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Abstract 13 

COVID-19 has caused the global pandemic and had a serious impact on people’s daily 14 

lives. The respiratory droplets produced from coughing and talking of an infected patient 15 

were possible transmission routes of coronavirus between people. To avoid the infection, 16 

the US Centers for Disease Control and Prevention (CDC) advised to wear face masks 17 

while maintaining a social distancing of 2 m. Can the social distancing be reduced if people 18 

wear masks? To answer this question, we measured the mass of inhaled droplets by a 19 

susceptible manikin wearing a mask with different social distances, which was produced 20 

by coughing and talking of an index “patient” (human subject) also wearing a mask. We 21 

also used the computational fluid dynamics (CFD) technology with a porous media model 22 

and particle dispersion model to simulate the transmission of droplets from the patient to 23 

the susceptible person with surgical and N95 masks. We compared the CFD results with 24 

the measured velocity in the environmental chamber and found that the social distancing 25 

could be reduced to 0.5 m when people wearing face masks. In this case, the mass 26 

concentration of inhaled particles was less than two people without wearing masks and 27 

with a social distancing of 2 m. Hence, when the social distancing was difficult, wearing 28 

masks could protect people. We also found that the leakage between the face mask and the 29 

human face played an important role in the exhaled airflow pattern and particle dispersion. 30 

The verified numerical model can be used for more scenarios with different indoor 31 

environments and HVAC systems. The results of this study would make business profitable 32 

with reduced social distancing in transportation, education and entertainment industries, 33 

which was beneficial for the reopening of the economy. 34 
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Practical Implications 40 

 This is the first research to study the relationship between mass of inhaled droplets 41 

and social distancing for people wearing face masks based on scientific 42 

measurements and simulations. 43 

 By comparing the measured mass concentration of inhaled particles, the social 44 

distancing could be reduced to 0.5 m when wearing face masks without increasing 45 

the inhaled mass concentration. 46 
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 According to the measurements and simulations, the velocity of exhaled air in front 47 

of the “patient” when coughing and wearing face masks was less than 0.4 m/s. 48 

 The leakage between the face mask and human face played a crucial role in the 49 

exhaled airflow pattern and particle dispersion. 50 

 51 

1. Introduction 52 

 53 

COVID-19 has caused the global pandemic and had a serious impact on people’s daily 54 

lives [1]. It is very necessary to control the spread of the coronavirus and reduce the risk 55 

of infection. The respiratory droplets produced from coughing and talking of an infected 56 

patient were possible transmission routes of SARS-CoV-2 between people [2, 3]. Dry 57 

cough was one of the typical symptoms of COVID-19 for nearly 70% of infected people 58 

[4]. The respiratory droplets carrying virus could fall on the mouth and nose area and be 59 

inhaled by a susceptible person in the proximity of an infected person. Therefore, World 60 

Health Organization (WHO) [5] and US Centers for Disease Control and Prevention (CDC) 61 

[6] advised to maintain social distancing of 2 m/6 ft and to wear face masks.  62 

 63 

The social distancing rule was identified a long time ago [7]. The current rule assumed that 64 

the dominant routes of transmission of SARS-CoV-2 were via respiratory droplets inhaled 65 

and falling on surfaces [7, 8]. The distance was that largeLarge droplets might depositfall 66 

on the ground quickly, while very small droplets could travel a much longer distance in the 67 

air [9, 10]. Thus, particle size was an important factor in aerosolized transmission [11]. Li 68 

et al. [15] measured the concentration of respiratory particles in various horizontal 69 

distances and found that the concentration decreased with the distance. However, some 70 

studies pointed out that 2 m distancing may not be sufficient, especially when people 71 

sneezed with a high-speed jet [12] and the airborne transmission of SARS-CoV-2 [13, 14], 72 

which was defined as droplet nuclei or aerosols that remained infectious when suspended 73 

in the air over long distance and time. Therefore, it is urgent to scientifically study the 74 

social distancing [16]. The social distancing should also be related to many other factors, 75 

such as occupancy level and sound level of speaking or even shouting [17]. Although WHO 76 

[4] shows that the symptoms of COVID-19 did not include sneezing, but there were many 77 

asymptomatic infected people who may sneeze to spread the virus. Moreover, 2 m social 78 

distancing was very difficult in many places, such as in public transportation vehicles, 79 

elevators, classrooms, theaters, and sport stadiums [18]. The social distancing rules in such 80 

places have reduced the economic benefits significantly, and the success in reopening 81 

economy depends on reducing the social distancing. Recently, van den Berg et al. [19] did 82 

a statistical study and pointed out that the risk of infection between 3 versus 6 ft social 83 

distancing had no difference among primary and secondary school students wearing masks. 84 

 85 

On the other hand, wearing a face mask could reduce the concentration of inhaled particles 86 

and limit the risk of infections of respiratory diseases [20]. However, the filtration 87 

efficiency varied greatly for different types of face masks. For example, N95 respirator 88 

meeting the US National Institute for Occupational Safety and Health (NIOSH) 89 

classification of air filtration had an efficiency of at least 95% [21, 22]. Surgical mask was 90 

a loose-fitting and disposable device made of three-layer non-woven fabric [23]. It could 91 

block large droplets and adsorb very fine particles, but it may not capture some small 92 
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particles whose diameter ranged between 0.01~5 μm in the air. Previous studies [22, 24-93 

28] found that the surgical masks and N95 masks could reduce the penetration of exhaled 94 

droplet when coughing and talking by 50% and over 90%, respectively. Pan et al. [29] 95 

compared the efficiency of surgical mask and mouth coverings for exhalation and 96 

inhalation. The results showed that outward efficiency was higher than inward efficiency, 97 

but lower than material filtration efficiency. As some previous tests measured the filtration 98 

efficiency for the surface material by only comparing the concentration on both sides while 99 

not on the head, thus the leakage and fitnessfit were not considered. So that the material 100 

efficiency cannot represent the actual efficiency of protection level. As for cloth masks, 101 

they were usually made of one layer of cotton with the overall capture efficiency around 102 

20%, which was lower than the surgical masks [25, 30]. In addition to the filtration 103 

efficiency, the fitnessfit of face mask was also very important [31]. It was found that the 104 

efficiency of non-fitting masks was extremely low [21, 32]. Some studies tested double-105 

layer masks [33] to improve the efficiency of face masks.  106 

 107 

If wearing a face mask supplemented with social distancing, it could greatly reduce the 108 

spread of droplets. For instance, Hui [34] and Leung [37] found that cough propagation 109 

distances can be greatly reduced with various masks. Chen et al. [35] found that simple 110 

mouth covering could reduce the distance of droplet transmission between two people. 111 

Chen [36] measured the number of cough droplets deposited on mouth, eye and nose area, 112 

and found that the number reduced very much as horizontal distance increased. Li et al. 113 

[38] measured the size distribution of airborne particles generated by coughing indoors and 114 

various distancing when wearing masks and face shield. Bandiera et al. [39] measured the 115 

number of droplets in flight and landed on table height at up to 2 m. It was found that 116 

wearing a face covering decreased the number of projected droplets by 1000 times. These 117 

studies implied that the social distancing can be reduced if people wear masks. The 118 

question is what a suitable social distancing should be for people wearing face masks. 119 

Would mass concentration of inhaled particles increase when people wear face masks but 120 

reduce the social distancing?  121 

 122 

These questions have not been answered according to our literature search. Currently, 123 

variants of COVID-19 are still spreading worldwide, and the effectiveness of vaccines may 124 

be reduced due to the variants. The American may need to wear masks by 2022 [40] or 125 

even seasonally after the pandemic [41]. SARS-CoV-2 could coexist with us in the 126 

foreseeable future. In order to keep the economy open, wearing masks to reduce the social 127 

distancing is needed. The aim of this investigation is to provide guidance on reducing social 128 

distancing without increasing the risk of infection of COVID-19 and other respiratory 129 

diseases.  130 

 131 

2. Methods 132 

 133 

To determine the suitable social distancing when people wear face masks, this study first 134 

reviewed the existing research methods, including visualizations, experimental 135 

measurements, and numerical simulations. Subsequently, we measured the size distribution 136 

of inhaled droplets when facing an infected “patient” coughing/talking and wearing 137 

different kinds of face masks in various distancing in an environmental chamber. We also 138 



 

4 
 

built CFD models to simulate the particle dispersion and airflow. Finally, the numeral 139 

models were validated by the measured data so that we confirmed the suitable social 140 

distancing for people wearing face masks. 141 

 142 

2.1 Review of existing research methods 143 

 144 

To study social distancing and efficiency of mask, the key is respiratory airflow. Many 145 

visualizations [42-47] showed that the respiratory airflow was very complex when wearing 146 

face masks. In more detail, mask worn by infected people could limit the coughing jet 147 

speed through the material, so that the jet and exhaled particles could not travel very far 148 

with the reduced momentum [42]. Mask material could filter the exhaled droplets, so the 149 

concentration was not as high as those without a mask [39, 48]. However, it was also worth 150 

noting that there were still leakages at the nose, ear side and under the chin when wearing 151 

a face mask [45]. For instance, N95 masks were equipped with a tighter rope and steel nose 152 

clip to make it fit to face as much as possible. Thus, the flow through leakages was limited 153 

[42, 45]. But some N95 masks were equipped with breathing valves through which air 154 

could flow out easily [49]. As for the surgical mask, it was only equipped with a soft nose 155 

clip. However, many people did not clamp it close to the nose, and some people even did 156 

not cover their noses by the surgical mask. The results of visualization [45] showed that 157 

part of the air flowed out through the leakages, which greatly reduced the filtration 158 

efficiency of the surgical mask. The high-quality simulations by Tsubokura [50] showed 159 

that airflow direction changed to upward, downward, and sideway through the leakages 160 

between surgical mask and human face. The analytical model developed by Xu et al. [51] 161 

showed that the filtration efficiency was only 40-60% of that without leakages when the 162 

ratio between leakage area to mask area was 0.05. At last, cloth mask was soft without any 163 

structure to maintain the shape. Although the cloth mask could fit to the human face well, 164 

the leakage at the nose was even greater without the metal clip. Thus, the visualizations 165 

showed that the complex respiratory airflow and particle dispersion were caused by the 166 

irregular shape of face masks and the leakage.  167 

 168 

The previous visualizations have shown the complex airflow pattern when coughing and 169 

wearing face masks, but most results were qualitative. In order to obtain quantitative and 170 

detailed results of airflow and particle motion, numerical simulation was a powerful tool. 171 

Although it was very challenging to simulate the exhaled airflow with the use of a mask 172 

model, there were some recent successful CFD studies. For example, Feng et al. [52] 173 

analyzed the influence of wind and relative humidity on the travel distancing of droplets 174 

with a mask model. They found that six feet social distancing policy may not be sufficient 175 

in conditions of ambient wind and high relative humidity. Hui et al. [34] measured and 176 

simulated the dispersion of exhaled air by smoke when wearing a surgical mask or N95 177 

mask for a lying patient. Dbouk et al. [53] used Eulerian–Lagrangian framework to 178 

simulate the cough droplets with a complex surgical mask geometry model with leakages. 179 

Pendar and Páscoa [54] used CFD and a face mask model to simulate the impact of mouth 180 

opening area and injection angle on particle dispersion when sneezing. They found that 181 

wearing a face mask during a sneeze could reduce the contamination area to one-third. 182 

Moreover, Khosronejad et al. [55] found that the airflow through the leakage between mask 183 

and face could transport very fast over large distances. The CFD simulation could provide 184 
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many detailed results, including velocity distribution and particle dispersion. It could also 185 

be used to analyze many complex indoor spaces when it was very difficult to do 186 

measurements. However, the numerical simulation used many assumptions and 187 

approximations, especially for the filtration efficiency of masks and behaviors of droplets. 188 

Some of the studies did not rigorously validate the air velocity and particle concentration 189 

in simulations. Although conducting experiments was expensive and time-consuming, it is 190 

essential to obtain data for validating CFD results. The validated CFD model can be used 191 

to study more complex scenarios.  192 

 193 

2.2 Experiment in an environmental chamber 194 

In order to measure exhaled air velocity and size distribution of inhaled droplets, this 195 

investigation recruited eight healthy people as the “index patients”. Each patient sat on a 196 

chair in an empty, ventilated environmental chamber with a size of 6 m (W) × 5 m (L) × 3 197 

m (H) as shown in Fig. 1. The chamber was ventilated by a displacement ventilation (DV) 198 

system under a near isothermal condition with 100% outdoor air and no recirculation. 199 

There were MERV7 filters with 70% efficiency in the air handling unit to remove the 200 

particle concentration in the supply air. The ventilation created a minimum flow in the 201 

chamber but provided adequate ventilation for the human subject. Before and after each 202 

test to be described below, the chamber was disinfected by a UV lamp and ventilated to 203 

have minimal amount of particles in the air.  204 

 205 

Fig.1 shows that the susceptible person was a manikin with a human-shaped head sitting 206 

face-to-face with the “patient”. The nose of the manikin head was connected to a breathing 207 

simulator pump that could simulate human breathing process of both inhalation and 208 

exhalation. We used the “eupnea” mode for the breathing simulator, which represented 209 

normal, unlabored, and quiet breathing. The breathing rate was set to be 12 breaths per 210 

minute so that the breathing cycle was 5 s. The breathing volume of each cycle was 500 211 

ml. A TSI 3321 aerodynamic particle sizer was connected to the inhaled flow from the 212 

respiratory tract of manikin head to measure the size distribution of inhaled particles, as 213 

shown in Fig. 1(b). The TSI 3321 aerodynamic particle sizer provided high-resolution, 214 

real-time aerodynamic measurements of particles ranged from 0.5 to 20 μm with 10% 215 

variation of reading. The head of the manikin was placed on a heated body-sized box to 216 

represent the impact of thermal plume of human body on the airflow. This investigation 217 

used a social distancing of 2 m between the “infected patient” and susceptible manikin 218 

without wearing face masks as a reference, as WHO [5] advised. 219 

 220 

 
(a) (b) 
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Fig. 1. (a) Illustration of measuring size distribution of inhaled droplets when wearing face 221 

masks in various social distancing in the environmental chamber. (b) Photograph of the 222 

measurement devices in the environmental chamber.  223 

 224 

This research studied three different masks, surgical masks, N95 masks and cloth masks. 225 

Although CDC also recommended face covering by the cloth mask for public, the filtration 226 

efficiency was very low. Hence, this study mostly focused on surgical masks and N95 227 

masks. When an infected patient wore face masks, the face mask material could change the 228 

direction of exhaled airflow and filter part of the exhaled droplets. Similarly, it could also 229 

reduce the inhaled droplets when susceptible occupant wore face masks. For each test, the 230 

index patient and the susceptible manikin wore a new surgical, N95, or cloth mask. Each 231 

“patient” coughed five times for coughing cases and read the rainbow passage for 30 s in 232 

60-70 dB [56] for talking cases. The rainbow passage contained a mixture of oral and nasal 233 

consonants in the approximate proportion found in everyday speech [57]. Hence, it 234 

provided a reflection of the possible combination of flow rates that can be found in a 235 

conversation. The expiratory droplets were volatile and could evaporate in the room air 236 

quickly [58]. The expiratory droplets consisted of liquid and solid matter. The liquid matter 237 

was volatile and was around 90% of the total volume of the droplets [59]. The droplets 238 

could evaporate within a second [58] to its non-volatile content (particles) for respiratory 239 

droplets. Thus, what we measured was particles rather than droplets. 240 

 241 

Table 1 shows the measurement cases of coughing and talking for each human subject. 242 

Case 0 was a reference case. Comparison of inhaled droplets between cases 0 and 1 could 243 

reveal the reduced risk of infections due to the social distancing. Comparison between case 244 

0 and cases 2 to 4 could find the reduced risks when an infected patient wore masks. 245 

Similarly, comparison between case 0 and cases 5 or 6 could identify the reduced risks 246 

when a susceptible occupant wore masks. Since the measurements were also for different 247 

particle diameters, the filtration efficiency would be a function of the particle size. 248 

 249 

Table 1. Measurement cases with various face masks and distancing 250 

Case 
Infected 
patient 

Susceptible 
occupant 

Distance Activity 

0 No mask No mask 0.5m 

Cough/Talk 

1 No mask No mask 2.0m 
2 Surgical mask No mask 0.5m 
3 N95 mask No mask 0.5m 
4 Cloth mask No mask 0.5m 
5 No mask Surgical mask 0.5m 
6 No mask N95 mask 0.5m 

 251 

When both the patient and susceptible occupant wore face masks, the inhaled droplets from 252 

respiratory tract by susceptible occupant were filtered twice after exhaled by the patient. 253 

Such double filtering could be safer than only one person wearing a face mask, so that the 254 

social distancing could be further reduced. But considering that some people’s masks did 255 

not fit face and nose well, nor some people did not cover their noses when wearing masks, 256 

we did the measurements for only one person wearing mask to find out the suitable social 257 
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distancing. The situations that both patient and susceptible persons wearing face masks 258 

could be simulated by a validated CFD model but the resulting distancing should be shorter.  259 

 260 

Each measurement took about two hours for preparing the chamber, adjusting the 261 

distancing, measuring, recording the data, and cleaning the air. The detailed procedures 262 

were as follows: 263 

(1) First we activated the ventilation system for 30 minutes with 100% outdoor air to 264 

minimize the impact of existing indoor particle concentration on measured results.  265 

(2) Then one human subject entered the chamber and rested for 5 minutes.  266 

(3) Performed experiment for one case as Table 1 shows.  267 

(4) Waited for 5 minutes for measuring the size distribution of inhaled droplets.  268 

(5) Repeated steps (3) and (4) for various cases in Table 1.  269 

(6) Completed all measurements and ventilated the room for additional 30 minutes to 270 

ensure that all exhaled air was exhausted.  271 

 272 

Additionally, we also measured the air velocity in front of the face masks when “infected 273 

patient” coughing with the use of hot sphere anemometer HT-400 manufactured by Sensor 274 

Electronic. The hot sphere anemometer could measure the air velocity magnitude ranged 275 

from 0 to 5.5 m/s, and the repeatability was 0.02 m/s. Fig 2. shows how the air velocity in 276 

various horizontal distancing in the environmental chamber were measured.  277 

 278 

 279 
Fig. 2. Illustration of measuring air velocity in front of face masks when coughing.  280 

 281 

2.3 CFD simulation 282 

 283 

The measurements in Section 2.2 provided concrete data on the impact of face masks on 284 

inhaled particles by the susceptible person with different social distancing. However, the 285 

data obtained were limited. The experiments were not easy to be extended to more 286 

complicated situations, such as with multiple people indoors and different ventilation 287 

systems. Therefore, this investigation also used CFD simulations.  288 

 289 

To simulate the cough airflow with face masks by CFD, we built geometry models of masks 290 

according to actual shapes and sizes. We first drew the control curves based on the actual 291 

edge of the surgical mask, and added some curves in the middle. Then we used the “lofting” 292 

and “deform” function in Solidworks to generate the complex shape of the surgical mask 293 

as shown in Fig. 3. The N95 mask model was 3M 1860, which was widely used in the 294 
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United States [21, 22]. The type of mask shape was cup and it did not deform very much 295 

during use [27]. We also found that the middle layer of the N95 mask was thicker than the 296 

that of the surgical mask. After building the geometry model of face masks, we matched 297 

them with a geometry model of human head. The mask models were put as close to the 298 

human head as possible, and the leakages in between were less than 2 mm. We neglected 299 

the rope of the masks around the human head in the numerical models.  300 

 301 

 302 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 3. Development of the geometric model for surgical and N95 masks: (a) Control curves 303 

for half of the surgical mask model, (b) Geometry model of the surgical mask, (c) Surgical 304 

mask matched with human head, (d) Control curves for a half of the N95 mask model, (e) 305 

Geometry model of the N95 mask, and (f) N95 mask matched with human head. 306 

 307 

As for the boundary conditions of exhaled and inhaled air, Fig. 4 shows the flow rate for 308 

coughing and breathing. The flow rate was calculated by the measurements and equations 309 

in a previous study [60], which was based on an average male with height of 1.75 m and 310 

weight of 70 kg. Similarly, we also calculated the average mouth/nose opening area and 311 

flow direction of coughing and breathing from previous literature [60, 61] for the boundary 312 

conditions. The opening area of nose for breathing and mouth for coughing were 0.71 cm2 313 

and 4 cm2, respectively. We set the exhaled air temperature and relative humidity according 314 

to literature [62]. Table 2 also shows the exhaled air was warm at 33oC and humid at 85%. 315 

 316 
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(a) (b) 

Fig. 4 Volume flow rate of exhaled and inhaled air for (a) coughing and (b) breathing. 317 

 318 

Table 2 lists the other detailed boundary conditions in the CFD simulation. The relative 319 

humidity of supply air was 25%. We used Boussinesq assumption to simulate the buoyancy 320 

effect in the air. We built the geometry model of sitting manikin in the environmental 321 

chamber the same as that in the experiments in Section 2.2 as shown in Fig. 5.  322 

 323 

Table 2. Boundary condition settings for CFD simulation 324 

 325 

 326 
Fig. 5 Geometry model of the environmental chamber for CFD simulation. 327 

 328 

Boundaries Setting Velocity  Temperature Species Particle 

Air supply Velocity inlet V=0.01m/s T=22°C H2O=0.003 
O2=0.23  

Reflect 

Exhaust 
outlet 

Pressure 
outlet 

P=0pa Zero flux Zero flux Escape 

Wall Non-slip wall V=0 Adiabatic Zero flux Trap 

Body Non-slip wall V=0 T=31°C Zero flux Trap 

Mouth 
/nose 

Mass flow 
inlet 

Profiles in Fig. 4  T=33°C H2O=0.026 
O2=0.23 

Escape 
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We used a porous media model to simulate the surface of face masks. This model can be 329 

used for various CFD simulations with pressure drop/loss, including flow through filters 330 

and perforated plates by using an additional momentum source term: 331 

 332 

2

1

2i i iS v C v v
 

    
 

                                              (1) 333 

 334 

where iS  was the momentum source term,   the dynamic viscosity of air,    the 335 

permeability, iv  the velocity component,   the density of air, and 2C  a pressure-jump 336 

coefficient. 337 

 338 

There were two parts in the momentum source term of Eq (1). The first was the main part 339 

for viscous loss term and it followed Darcy’s law. The other was an inertial loss term. The 340 

pressure drop can be obtained from the source term as  341 

 342 

2
2

1

2
p v C v m

 

      
 

                                           (2) 343 

 344 

where m  is the thickness of the mask surface. This study used 0.5 mm for the surgical 345 

mask and 2 mm for the N95 mask. 346 

 347 

Fig. 6 shows the data from studies [30, 63] of the filtration efficiency of face masks for 348 

particles of different diameters. The material for three kinds of face masks could filter all 349 

the particles larger than 20 μm. The N95 mask could filter the particles larger than 0.5 μm 350 

and smaller than 0.01 μm with nearly 100%,% efficiency, and over 95% efficiency from 351 

0.01 to 0.5 μm. The efficiency of the surgical mask exceeded 75% for particles smaller 352 

than 2 μm. The cloth mask was least efficient. We used this information for the CFD 353 

simulations.  354 
 355 

 356 

 357 
Fig. 6 The filtration efficiency of N95 mask, surgical mask and cloth mask for particles 358 

with diameter ranged from 0 to 20 μm. 359 
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 360 

This study used the Lagrangian method [64] to directly track the motion of individual 361 

particle in our CFD simulations. The Lagrangian method determined the particle motion 362 

according to Newton’s law. The turbulent dispersion of particles, which was associated 363 

with instantaneous flow fluctuations, was one of the main mechanisms of particle 364 

deposition. We set the type of particle type as dropletsdroplet with volatile component 365 

fraction of 90%. This study used the discrete random walk model [65]. The model 366 

simulated the interaction of a particle with a succession of discrete stylized fluid-phase 367 

turbulent eddies. In the CFD simulations, we released the droplets from mouth and nose to 368 

simulate the human coughing and breathing, respectively. Fig. 7 shows the size distribution 369 

of cough droplets as measured in previous studies [66, 67]. The size distribution of exhaled 370 

cough droplets varied a lot with very large uncertainties over 50% in different studies [68]. 371 

Compared with the droplets produced when coughing, breathing only produced a very 372 

small number of droplets smaller than 5 μm [69].  373 

 374 

 375 
Fig. 7 Size distribution of exhaled droplets in one cough [66]. 376 

 377 

The numerical grid number for the environmental chamber used three different sets at 3 378 

million, 5 million, and 7 million, respectively. Through the grid independent study, we 379 

found that the 5 million of total cell number could lead to a grid independent solution, so 380 

we used this set of grid. The size of grid on human body was 0.01 m and on the 381 

mouth/nose/mask was 0.002 m. We refined the grid at the region around mask and 382 

breathing zone with 0.005 m and around human body with 0.05 m. The size of grid on 383 

other indoor space was 0.1 m.  384 

 385 

This investigation used transient simulation and RNG k-ε model to predict airflow in the 386 

environmental chamber with the infected “patient” and the susceptible manikin. The RNG 387 

k-ε model calculated turbulence kinetic energy (k) and its dissipation rate (ε) by two more 388 

independent transport equations. The model was isotropic but very stable and it was shown 389 

to be the most suitable model for indoor airflow with acceptable computing costs [70]. 390 

There were inflations for the boundary layer on human head and body. y+ on the wall was 391 

about 1. We used a time step of 0.02 s since we found it produced the same results as 0.001 392 

s. The CFD simulations were performed with ANSYS Fluent 2020R3 on a computational 393 

cluster node with 24 cores.  394 

 395 

3 Results 396 

 397 
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This section shows the results of the measurements and CFD simulations. By comparing 398 

the mass concentration of inhaled droplets in various distancing, we could determine the 399 

suitable social distancing for people wearing face masks and without increasing the risk of 400 

infections of respiratory diseases. Then we further analyzed the results of CFD simulations 401 

of air velocity, airflow pattern and particle dispersion, which were difficult to measure in 402 

the experiments.   403 

 404 

3.1 Measured and simulated results of inhaled particles 405 

 406 

Fig.8 shows the measured and simulated size distribution of particles inhaled by a 407 

susceptible occupant that accumulated in 1 minute after the infected “patient” 408 

coughed/talked. The figure compares the results of various cases listed in Table 1. The box-409 

whisker chart shows the upper and lower bound, first and third quantile, and median of 410 

measurements from different human subjects, respectively. Due to the social distancing 411 

rule and wearing face masks, the number concentration of inhaled particles was much 412 

smaller than the exhaled concentration in Fig. 7. Note that we have excluded the particles 413 

from the supply air and released from human body and clothes as a background 414 

concentration in the result analysis. When the infected “patient” coughed without wearing 415 

face masks but maintaining the social distancing of 2 m in case 1, the median of total 416 

number of inhaled particles for each diameter was less than 70. The measurements also 417 

showed that the number of inhaled particles was concentrated in a very small size around 418 

0.5 μm. A comparison between case 0 and 1 showed that the current social distancing of 2 419 

m was useful for reducing the inhaled concentration and the risk of infection. When the 420 

social distancing was reduced to 0.5 m, even if the infected “patient” wore surgical, N95 421 

and cloth masks, the number of inhaled particles in cases 2 to 4 was still less than that of 422 

case 1. These results indicated that face mask could be a compensation when 2 m social 423 

distancing could not be met. However, the uncertainty of measurements among different 424 

occupants was very large. For each particle size, the measured maximum value could be 425 

twice or three times of the median value. We also found that the largest diameter of the 426 

inhaled particles was 3.7 μm for the cases without wearing face masks. But after wearing 427 

masks, the inhalation of particles with diameter larger than 1 μm reduced a lot, especially 428 

in the cases of talking.  429 

 430 

When the susceptible occupant wearing a surgical mask or N95 mask in cases 5 and 6, the 431 

number of inhaled particles also reduced compared with that in case 1. However, the values 432 

were higher than cases 2 to 4 when infected “patient” wearing masks. Such measured 433 

results showed that the infected “patient” wearing masks was more useful than the 434 

susceptible person. This was the same as the general habit of the public that sick people 435 

with symptom like coughing should wear face masks to avoid infecting others. The masks 436 

worn by infected “patient” could not only filter the exhaled droplets, but also prevent the 437 

high-speed coughing jet. In this way, the exhaled particles could not travel very far. The 438 

results of wearing face masks for the cases of talking were similar. We also compared the 439 

measured data with the CFD simulations in Fig. 8. The simulated results were lower than 440 

the measured results for small diameter, as shown by the dots in cases 0 to 3. The reason 441 

could be that we did not consider the broken up of respiratory particles after exhalation and 442 

hitting face mask in the CFD simulations [53, 75]. Another possible reason for the 443 
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discrepancy was the sampling losses inside the nasal cavity and on the inner wall of the 444 

connecting tube, as we did not model the complex geometry in the simulations. In the CFD 445 

simulation, we only used one set of weight and height to calculate the exhaled flow rate as 446 

the boundary value without considering the individual differences in the measurements. 447 

We also simplified the mouth structure without considering the area variation, thus the 448 

simulated exhaled air velocity may be different from the actual velocity. What is more, 449 

talking cases with masks were not simulated because the measured flow rate of reading 450 

rainbow passage showed very unsteady values ranged from 0 to 2 L/s [61] and mouth 451 

opening area varied greatly during talking. Thus it was very hard to validate the talking 452 

cases when wearing masks. 453 

 454 

 Coughing Talking 

Case0 

  

Case1 

Case2 

  

Case3 

  

Case4 

  

Case5 
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Case6 

  
 455 

Fig.8 Measured and simulated size distribution of particles inhaled by the susceptible 456 

occupant that accumulated in 1 minute after the infected “patient” coughing/talking for 457 

the cases listed in Table 1.  458 

 459 

After analyzing the measured and simulated size distribution of particles inhaled by the 460 

susceptible occupant, we calculated the mass concentration with and without wearing face 461 

masks. The inhaled mass concentration was one important parameter related to the risks of 462 

infection. Fig. 9 shows the measured mass concentration of inhaled particles  by the 463 

susceptible occupant within 1 minute after infected “patient” coughed and talked. It was 464 

calculated by using the following equation 465 

 466 

3

6
p

p
D

M D N
                                                         (3) 467 

where pD  is the particle diameter,   the density of particles, and N  the measured size 468 

distribution in different diameters in Fig. 8. 469 

 470 

Fig. 9 shows that when wearing a face mask and maintaining a reduced social distancing 471 

of 0.5 m in cases 2 to 6, the median mass concentration of inhaled particles was lower than 472 

that in case 1, which was the current social distancing rule of 2 m and without wearing face 473 

masks. In details, the median mass concentration of cases 2 and 3 when wearing surgical 474 

mask and N95 mask was lessa little more than half of the concentration in case 1. Although 475 

the results of wearing cloth mask in case 4 were not as good as wearing surgical and N95 476 

mask, it was still better than only with the 2 m social distancing rule. As for cases 5 and 6 477 

when suspectable occupant wearing masks, the results showed a little difference between 478 

surgical mask and N95 mask. The reason could be that part of the inhaled particles by 479 

suspectable person were through the leakages between mask and the person’s face. The 480 

analysis of all the cases concluded that the social distancing could be reduced to 0.5 m if 481 

people wearing face masks. In these cases, the corresponding risk of infection did not 482 

increase compared to current social distancing rule of 2 m without masks. However, there 483 

were very large uncertainties in the measured mass concentration, as shown by the 484 

whiskers and dots. The reason was that inhalation of one large diameter particle dominated 485 

the entire mass concentration. In short, the average mass of inhaled droplets for 0.5 m social 486 

distancing when wearing face masks was the same aslower than 2 m social distancing 487 

without masks.  488 

 489 



 

15 
 

 490 
(a) 491 

 492 
(b) 493 

Fig. 9 Measured mass concentration of particles inhaled by a susceptible person within 1 494 

minute for different cases after infected “patient” (a) coughing and (b) talking. 495 

 496 

 497 

3.2 Comparison of respiratory air velocity when wearing face masks  498 

 499 

After analyzing the size distribution and mass concentration of inhaled particles, we found 500 

that wearing face masks was very effective in reducing the inhalation of respiratory 501 

particles and the risk of infection. In order to understand the mechanism, we further 502 

analyzed the airflow when wearing face masks. Fig. 10 shows the measured air velocity at 503 

various horizontal distances in front of the infected “patient”. The “patient” wore surgical 504 

masks, N95 masks, cloth masks, or no mask. When coughing without wearing a mask, the 505 

air velocity decayed from 5 m/s to 1 m/s along the horizontal distance from 5 to 20 cm. 506 

The peak velocity of coughing jet could exceed 10 m/s when leaving the mouth [60]. Fig. 507 

10 shows the high uncertainty of measurements since coughing was a transient process in 508 

less than 1 s [60]. The reason was that the individual differences among the subjects were 509 

great for exhaled air flow rate and mouth opening area [60].  510 

 511 
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(a) (b) (c) 

  

 

(d) (e)  

 512 
Fig. 10 Measured and simulated respiratory air velocity along the horizontal distances 513 

when coughing (a) without face mask; (b) with surgical mask; (c) with N95 mask; and (d) 514 

with cloth mask as well as (e) background air velocity without respiratory activity. 515 

 516 

Fig. 10 also shows that when an infected “patient” coughed with the surgical mask, the 517 

exhaled air velocity was significantly reduced to 0.15 - 0.35 m/s, which demonstrated the 518 

significant resistance of the three-layer non-woven fabric material. The visualizations from 519 

the literature showed the similar flow pattern of reduced speed [42, 48]. For the N95 mask 520 

with thicker material and better fitnessfit, the air speed in front of the “patient” was further 521 

reduced. Thus, it was very difficult for the exhaled air and droplets to move forward after 522 

passing through the N95 mask. However, the air velocity was a little high for the cloth 523 

mask since it was typically made of a single layer of cotton. The background air velocity 524 

was less than negligible, which meant the uncertainties of measurements due to ventilation 525 

and thermal plumes were limited.  526 

 527 

This study also compared the CFD simulated results with the measured data. The CFD 528 

results were plotted as small circles in Fig. 10. The simulated air velocities at various 529 

horizontal positions were within the measured range. Therefore, the CFD results were 530 

reliable. Then we could use CFD to quantitatively analyze the respiratory flow pattern and 531 

particle dispersion with face masks, which was very difficult to measure in the experiments.  532 

 533 

 534 
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3.3 CFD simulation results of respiratory airflow pattern and particle dispersion with 535 

face masks  536 

 537 

Fig. 11 shows the simulated air velocity distribution within 2 seconds after the infected 538 

“patient” coughed while wearing the surgical mask and the N95 mask. The highest air 539 

speed occurred at 0.4 s, as the peak of coughing flow rate from the mouth shown in Fig. 540 

4(a). The figures show that most of the exhaled air flowed through the leakages at the top 541 

and bottom with relative high speed when the “patient” wore a surgical mask. The velocity 542 

magnitude through the mask material was much smaller than the velocity through the 543 

leakages. As a result, it can be concluded that the face mask mainly changed the direction 544 

of exhaled airflow. The leakages between the mask and human face played an important 545 

role in the airflow pattern. Fig. 11(b) shows the simulated airflow pattern with the N95 546 

mask. N95 mask prevented the coughing ejection very well, and only a small amount of 547 

exhaled warm air moved upward after penetrating the mask. Similarly, part of exhaled air 548 

flowed through the leakage at the top with a higher speed. Such simulated airflow patterns 549 

were very similar to several previous visualizations [45, 46, 50]. Thus, the exhaled particles 550 

could not move far away in front of the infected “patient” when wearing masks. Hence, it 551 

explained the less inhalation by the susceptible occupant in Section 3.1, and the social 552 

distancing could be reduced for people wearing face masks.  553 

 554 
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(a) 556 
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 557 
(b) 558 

 Fig. 11 CFD simulated air velocity distribution within 2 s when infected “patient” 559 

coughing while wearing (a) surgical mask and (b) N95 mask.  560 

 561 
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Fig. 12 shows the simulated trajectory of cough droplets when the infected “patient” wore 562 

surgical mask and N95 mask. It was worth noting that the number of trajectories of exhaled 563 

particles were reduced proportionally for clear display. The droplets coming out of the 564 

human mouth evaporated quickly in less than 0.1 s, and the rest was droplet nuclei. The 565 

figures show that most of the particles moved following the exhaled air through the 566 

leakages rather than through the face masks surface. The particles passing through the top, 567 

bottom and side leakages then moved upward, downward and to two sides, respectively. 568 

As a result, the trajectory of the particles was like a cross emitted from the surgical mask 569 

in the front view. The diameter of particles through leakage could be around 8 μm as 570 

aerosols. As for the rest, only a small number of particles could penetrate the surgical mask, 571 

then they still moved upward since the exhaled air was warm. Fig. 12(b) shows the 572 

trajectory of cough droplets when wearing an N95 mask, the most of which moved upward 573 

and to two sides through the leakages. Hence, when facing an infected “patient” wearing 574 

face mask, the mass of inhaled droplets were less than other directions.  575 

 576 

 577 
Fig. 12 Simulated trajectory of exhaled particles when infected occupant coughing while 578 

wearing (a) surgical mask and (b) N95 mask by CFD.  579 

  580 

Fig. 13 shows the statistical results of cough droplets in percentage when infected “patient” 581 

wearing surgical mask and N95 mask by CFD simulations. We found that a small portion 582 

of fine droplets smaller than 20 μm escaped from the leakage between surgical mask and 583 

human face. The percentage ranged from 10% to 20%. For penetration through mask 584 

material, it was far less than 10%. Most of the exhaled droplets were filtered out by the 585 

surgical mask material. As for wearing the N95 mask, the percentage of particle escaping 586 

from the leakage was similar with that of surgical mask. The percentage of penetration was 587 

neglected because N95 mask could filter out over 95% of particles less than 1 μm and all 588 

particles larger than 1 μm, as the curves shown in Fig. 6. 589 

 590 
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(a) (b) 

 
Fig. 13. The percentage of exhaled particle filtered by face mask, penetrating the mask 591 

and moving through the leakage by CFD simulation for (a) surgical mask and (b) N95 592 

mask. 593 

 594 

4 Discussion 595 

 596 

This is the first research to study the relationship between mass of inhaled droplets and 597 

social distancing for people wearing face masks based on scientific measurements and 598 

simulations. We recruited volunteers to take the measurements in the environmental 599 

chamber. We measured the size distribution and mass concentration of particles inhaled by 600 

the susceptible occupant. The breathing simulator could accurately simulate both 601 

inhalation and exhalation of the susceptible occupant in the experiments. To measure the 602 

size distribution of inhaled particles, we used the particle sizer TSI 3321 connected to the 603 

respiratory tract of manikin. However, sampling losses between the manikin and particle 604 

sizer may occur as inhaled particles deposited inside the nasal cavity of the manikin head 605 

and on the inner wall of the connecting tube between the manikin head and particle sizer. 606 

Moreover, in actual scenarios, the particles could be deposited in various locations of the 607 

respiratory system after inhalation, such as nasal cavity, throat, trachea and bronchi [71]. 608 

The deposition location may be related to the airflow velocity and particle size. However, 609 

we did not build the complex geometry of the respiratory tract in the CFD simulation to 610 

analyze the deposition. The inhaled virus-carrying droplets deposited in different locations 611 

may lead to various risks of infection for the susceptible occupant. This complex 612 

interaction is worth continuing to study [47]. Furthermore, we could only recruit healthy 613 

human subjects for the measurements according to the requirements of Institutional Review 614 

Board (IRB). But there was still a certain difference between infected “patients” and 615 

healthy people, especially for the respiratory activities. Finally, the time that a mask being 616 

used was also an uncertainty factor. After a period of use, the filtration efficiency was not 617 

as good as a new one, so the results may be different.  618 

 619 

In this study, we compared the results of CFD simulations with the measured data and they 620 

matched well. So the results of exhaled airflow distribution and particle dispersion when 621 

wearing face masks were reliable. We found that when wearing face masks, the airflow 622 

was extremely different from not wearing face masks. The air may flow through leakages 623 

and move upward, downward and to the side ways, similar to the previous visualizations 624 

[45, 50]. As a result, when wearing face masks, maybe two people facing each other was 625 
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not the most dangerous situation. The risk of infection at the location on the side and back 626 

of an infected person still remains to be investigated. For example, in the public 627 

transportation vehicles, movie theaters and sports stadiums, there were people sitting on 628 

the sides and back of others. In the present study, the results were appliedapplicable for the 629 

environments without ventilation impact. We will study the impact of ventilation on 630 

exhaled airflow through face mask in the future. Although the leakage size between human 631 

face and mask influenced the exhaled particle movement and airflow, there was insufficient 632 

measurements and information for the leakage size in the literature. The size and shape of 633 

human head made the fitnessfit and leakage size variedvary greatly. In previous numerical 634 

simulations, the used leakage size varied greatly, such as 18mm [52], 4-5mm [53], 4-11mm 635 

[54]. The leakage size needs to be measured for accurate modelling in the future.  636 

 637 

Finally, we compared the mass concentration of inhaled particles with/without wearing 638 

face masks and in various social distancing. The face masks could significantly reduce the 639 

amount of exhalation and inhalation of respiratory viruses [72]. However, for SARS-CoV-640 

2 and especially the different variants, the amount of virus carried by respiratory droplets 641 

varied greatlywidely [73, 74]. The individualindividual’s health status and whether to take 642 

the vaccine also made the assessmentit extremely difficult to assess of risk of infection 643 

extremely difficult. Systematic analysis requires cooperation among researchers from 644 

different disciplines.  645 

 646 

5 Conclusion 647 

 648 

This investigation used experimental and numerical methods to determine the suitable 649 

social distancing for people wearing surgical masks and N95 masks. This investigation led 650 

to the following conclusions: 651 

1) By comparing the measured mass concentration of inhaled particles with the 2.0 m 652 

social distancing rule and wearing face masks, the social distancing could be 653 

reduced to 0.5 m without increasing the inhaled mass concentration. When the 654 

social distancing was difficult, wearing masks could help protect people. 655 

2) The velocity of exhaled air when wearing face masks was less than 0.4 m/s in front 656 

of the “patient”. The mask material could reduce the momentum of cough jet so 657 

that the exhaled droplets could not travel far away. We simulated and validated the 658 

face masks by using porous media model in CFD simulations successfully.  659 

3) When the infected “patient” wore face masks, the direction of exhaled airflow and 660 

particle dispersion were very different from those without wearing masks. The 661 

velocity of air through the leakages was very large. The leakage between the face 662 

mask and human face played a crucial role in the airflow pattern and particle 663 

dispersion. 664 

 665 
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