets is 5 (the first 
column) and 6 (the second column). The normalized diameter of the second respiratory droplet 
for the specified dimensionless distance is 0.4. 
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Fig. 10. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and splashing stages. The 
dimensionless distance between the respiratory droplets is 2 (the first column), 3 (the second column), and 4 (the third column). 
The normalized diameter of the second respiratory droplet for the specified dimensionless distance is 0.6. 
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Fig. 11. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and 
splashing stages. The dimensionless distance between the respiratory droplets is 5 (the first 
column) and 6 (the second column). The normalized diameter of the second respiratory droplet 
for the specified dimensionless distance is 0.6. 
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to that of the smaller respiratory droplet collision (Figs. 8 and 9 versus Figs. 10 and 11). Similar to 
the previous case, the pressure increases in the area of contact of two respiratory droplets. Due 
to the higher inertia of the larger secondary respiratory droplet, the high-pressure zone is more 
penetrated inside the first respiratory droplet after the collision takes place. One of the important 
results obtained from Figs. 8 and 9 (or Figs. 10 and 11) is that by decreasing the distance between 
two respiratory droplets, the time of penetration decreases, and the main respiratory droplet 
rapidly splashes. 

The time needed for the secondary respiratory droplet to catch up with the main respiratory 
droplet is called the catch-up time shown by tc. Based on the work of Zhao et al. (2019a), if the 
location of the two respiratory droplets is close to each other, the catch-up time and the breakup 
time would become shorter. The catch-up time is defined as: 
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This correlation was obtained by performing the curve-fitting process on the data presented 

by Zhao et al. (2019a). Y/D0 and CD0 are the normalized distance of the secondary respiratory 
droplet in the y-direction and the drag coefficient of the main respiratory droplet, respectively. 
The catch-up times calculated for our case—using Eq. (7)—are listed in Table 2. 

 
5.1.2 Stage 2- Splashing 

Fig. 8 (t* = 0.5 and 0.8) demonstrates some snapshots of the two-dimensional two- respiratory-
droplet breakup process at the second step called splashing. The main respiratory droplet 
transfigures to unequal and parallel coronas, which stretch in a radial direction. The origin of the 
birth of these coronas is the high momentum of the incoming secondary respiratory droplet, 
which is transferred to the main respiratory droplet without kinking at the boundary of the 
contact zone. The penetration of respiratory droplets into each other during an equal binary 
respiratory droplet collision has also been investigated by Passandideh-Fard and Roohi (2006), 
Acevedo-Malavé and García-Sucre (2011), Acevedo-Malavé (2012), and Zhao et al. (2019b). One 
of the main features of splashing is the disintegration of the thin liquid into smaller respiratory 
droplets at the early stages due to the manifestation of a thin liquid layer. 

Figs. 12 and 13 (t* = 0.5 and 0.8) show the details of the splashing of the main respiratory 

 
Table 2. The catch-up time and breakup time calculated for the case of interaction of two 
respiratory droplets. 

 Catch-up time (tc) Breakup time (tb) 
d* = 0.4, l* = 2 0.250 0.730 
d* = 0.4, l* = 3 0.271 0.748 
d* = 0.4, l* = 4 0.293 0.769 
d* = 0.4, l* = 5 0.305 0.795 
d* = 0.4, l* = 6 0.381 0.861 
d* = 0.6, l* = 2 0.169 0.510 
d* = 0.6, l* = 3 0.174 0.531 
d* = 0.6, l* = 4 0.181 0.552 
d* = 0.6, l* = 5 0.188 0.574 
d* = 0.6, l* = 6 0.193 0.591 
d* = 0.8, l* = 2 0.128 0.400 
d* = 0.8, l* = 3 0.131 0.430 
d* = 0.8, l* = 4 0.136 0.451 
d* = 0.8, l* = 5 0.142 0.473 
d* = 0.8, l* = 6 0.148 0.485 
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Fig. 12. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and splashing stages. The 
dimensionless distance between the respiratory droplets is 2 (the first column), 3 (the second column), and 4 (the third column). 
The normalized diameter of the second respiratory droplet for the specified dimensionless distance is 0.8. 
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Fig. 13. Two-dimensional view of the two-respiratory droplet deformation at the penetrating and 
splashing stages. The dimensionless distance between the respiratory droplets is 5 (the first 
column) and 6 (the second column). The normalized diameter of the second respiratory droplet 
for the specified dimensionless distance is 0.8. 
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droplet after the collision of a larger secondary respiratory droplet, which leads to the creation 
of greater coronas with respect to the first case during a shorter catch-up time. Additionally, it is 
concluded that the initial distance between the respiratory droplets at this stage has a smaller 
influence on the flow pattern. The dimensionless breakup times of the main respiratory droplet 
with a normalized distance of 2 correspondings to the non-dimensional secondary respiratory 
droplet diameters of 0.6 and 0.4 are 0.64 and 0.71, respectively. The breakup times increase to 
0.712 and 0.731 for the case with a normalized distance of 3. 

Fig. 14 illustrates the variation of the aerosol width with respect to dimensionless distance. 
The results indicate that the aerosol width increases with decreases in the dimensionless distance. 
The secondary respiratory droplet suddenly stops and transfers its momentum to the stationary 
main respiratory droplet, and then the airborne cloud becomes visible during the mixing process. 
A low concentration of airborne is observed in the higher dimensionless distance between the 
respiratory droplets. In other words, the value of the transferred momentum to the main respiratory 
droplets decreases with an increase in the distance. Although the intermolecular forces greatly 
affect the surface tension, the variation of the aerosol width curves is related to the magnitude 
of the morphological forces acting on each respiratory droplet in the contact zone (Guan et al., 
2018; Carrolo et al., 2019). Followings are three principal forces acting on the main respiratory 
droplet: 
1- The drag force flattens the respiratory droplet. 
2- The surface tension force exerts a resistive force against the flattening and restores the 

respiratory droplet back to its initial shape. 
3- Inertia of the secondary respiratory droplet accelerates the splashing process. 

The interplay between the influences of the surface tension force and the external aerodynamic 
forces (the drag force and the inertia) initiates the creation of an airborne cloud. It should be 
noted that the variation of the surface tension coefficient with temperature is considered in our 
study. However, the magnitude of the surface tension force varies with the curvature of the 
interface. Clearly, the value of the curvature is highly dependent on the morphological forces in 
the contact zone, the relative humidity, and the ambient temperature. By decreasing the radius 
of curvature, the surface tension force increases in accordance with Tolman’s hypothesis (Bartell, 
2001; Shneider and Pekker, 2019). 

 

 
Fig. 14. The width of aerosol variation versus dimensionless distance at high-speed wind of 
50 km h–1 for the case of two-respiratory droplet interaction. 
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5.2 CASE B: THE THREE-RESPIRATORY- DROPLET COLLISION 
Considering the collision of two secondary respiratory droplets with the main respiratory 

droplet, the breakup characteristics and the morphology of the main respiratory droplet in 
connection with other smaller respiratory droplets will be analyzed in this section. To generate 
the numerical results, four different positions for the smaller respiratory droplets were selected 
along with the following geometrical parameters: 
- Case a: The dimensionless diameter of both small respiratory droplets is 0.4. 
- Case b: The dimensionless diameter of both small respiratory droplets is 0.6. 
- Case c: The diameter of the closest respiratory droplet to the main respiratory droplet is 0.6, 

and the diameter of the other respiratory droplet is 0.4. 
- Case d: The diameter of the closest respiratory droplet to the main respiratory droplet is 0.4, 

and the diameter of the other respiratory droplet is 0.6. 
All three respiratory droplets are in tandem arrangement along with the direction of the 

incoming high-speed wind flow. Similar to the previous case, the breakup and deformation of the 
main respiratory droplet are governed by two steps. 

 
5.2.1 Stage 1- Penetration 

Figs. 15 and 16 (t* = 0.01–0.3) present snapshots of the two-dimensional three-respiratory 
droplet collision at the penetrating stage. The major difference between the two respiratory 
droplets and the three respiratory droplet deformations is that in the three respiratory droplet 
case, the last respiratory droplet hits the bowl-like shape of the liquid, which is formed after 
penetration of the first respiratory droplet. Therefore, the next collision takes place between the 
third respiratory droplet and the bowl-like structure with extremely thin walls, which leads to the 
verge of the splash. It is seen that due to the larger diameter of the second respiratory droplet, 
the thickness of the bowl-like shape and its diameter is greater in “Case b”, and the pressure 
reduces at the tip of the bowl. Additionally, a high-pressure zone is seen near the lee side of the 
first respiratory droplet due to the effect of the collision of the two other respiratory droplets. 

The three respiratory-drop collision catch-up times for “Cases a to d” are calculated based on 
the final collision using Eq. (7), and the results are presented in Table 3. The largest and shortest 
collision times correspond to “Case a” containing small respiratory droplets and “Case d” with 
large respiratory droplets, respectively. This trend stems from the higher inertia of the incoming 
respiratory droplets in “Case a”, which speeds up the collision process. 
 
5.2.2 Stage 2- Splashing 

As shown in Figs. 16 and 17 (t* = 0.5 and 0.8), following the previous stage, the main respiratory 
droplet converts the bowl-shaped part of the liquid into unequal and parallel coronas. This stage 
of the three-respiratory-droplet breakup is similar to the final stage of the two-respiratory-droplet 
deformation process. As the material strips off the bowl liquid edge by the surrounding high-
speed wind flow, the thickness of the coronas rapidly decreases. The smaller rate of feeding the 
film with transferred momentum causes the thin bowl-like liquid to splash at a shorter time. The 
dimensionless mixing times of the main respiratory droplet for Cases a, b, c, and d are 0.387, 
0.301, 0.357, and 0.376, respectively. The presence of small neighboring respiratory droplets 
reduces the breakup time by approximately 5%. However, the presence of two small neighboring 
respiratory droplets results in a change of approximately 7% in the catch-up time. 

 

6 THE EFFECTS OF WIND VELOCITY ON AEROSOL CLOUD 
 
Our numerical study revealed how micro-respiratory droplets—during coughs and sneezes—

can be dispersed in aerosol clouds, precisely the same as the real condition. Figs. 17 and 18 show 
the width of aerosol-cloud variation with the various wind velocities for two- and three-respiratory 
droplet splashing, respectively. First, the respiratory droplets expelled from the mouth are mostly 
affected by the inertia force and are moving along the direction of the high-speed wind velocity. 
These respiratory droplets interact with each other and convert to aerosol clouds under high-
speed wind conditions. The results show that the aerosol width increases with an increase in the 
high-speed wind velocity. During the high-speed wind flow, some of the larger respiratory droplets  
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Fig. 15. Two-dimensional view of the three-respiratory-droplet breakup in high-speed wind flow 
at the penetrating and splashing stages. The first and second columns of each time correspond 
to “Cases a and b”, respectively. 
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Fig. 16. Two-dimensional view of the three-respiratory-droplet breakup in high-speed wind flow 
at the penetrating and splashing stages. The first and second columns of each time correspond 
to “Cases c and d”, respectively. 
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Table 3. The catch-up time calculated for the case of interaction of two respiratory droplets. 

 Catch up time (tc) Breakup time (tb) 
Case a 0.123 0.387 
Case b 0.107 0.301 
Case c 0.114 0.357 
Case d 0.120 0.376 

 

 
Fig. 17. Variation of the wind velocity on the width of the aerosol corresponding to the two-
respiratory droplet case. 

 

 
Fig. 18. Variation of the wind velocity on the width of the aerosol corresponding to the three 
respiratory droplet case. 
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fell on the floor, and some of them converted to smaller droplets during violent interaction. The 
smaller particles of respiratory droplets under high-speed wind conditions continue to fluctuate 
and take considerable time to reach the ground. The high-speed wind velocity increases the 
concentration of the airborne and may influence the infection’s intensity and progression. 

 

7 THE EFFECTS OF THE RELATIVE HUMIDITY AND AMBIENT 
TEMPERATURE ON AEROSOL CLOUD 

 
Respiratory droplets can convert to clouds of airborne, viruses, and very small respiratory 

droplets on the high-speed wind flow by collision and breakup of the larger respiratory droplets. 
The width and thickness of the created aerosol vary in different situations. To determine the 
effect of the climate on the exhaled respiratory droplets, we considered the ambient temperature 
and the ambient humidity. We have previously studied the effects of RH and temperature on the 
survival of SARS-CoV-2 (Rezaei et al., 2020). Rezaei et al. (2020) demonstrated that SARS-CoV-2 
rapidly disappears in a condition with a temperature range of 50°C–80°C and a relative humidity 
range of 40%–50%. However, the current study focused on the outdoor transmission of SARS-
CoV-2 at a windy condition, which differs from the indoor situation with zero-wind velocity. The 
mechanism of the effect of relative humidity on the virus survival is important and the climate 
situation should be considered to achieve precise results. Based on Moriyama et al. (2020) and 
Ahlawat et al. (2020) studies, relative humidity of 40–60% was found to be appropriate for limiting 
respiratory virus transmission in indoor places. The present study showed that a relative humidity 
level of 40–70% at high-speed wind velocity is not appropriate for the inactivation of viruses inside 
micro-droplets. This contradiction originated from parameters such as high-speed wind velocity, 
Water activity, surface inactivation, and salt toxicity in the virus’s persistence in experimental studies. 
(Yang et al., 2012). Various researches such as Dbouk and Drikakis (2020c), Vinoj et al. (2020) 
affirm our results. In this study, by adding of conservation of species for the specific humidity to 
the VOF solver, the effect of RH on the width of the aerosol. Figs. 19–22 show the variation of 
the aerosol width with the RH and temperature for all simulation cases during the collision. Our 
results indicate that exposing exhaled respiratory droplets to a higher ambient temperature and 
lower RH reduces the aerosol size. At higher ambient temperature and lower humidity (Dbouk and  

 

 
Fig. 19. Variation of the ambient temperature on the width of the aerosol corresponding to the 
two-respiratory droplet case. 
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Fig. 20. Variation of the ambient temperature on the width of the aerosol corresponding to the 
three-respiratory droplet case. 

 

 
Fig. 21. Variation of the ambient relative humidity (RH) on the width of the aerosol corresponding 
to the two-respiratory droplet case. 

 
Drikakis, 2020c), the study concluded that protein is a crucial component of the virus structure. This 
protein is very unstable in the mentioned ambient situation, similar to the higher wind velocity. 
 

8 THE ROLE OF FACE MASK WEARING IN THE CONTROL OF  
COVID-19 

 
Nowadays, the crucial protective effect of face mask against SARS-CoV-2 has been highlighted 

by all scientific authorities (Feng et al., 2020; Pei et al., 2020). The spreading of viruses such as a 
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Fig. 22. Variation of the ambient relative humidity (RH) on the width of the aerosol corresponding 
to the three respiratory droplet case. 

 
SARS-CoV-2 increase when the breakup time of the respiratory droplets decreases to 0.301. The 
number of respiratory droplet concentrations in the ambient air depends on the usage of the 
face mask during sneezing and coughing. It is important to note that these respiratory droplets 
collide with neighboring respiratory droplets under high-speed wind conditions and convert to 
very small airborne respiratory particles (approximately 500 nanometers). These particles (airborne 
SARS-CoV-2) significantly increase the risk of transmission of COVID 19. By wearing a face mask, 
the number of respiratory droplets—upon sneezing or coughing—decrease, that in turn, decreases 
the formation of very small airborne particles and infectivity of COVID-19. In the following, we have 
provided learning tips for public health impact and SARS-CoV-2 control in outdoor transmission: 
• Wearing a face mask and keeping the social distance in outdoor environments are suggested.  
• If a face mask is not used (for any reason), try to cover the two openings of the airway (i.e., 

the nose and mouth) in a windy condition. 
• Apply a dehumidifier in air supply ducts in heating and ventilating systems. 
 

9 CONCLUSIONS 
 
Respiratory flow—expelled by a human during sneezing, coughing, or loudly talking—consists 

of a poly-dimension/distance collection of respiratory droplets/particles. In this article, we have 
presented a novel technique for the collision, deformation, and breakup of respiratory droplets under 
high-speed wind conditions. We considered the two- and three-respiratory droplets in these 
situations to calculate the breakup and catch-up time and study the morphology of the respiratory 
droplet in connection with other smaller respiratory droplets. We demonstrated the importance of 
face mask usage from a novel point of view. The mechanisms of the breakup, deformation, and 
collision of respiratory droplets in a high-speed wind stream of air were investigated. Three different 
positions of the respiratory droplets were selected, and the simulation of highly compressible 
two-phase flow was performed using  the  OpenFOAM  C++  libraries. After validating the numerical 
results using the experimental data, several conclusions regarding the different features and 
regimes of respiratory droplet breakup and COVID-19 spreading were obtained as follows: 
1) The use of the face mask will provide good prevention of respiratory droplet transmission 

during sneezing, coughing, or loudly talking in high-speed wind conditions. 
2) The diameters and the distances between the expelled respiratory droplets (concentration 

of SARS-CoV-2) during sneezing and coughing depend on the usage of the face mask. 
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3) The spreading of the SARS-CoV-2 aerosol depends on the respiratory droplet breakup time. 
The spreading of SARS-CoV-2 increases with a decrease in respiratory droplet breakup time. 

4) The deformation process for the one-respiratory droplet case is classified into three stages. 
- The appearance of the surface instability, 
- Flattening the respiratory droplet, 
- Entrainment from the liquid sheet. 

5) The deformation process for two- and three-respiratory-droplet collisions is categorized into 
two steps: 
- penetration of the smaller respiratory droplets into the main respiratory droplet, 
- splashing of the main respiratory droplet. 

6) The thickness of the deformed main respiratory droplet and the volume fraction of the liquid 
have been taken as two criteria to define the dimensionless breakup time. As a result, the 
normalized breakup time of the respiratory droplet at the high-speed wind has been computed 
to be approximately 0.301 and 0.4 for three- and two-respiratory droplet interactions, 
respectively. 

7) The temporal variation of the center of mass velocity of the main respiratory droplet has 
been studied for two- and three-respiratory droplet cases. The velocity increases with time 
until a minimum point appears in the curve for each collision. The analysis of the results 
showed that this pattern of change depends on the morphological force acting on the 
respiratory droplets during the mixing process. 

8) The advanced stages of the breakup of the resulting respiratory particle clouds have been 
observed, and a clear definition and quantification of the respiratory droplet breakup times 
have been offered. 

9) As a result, with an increase in the wind velocity and the ambient relative humidity, the 
spreading of viruses increases. Also, with a decrease in the ambient temperature, mentioned 
spreading increases. 

 

NOMENCLATURE 
 
a = acceleration (m s–2) 
CD = drag coefficient 
D0 = initial respiratory droplet diameter (m) 
F = morphology force (N) 
Re = Reynolds number 
t* = breakup time (s) 
tc = catch up time (s) 
u = velocity (m s–1) 
ρl = density of liquid (kg m–3) 
ρg = density of gas (air) (kg m–3) 
 
Subscripts 
g = gas 
l = liquid 
c = catch up 
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