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Abstract 
COVID-19 has caused the global pandemic and had a serious impact on people’s daily 
lives. The respiratory droplets produced from coughing and talking of an infected patient 
were possible transmission routes of coronavirus between people. To avoid the infection, 
the US Centers for Disease Control and Prevention (CDC) advised to wear face masks 
while maintaining a social distancing of 2 m. Can the social distancing be reduced if people 
wear masks? To answer this question, we measured the mass of inhaled droplets by a 
susceptible manikin wearing a mask with different social distances, which was produced 
by coughing and talking of an index “patient” (human subject) also wearing a mask. We 
also used the computational fluid dynamics (CFD) technology with a porous media model 
and particle dispersion model to simulate the transmission of droplets from the patient to 
the susceptible person with surgical and N95 masks. We compared the CFD results with 
the measured velocity in the environmental chamber and found that the social distancing 
could be reduced to 0.5 m when people wearing face masks. In this case, the mass 
concentration of inhaled particles was less than two people without wearing masks and 
with a social distancing of 2 m. Hence, when the social distancing was difficult, wearing 
masks could protect people. We also found that the leakage between the face mask and the 
human face played an important role in the exhaled airflow pattern and particle dispersion. 
The verified numerical model can be used for more scenarios with different indoor 
environments and HVAC systems. The results of this study would make business profitable 
with reduced social distancing in transportation, education and entertainment industries, 
which was beneficial for the reopening of the economy. 
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Practical Implications 
• This is the first research to study the relationship between mass of inhaled droplets

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

• By comparing the measured mass concentration of inhaled particles, the social
distancing could be reduced to 0.5 m when wearing face masks without increasing
the inhaled mass concentration.

• According to the measurements and simulations, the velocity of exhaled air in front
of the “patient” when coughing and wearing face masks was less than 0.4 m/s.
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• The leakage between the face mask and human face played a crucial role in the 
exhaled airflow pattern and particle dispersion. 

 
1. Introduction 

 
COVID-19 has caused the global pandemic and had a serious impact on people’s daily 
lives [1]. It is very necessary to control the spread of the coronavirus and reduce the risk 
of infection. The respiratory droplets produced from coughing and talking of an infected 
patient were possible transmission routes of SARS-CoV-2 between people [2, 3]. Dry 
cough was one of the typical symptoms of COVID-19 for nearly 70% of infected people 
[4]. The respiratory droplets carrying virus could fall on the mouth and nose area and be 
inhaled by a susceptible person in the proximity of an infected person. Therefore, World 
Health Organization (WHO) [5] and US Centers for Disease Control and Prevention (CDC) 
[6] advised to maintain social distancing of 2 m/6 ft and to wear face masks.  
 
The social distancing rule was identified a long time ago [7]. The current rule assumed that 
the dominant routes of transmission of SARS-CoV-2 were via respiratory droplets inhaled 
and falling on surfaces [7, 8]. Large droplets might fall on the ground quickly, while very 
small droplets could travel a much longer distance in the air [9, 10]. Thus, particle size was 
an important factor in aerosolized transmission [11]. Li et al. [15] measured the 
concentration of respiratory particles in various horizontal distances and found that the 
concentration decreased with the distance. However, some studies pointed out that 2 m 
distancing may not be sufficient, especially when people sneezed with a high-speed jet [12] 
and the airborne transmission of SARS-CoV-2 [13, 14], which was defined as droplet 
nuclei or aerosols that remained infectious when suspended in the air over long distance 
and time. Therefore, it is urgent to scientifically study the social distancing [16]. The social 
distancing should also be related to many other factors, such as occupancy level and sound 
level of speaking or even shouting [17]. Although WHO [4] shows that the symptoms of 
COVID-19 did not include sneezing, but there were many asymptomatic infected people 
who may sneeze to spread the virus. Moreover, 2 m social distancing was very difficult in 
many places, such as in public transportation vehicles, elevators, classrooms, theaters, and 
sport stadiums [18]. The social distancing rules in such places have reduced the economic 
benefits significantly, and the success in reopening economy depends on reducing the 
social distancing. Recently, van den Berg et al. [19] did a statistical study and pointed out 
that the risk of infection between 3 versus 6 ft social distancing had no difference among 
primary and secondary school students wearing masks. 
 
On the other hand, wearing a face mask could reduce the concentration of inhaled particles 
and limit the risk of infections of respiratory diseases [20]. However, the filtration 
efficiency varied greatly for different types of face masks. For example, N95 respirator 
meeting the US National Institute for Occupational Safety and Health (NIOSH) 
classification of air filtration had an efficiency of at least 95% [21, 22]. Surgical mask was 
a loose-fitting and disposable device made of three-layer non-woven fabric [23]. It could 
block large droplets and adsorb very fine particles, but it may not capture some small 
particles whose diameter ranged between 0.01~5 μm in the air. Previous studies [22, 24-
28] found that the surgical masks and N95 masks could reduce the penetration of exhaled 
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droplet when coughing and talking by 50% and over 90%, respectively. Pan et al. [29] 
compared the efficiency of surgical mask and mouth coverings for exhalation and 
inhalation. The results showed that outward efficiency was higher than inward efficiency, 
but lower than material filtration efficiency. As some previous tests measured the filtration 
efficiency for the surface material by only comparing the concentration on both sides while 
not on the head, thus the leakage and fit were not considered. So that the material efficiency 
cannot represent the actual efficiency of protection level. As for cloth masks, they were 
usually made of one layer of cotton with the overall capture efficiency around 20%, which 
was lower than the surgical masks [25, 30]. In addition to the filtration efficiency, the fit 
of face mask was also very important [31]. It was found that the efficiency of non-fitting 
masks was extremely low [21, 32]. Some studies tested double-layer masks [33] to improve 
the efficiency of face masks.  
 
If wearing a face mask supplemented with social distancing, it could greatly reduce the 
spread of droplets. For instance, Hui [34] and Leung [37] found that cough propagation 
distances can be greatly reduced with various masks. Chen et al. [35] found that simple 
mouth covering could reduce the distance of droplet transmission between two people. 
Chen [36] measured the number of cough droplets deposited on mouth, eye and nose area, 
and found that the number reduced very much as horizontal distance increased. Li et al. 
[38] measured the size distribution of airborne particles generated by coughing indoors and 
various distancing when wearing masks and face shield. Bandiera et al. [39] measured the 
number of droplets in flight and landed on table height at up to 2 m. It was found that 
wearing a face covering decreased the number of projected droplets by 1000 times. These 
studies implied that the social distancing can be reduced if people wear masks. The 
question is what a suitable social distancing should be for people wearing face masks. 
Would mass concentration of inhaled particles increase when people wear face masks but 
reduce the social distancing?  
 
These questions have not been answered according to our literature search. Currently, 
variants of COVID-19 are still spreading worldwide, and the effectiveness of vaccines may 
be reduced due to the variants. The American may need to wear masks by 2022 [40] or 
even seasonally after the pandemic [41]. SARS-CoV-2 could coexist with us in the 
foreseeable future. In order to keep the economy open, wearing masks to reduce the social 
distancing is needed. The aim of this investigation is to provide guidance on reducing social 
distancing without increasing the risk of infection of COVID-19 and other respiratory 
diseases.  
 

2. Methods 
 
To determine the suitable social distancing when people wear face masks, this study first 
reviewed the existing research methods, including visualizations, experimental 
measurements, and numerical simulations. Subsequently, we measured the size distribution 
of inhaled droplets when facing an infected “patient” coughing/talking and wearing 
different kinds of face masks in various distancing in an environmental chamber. We also 
built CFD models to simulate the particle dispersion and airflow. Finally, the numeral 
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models were validated by the measured data so that we confirmed the suitable social 
distancing for people wearing face masks. 
 

2.1 Review of existing research methods 
 
To study social distancing and efficiency of mask, the key is respiratory airflow. Many 
visualizations [42-47] showed that the respiratory airflow was very complex when wearing 
face masks. In more detail, mask worn by infected people could limit the coughing jet 
speed through the material, so that the jet and exhaled particles could not travel very far 
with the reduced momentum [42]. Mask material could filter the exhaled droplets, so the 
concentration was not as high as those without a mask [39, 48]. However, it was also worth 
noting that there were still leakages at the nose, ear side and under the chin when wearing 
a face mask [45]. For instance, N95 masks were equipped with a tighter rope and steel nose 
clip to make it fit to face as much as possible. Thus, the flow through leakages was limited 
[42, 45]. But some N95 masks were equipped with breathing valves through which air 
could flow out easily [49]. As for the surgical mask, it was only equipped with a soft nose 
clip. However, many people did not clamp it close to the nose, and some people even did 
not cover their noses by the surgical mask. The results of visualization [45] showed that 
part of the air flowed out through the leakages, which greatly reduced the filtration 
efficiency of the surgical mask. The high-quality simulations by Tsubokura [50] showed 
that airflow direction changed to upward, downward, and sideway through the leakages 
between surgical mask and human face. The analytical model developed by Xu et al. [51] 
showed that the filtration efficiency was only 40-60% of that without leakages when the 
ratio between leakage area to mask area was 0.05. At last, cloth mask was soft without any 
structure to maintain the shape. Although the cloth mask could fit to the human face well, 
the leakage at the nose was even greater without the metal clip. Thus, the visualizations 
showed that the complex respiratory airflow and particle dispersion were caused by the 
irregular shape of face masks and the leakage.  
 
The previous visualizations have shown the complex airflow pattern when coughing and 
wearing face masks, but most results were qualitative. In order to obtain quantitative and 
detailed results of airflow and particle motion, numerical simulation was a powerful tool. 
Although it was very challenging to simulate the exhaled airflow with the use of a mask 
model, there were some recent successful CFD studies. For example, Feng et al. [52] 
analyzed the influence of wind and relative humidity on the travel distancing of droplets 
with a mask model. They found that six feet social distancing policy may not be sufficient 
in conditions of ambient wind and high relative humidity. Hui et al. [34] measured and 
simulated the dispersion of exhaled air by smoke when wearing a surgical mask or N95 
mask for a lying patient. Dbouk et al. [53] used Eulerian–Lagrangian framework to 
simulate the cough droplets with a complex surgical mask geometry model with leakages. 
Pendar and Páscoa [54] used CFD and a face mask model to simulate the impact of mouth 
opening area and injection angle on particle dispersion when sneezing. They found that 
wearing a face mask during a sneeze could reduce the contamination area to one-third. 
Moreover, Khosronejad et al. [55] found that the airflow through the leakage between mask 
and face could transport very fast over large distances. The CFD simulation could provide 
many detailed results, including velocity distribution and particle dispersion. It could also 
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be used to analyze many complex indoor spaces when it was very difficult to do 
measurements. However, the numerical simulation used many assumptions and 
approximations, especially for the filtration efficiency of masks and behaviors of droplets. 
Some of the studies did not rigorously validate the air velocity and particle concentration 
in simulations. Although conducting experiments was expensive and time-consuming, it is 
essential to obtain data for validating CFD results. The validated CFD model can be used 
to study more complex scenarios.  
 

2.2 Experiment in an environmental chamber 
In order to measure exhaled air velocity and size distribution of inhaled droplets, this 
investigation recruited eight healthy people as the “index patients”. Each patient sat on a 
chair in an empty, ventilated environmental chamber with a size of 6 m (W) × 5 m (L) × 3 
m (H) as shown in Fig. 1. The chamber was ventilated by a displacement ventilation (DV) 
system under a near isothermal condition with 100% outdoor air and no recirculation. 
There were MERV7 filters with 70% efficiency in the air handling unit to remove the 
particle concentration in the supply air. The ventilation created a minimum flow in the 
chamber but provided adequate ventilation for the human subject. Before and after each 
test to be described below, the chamber was disinfected by a UV lamp and ventilated to 
have minimal amount of particles in the air.  
 
Fig.1 shows that the susceptible person was a manikin with a human-shaped head sitting 
face-to-face with the “patient”. The nose of the manikin head was connected to a breathing 
simulator pump that could simulate human breathing process of both inhalation and 
exhalation. We used the “eupnea” mode for the breathing simulator, which represented 
normal, unlabored, and quiet breathing. The breathing rate was set to be 12 breaths per 
minute so that the breathing cycle was 5 s. The breathing volume of each cycle was 500 
ml. A TSI 3321 aerodynamic particle sizer was connected to the inhaled flow from the 
respiratory tract of manikin head to measure the size distribution of inhaled particles, as 
shown in Fig. 1(b). The TSI 3321 aerodynamic particle sizer provided high-resolution, 
real-time aerodynamic measurements of particles ranged from 0.5 to 20 μm with 10% 
variation of reading. The head of the manikin was placed on a heated body-sized box to 
represent the impact of thermal plume of human body on the airflow. This investigation 
used a social distancing of 2 m between the “infected patient” and susceptible manikin 
without wearing face masks as a reference, as WHO [5] advised. 
 

  
(a) (b) 
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Fig. 1. (a) Illustration of measuring size distribution of inhaled droplets when wearing face 
masks in various social distancing in the environmental chamber. (b) Photograph of the 
measurement devices in the environmental chamber.  
 
This research studied three different masks, surgical masks, N95 masks and cloth masks. 
Although CDC also recommended face covering by the cloth mask for public, the filtration 
efficiency was very low. Hence, this study mostly focused on surgical masks and N95 
masks. When an infected patient wore face masks, the face mask material could change the 
direction of exhaled airflow and filter part of the exhaled droplets. Similarly, it could also 
reduce the inhaled droplets when susceptible occupant wore face masks. For each test, the 
index patient and the susceptible manikin wore a new surgical, N95, or cloth mask. Each 
“patient” coughed five times for coughing cases and read the rainbow passage for 30 s in 
60-70 dB [56] for talking cases. The rainbow passage contained a mixture of oral and nasal 
consonants in the approximate proportion found in everyday speech [57]. Hence, it 
provided a reflection of the possible combination of flow rates that can be found in a 
conversation. The expiratory droplets were volatile and could evaporate in the room air 
quickly [58]. The expiratory droplets consisted of liquid and solid matter. The liquid matter 
was volatile and was around 90% of the total volume of the droplets [59]. The droplets 
could evaporate within a second [58] to its non-volatile content (particles) for respiratory 
droplets. Thus, what we measured was particles rather than droplets. 
 
Table 1 shows the measurement cases of coughing and talking for each human subject. 
Case 0 was a reference case. Comparison of inhaled droplets between cases 0 and 1 could 
reveal the reduced risk of infections due to the social distancing. Comparison between case 
0 and cases 2 to 4 could find the reduced risks when an infected patient wore masks. 
Similarly, comparison between case 0 and cases 5 or 6 could identify the reduced risks 
when a susceptible occupant wore masks. Since the measurements were also for different 
particle diameters, the filtration efficiency would be a function of the particle size. 
 

Table 1. Measurement cases with various face masks and distancing 

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 

 
When both the patient and susceptible occupant wore face masks, the inhaled droplets from 
respiratory tract by susceptible occupant were filtered twice after exhaled by the patient. 
Such double filtering could be safer than only one person wearing a face mask, so that the 
social distancing could be further reduced. But considering that some people’s masks did 
not fit face and nose well, nor some people did not cover their noses when wearing masks, 
we did the measurements for only one person wearing mask to find out the suitable social 
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distancing. The situations that both patient and susceptible persons wearing face masks 
could be simulated by a validated CFD model but the resulting distancing should be shorter.  
 
Each measurement took about two hours for preparing the chamber, adjusting the 
distancing, measuring, recording the data, and cleaning the air. The detailed procedures 
were as follows: 

(1) First we activated the ventilation system for 30 minutes with 100% outdoor air to 
minimize the impact of existing indoor particle concentration on measured results.  

(2) Then one human subject entered the chamber and rested for 5 minutes.  
(3) Performed experiment for one case as Table 1 shows.  
(4) Waited for 5 minutes for measuring the size distribution of inhaled droplets.  
(5) Repeated steps (3) and (4) for various cases in Table 1.  
(6) Completed all measurements and ventilated the room for additional 30 minutes to 

ensure that all exhaled air was exhausted.  
 
Additionally, we also measured the air velocity in front of the face masks when “infected 
patient” coughing with the use of hot sphere anemometer HT-400 manufactured by Sensor 
Electronic. The hot sphere anemometer could measure the air velocity magnitude ranged 
from 0 to 5.5 m/s, and the repeatability was 0.02 m/s. Fig 2. shows how the air velocity in 
various horizontal distancing in the environmental chamber were measured.  
 

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

2.3 CFD simulation 
 
The measurements in Section 2.2 provided concrete data on the impact of face masks on 
inhaled particles by the susceptible person with different social distancing. However, the 
data obtained were limited. The experiments were not easy to be extended to more 
complicated situations, such as with multiple people indoors and different ventilation 
systems. Therefore, this investigation also used CFD simulations.  
 
To simulate the cough airflow with face masks by CFD, we built geometry models of masks 
according to actual shapes and sizes. We first drew the control curves based on the actual 
edge of the surgical mask, and added some curves in the middle. Then we used the “lofting” 
and “deform” function in Solidworks to generate the complex shape of the surgical mask 
as shown in Fig. 3. The N95 mask model was 3M 1860, which was widely used in the 
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United States [21, 22]. The type of mask shape was cup and it did not deform very much 
during use [27]. We also found that the middle layer of the N95 mask was thicker than the 
that of the surgical mask. After building the geometry model of face masks, we matched 
them with a geometry model of human head. The mask models were put as close to the 
human head as possible, and the leakages in between were less than 2 mm. We neglected 
the rope of the masks around the human head in the numerical models.  
 
 

   
(a) (b) (c) 

   
(d) (e) (f) 

Fig. 3. Development of the geometric model for surgical and N95 masks: (a) Control curves 
for half of the surgical mask model, (b) Geometry model of the surgical mask, (c) Surgical 
mask matched with human head, (d) Control curves for a half of the N95 mask model, (e) 
Geometry model of the N95 mask, and (f) N95 mask matched with human head. 
 
As for the boundary conditions of exhaled and inhaled air, Fig. 4 shows the flow rate for 
coughing and breathing. The flow rate was calculated by the measurements and equations 
in a previous study [60], which was based on an average male with height of 1.75 m and 
weight of 70 kg. Similarly, we also calculated the average mouth/nose opening area and 
flow direction of coughing and breathing from previous literature [60, 61] for the boundary 
conditions. The opening area of nose for breathing and mouth for coughing were 0.71 cm2 
and 4 cm2, respectively. We set the exhaled air temperature and relative humidity according 
to literature [62]. Table 2 also shows the exhaled air was warm at 33oC and humid at 85%. 
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(a) (b) 

Fig. 4 Volume flow rate of exhaled and inhaled air for (a) coughing and (b) breathing. 
 
Table 2 lists the other detailed boundary conditions in the CFD simulation. The relative 
humidity of supply air was 25%. We used Boussinesq assumption to simulate the buoyancy 
effect in the air. We built the geometry model of sitting manikin in the environmental 
chamber the same as that in the experiments in Section 2.2 as shown in Fig. 5.  
 

Table 2. Boundary condition settings for CFD simulation 

 

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

 

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 
used for various CFD simulations with pressure drop/loss, including flow through filters 
and perforated plates by using an additional momentum source term: 
 

2
1
2i i iS v C v vµ ρ

α
 = − + 
 

                                              (1) 

 
where iS  was the momentum source term, µ  the dynamic viscosity of air,  α  the 
permeability, iv  the velocity component, ρ  the density of air, and 2C  a pressure-jump 
coefficient. 
 
There were two parts in the momentum source term of Eq (1). The first was the main part 
for viscous loss term and it followed Darcy’s law. The other was an inertial loss term. The 
pressure drop can be obtained from the source term as  
 

2
2

1
2

p v C v mµ ρ
α
 ∆ = − + ∆ 
 

                                           (2) 

 
where m∆  is the thickness of the mask surface. This study used 0.5 mm for the surgical 
mask and 2 mm for the N95 mask. 
 
Fig. 6 shows the data from studies [30, 63] of the filtration efficiency of face masks for 
particles of different diameters. The material for three kinds of face masks could filter all 
the particles larger than 20 μm. The N95 mask could filter the particles larger than 0.5 μm 
and smaller than 0.01 μm with nearly 100% efficiency, and over 95% efficiency from 0.01 
to 0.5 μm. The efficiency of the surgical mask exceeded 75% for particles smaller than 2 
μm. The cloth mask was least efficient. We used this information for the CFD simulations.  

 

 

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

with diameter ranged from 0 to 20 μm. 
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This study used the Lagrangian method [64] to directly track the motion of individual 
particle in our CFD simulations. The Lagrangian method determined the particle motion 
according to Newton’s law. The turbulent dispersion of particles, which was associated 
with instantaneous flow fluctuations, was one of the main mechanisms of particle 
deposition. We set the type of particle as droplet with volatile component fraction of 90%. 
This study used the discrete random walk model [65]. The model simulated the interaction 
of a particle with a succession of discrete stylized fluid-phase turbulent eddies. In the CFD 
simulations, we released the droplets from mouth and nose to simulate the human coughing 
and breathing, respectively. Fig. 7 shows the size distribution of cough droplets as 
measured in previous studies [66, 67]. The size distribution of exhaled cough droplets 
varied a lot with very large uncertainties over 50% in different studies [68]. Compared with 
the droplets produced when coughing, breathing only produced a very small number of 
droplets smaller than 5 μm [69].  
 

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

 
The numerical grid number for the environmental chamber used three different sets at 3 
million, 5 million, and 7 million, respectively. Through the grid independent study, we 
found that the 5 million of total cell number could lead to a grid independent solution, so 
we used this set of grid. The size of grid on human body was 0.01 m and on the 
mouth/nose/mask was 0.002 m. We refined the grid at the region around mask and 
breathing zone with 0.005 m and around human body with 0.05 m. The size of grid on 
other indoor space was 0.1 m.  
 
This investigation used transient simulation and RNG k-ε model to predict airflow in the 
environmental chamber with the infected “patient” and the susceptible manikin. The RNG 
k-ε model calculated turbulence kinetic energy (k) and its dissipation rate (ε) by two more 
independent transport equations. The model was isotropic but very stable and it was shown 
to be the most suitable model for indoor airflow with acceptable computing costs [70]. 
There were inflations for the boundary layer on human head and body. y+ on the wall was 
about 1. We used a time step of 0.02 s since we found it produced the same results as 0.001 
s. The CFD simulations were performed with ANSYS Fluent 2020R3 on a computational 
cluster node with 24 cores.  
 

3 Results 
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This section shows the results of the measurements and CFD simulations. By comparing 
the mass concentration of inhaled droplets in various distancing, we could determine the 
suitable social distancing for people wearing face masks and without increasing the risk of 
infections of respiratory diseases. Then we further analyzed the results of CFD simulations 
of air velocity, airflow pattern and particle dispersion, which were difficult to measure in 
the experiments.   
 

3.1 Measured and simulated results of inhaled particles 
 
Fig.8 shows the measured and simulated size distribution of particles inhaled by a 
susceptible occupant that accumulated in 1 minute after the infected “patient” 
coughed/talked. The figure compares the results of various cases listed in Table 1. The box-
whisker chart shows the upper and lower bound, first and third quantile, and median of 
measurements from different human subjects, respectively. Due to the social distancing 
rule and wearing face masks, the number concentration of inhaled particles was much 
smaller than the exhaled concentration in Fig. 7. Note that we have excluded the particles 
from the supply air and released from human body and clothes as a background 
concentration in the result analysis. When the infected “patient” coughed without wearing 
face masks but maintaining the social distancing of 2 m in case 1, the median of total 
number of inhaled particles for each diameter was less than 70. The measurements also 
showed that the number of inhaled particles was concentrated in a very small size around 
0.5 μm. A comparison between case 0 and 1 showed that the current social distancing of 2 
m was useful for reducing the inhaled concentration and the risk of infection. When the 
social distancing was reduced to 0.5 m, even if the infected “patient” wore surgical, N95 
and cloth masks, the number of inhaled particles in cases 2 to 4 was still less than that of 
case 1. These results indicated that face mask could be a compensation when 2 m social 
distancing could not be met. However, the uncertainty of measurements among different 
occupants was very large. For each particle size, the measured maximum value could be 
twice or three times of the median value. We also found that the largest diameter of the 
inhaled particles was 3.7 μm for the cases without wearing face masks. But after wearing 
masks, the inhalation of particles with diameter larger than 1 μm reduced a lot, especially 
in the cases of talking.  
 
When the susceptible occupant wearing a surgical mask or N95 mask in cases 5 and 6, the 
number of inhaled particles also reduced compared with that in case 1. However, the values 
were higher than cases 2 to 4 when infected “patient” wearing masks. Such measured 
results showed that the infected “patient” wearing masks was more useful than the 
susceptible person. This was the same as the general habit of the public that sick people 
with symptom like coughing should wear face masks to avoid infecting others. The masks 
worn by infected “patient” could not only filter the exhaled droplets, but also prevent the 
high-speed coughing jet. In this way, the exhaled particles could not travel very far. The 
results of wearing face masks for the cases of talking were similar. We also compared the 
measured data with the CFD simulations in Fig. 8. The simulated results were lower than 
the measured results for small diameter, as shown by the dots in cases 0 to 3. The reason 
could be that we did not consider the broken up of respiratory particles after exhalation and 
hitting face mask in the CFD simulations [53, 75]. Another possible reason for the 
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discrepancy was the sampling losses inside the nasal cavity and on the inner wall of the 
connecting tube, as we did not model the complex geometry in the simulations. In the CFD 
simulation, we only used one set of weight and height to calculate the exhaled flow rate as 
the boundary value without considering the individual differences in the measurements. 
We also simplified the mouth structure without considering the area variation, thus the 
simulated exhaled air velocity may be different from the actual velocity. What is more, 
talking cases with masks were not simulated because the measured flow rate of reading 
rainbow passage showed very unsteady values ranged from 0 to 2 L/s [61] and mouth 
opening area varied greatly during talking. Thus it was very hard to validate the talking 
cases when wearing masks. 
 

 Coughing Talking 

Case0 

  

Case1 

  

Case2 

  

Case3 

  

Case4 

  

Case5 
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Case6 

  
 

Fig.8 Measured and simulated size distribution of particles inhaled by the susceptible 
occupant that accumulated in 1 minute after the infected “patient” coughing/talking for 

the cases listed in Table 1.  
 

After analyzing the measured and simulated size distribution of particles inhaled by the 
susceptible occupant, we calculated the mass concentration with and without wearing face 
masks. The inhaled mass concentration was one important parameter related to the risks of 
infection. Fig. 9 shows the measured mass concentration of inhaled particles by the 
susceptible occupant within 1 minute after infected “patient” coughed and talked. It was 
calculated by using the following equation 
 

3

6
p

p
D

M D Nπ ρ=∑                                                        (3) 

where pD  is the particle diameter, ρ  the density of particles, and N  the measured size 
distribution in different diameters in Fig. 8. 
 
Fig. 9 shows that when wearing a face mask and maintaining a reduced social distancing 
of 0.5 m in cases 2 to 6, the median mass concentration of inhaled particles was lower than 
that in case 1, which was the current social distancing rule of 2 m and without wearing face 
masks. In details, the median mass concentration of cases 2 and 3 when wearing surgical 
mask and N95 mask was a little more than half of the concentration in case 1. Although 
the results of wearing cloth mask in case 4 were not as good as wearing surgical and N95 
mask, it was still better than only with the 2 m social distancing rule. As for cases 5 and 6 
when suspectable occupant wearing masks, the results showed a little difference between 
surgical mask and N95 mask. The reason could be that part of the inhaled particles by 
suspectable person were through the leakages between mask and the person’s face. The 
analysis of all the cases concluded that the social distancing could be reduced to 0.5 m if 
people wearing face masks. In these cases, the corresponding risk of infection did not 
increase compared to current social distancing rule of 2 m without masks. However, there 
were very large uncertainties in the measured mass concentration, as shown by the 
whiskers and dots. The reason was that inhalation of one large diameter particle dominated 
the entire mass concentration. In short, the average mass of inhaled droplets for 0.5 m social 
distancing when wearing face masks was lower than 2 m social distancing without masks.  
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(a) 

 
(b) 

Fig. 9 Measured mass concentration of particles inhaled by a susceptible person within 1 
minute for different cases after infected “patient” (a) coughing and (b) talking. 

 
 

3.2 Comparison of respiratory air velocity when wearing face masks  
 
After analyzing the size distribution and mass concentration of inhaled particles, we found 
that wearing face masks was very effective in reducing the inhalation of respiratory 
particles and the risk of infection. In order to understand the mechanism, we further 
analyzed the airflow when wearing face masks. Fig. 10 shows the measured air velocity at 
various horizontal distances in front of the infected “patient”. The “patient” wore surgical 
masks, N95 masks, cloth masks, or no mask. When coughing without wearing a mask, the 
air velocity decayed from 5 m/s to 1 m/s along the horizontal distance from 5 to 20 cm. 
The peak velocity of coughing jet could exceed 10 m/s when leaving the mouth [60]. Fig. 
10 shows the high uncertainty of measurements since coughing was a transient process in 
less than 1 s [60]. The reason was that the individual differences among the subjects were 
great for exhaled air flow rate and mouth opening area [60].  
 



16 
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(d) (e)  
 

Fig. 10 Measured and simulated respiratory air velocity along the horizontal distances 
when coughing (a) without face mask; (b) with surgical mask; (c) with N95 mask; and (d) 
with cloth mask as well as (e) background air velocity without respiratory activity. 
 
Fig. 10 also shows that when an infected “patient” coughed with the surgical mask, the 
exhaled air velocity was significantly reduced to 0.15 - 0.35 m/s, which demonstrated the 
significant resistance of the three-layer non-woven fabric material. The visualizations from 
the literature showed the similar flow pattern of reduced speed [42, 48]. For the N95 mask 
with thicker material and better fit, the air speed in front of the “patient” was further 
reduced. Thus, it was very difficult for the exhaled air and droplets to move forward after 
passing through the N95 mask. However, the air velocity was a little high for the cloth 
mask since it was typically made of a single layer of cotton. The background air velocity 
was less than negligible, which meant the uncertainties of measurements due to ventilation 
and thermal plumes were limited.  
 
This study also compared the CFD simulated results with the measured data. The CFD 
results were plotted as small circles in Fig. 10. The simulated air velocities at various 
horizontal positions were within the measured range. Therefore, the CFD results were 
reliable. Then we could use CFD to quantitatively analyze the respiratory flow pattern and 
particle dispersion with face masks, which was very difficult to measure in the experiments.  
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3.3 CFD simulation results of respiratory airflow pattern and particle dispersion with 
face masks  

 
Fig. 11 shows the simulated air velocity distribution within 2 seconds after the infected 
“patient” coughed while wearing the surgical mask and the N95 mask. The highest air 
speed occurred at 0.4 s, as the peak of coughing flow rate from the mouth shown in Fig. 
4(a). The figures show that most of the exhaled air flowed through the leakages at the top 
and bottom with relative high speed when the “patient” wore a surgical mask. The velocity 
magnitude through the mask material was much smaller than the velocity through the 
leakages. As a result, it can be concluded that the face mask mainly changed the direction 
of exhaled airflow. The leakages between the mask and human face played an important 
role in the airflow pattern. Fig. 11(b) shows the simulated airflow pattern with the N95 
mask. N95 mask prevented the coughing ejection very well, and only a small amount of 
exhaled warm air moved upward after penetrating the mask. Similarly, part of exhaled air 
flowed through the leakage at the top with a higher speed. Such simulated airflow patterns 
were very similar to several previous visualizations [45, 46, 50]. Thus, the exhaled particles 
could not move far away in front of the infected “patient” when wearing masks. Hence, it 
explained the less inhalation by the susceptible occupant in Section 3.1, and the social 
distancing could be reduced for people wearing face masks.  
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(b) 

 Fig. 11 CFD simulated air velocity distribution within 2 s when infected “patient” 
coughing while wearing (a) surgical mask and (b) N95 mask.  
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Fig. 12 shows the simulated trajectory of cough droplets when the infected “patient” wore 
surgical mask and N95 mask. It was worth noting that the number of trajectories of exhaled 
particles were reduced proportionally for clear display. The droplets coming out of the 
human mouth evaporated quickly in less than 0.1 s, and the rest was droplet nuclei. The 
figures show that most of the particles moved following the exhaled air through the 
leakages rather than through the face masks surface. The particles passing through the top, 
bottom and side leakages then moved upward, downward and to two sides, respectively. 
As a result, the trajectory of the particles was like a cross emitted from the surgical mask 
in the front view. The diameter of particles through leakage could be around 8 μm as 
aerosols. As for the rest, only a small number of particles could penetrate the surgical mask, 
then they still moved upward since the exhaled air was warm. Fig. 12(b) shows the 
trajectory of cough droplets when wearing an N95 mask, the most of which moved upward 
and to two sides through the leakages. Hence, when facing an infected “patient” wearing 
face mask, the mass of inhaled droplets were less than other directions.  
 

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

wearing (a) surgical mask and (b) N95 mask by CFD.  
  
Fig. 13 shows the statistical results of cough droplets in percentage when infected “patient” 
wearing surgical mask and N95 mask by CFD simulations. We found that a small portion 
of fine droplets smaller than 20 μm escaped from the leakage between surgical mask and 
human face. The percentage ranged from 10% to 20%. For penetration through mask 
material, it was far less than 10%. Most of the exhaled droplets were filtered out by the 
surgical mask material. As for wearing the N95 mask, the percentage of particle escaping 
from the leakage was similar with that of surgical mask. The percentage of penetration was 
neglected because N95 mask could filter out over 95% of particles less than 1 μm and all 
particles larger than 1 μm, as the curves shown in Fig. 6. 
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(a) (b) 

 
Fig. 13. The percentage of exhaled particle filtered by face mask, penetrating the mask 
and moving through the leakage by CFD simulation for (a) surgical mask and (b) N95 

mask. 
 

4 Discussion 
 
This is the first research to study the relationship between mass of inhaled droplets and 
social distancing for people wearing face masks based on scientific measurements and 
simulations. We recruited volunteers to take the measurements in the environmental 
chamber. We measured the size distribution and mass concentration of particles inhaled by 
the susceptible occupant. The breathing simulator could accurately simulate both 
inhalation and exhalation of the susceptible occupant in the experiments. To measure the 
size distribution of inhaled particles, we used the particle sizer TSI 3321 connected to the 
respiratory tract of manikin. However, sampling losses between the manikin and particle 
sizer may occur as inhaled particles deposited inside the nasal cavity of the manikin head 
and on the inner wall of the connecting tube between the manikin head and particle sizer. 
Moreover, in actual scenarios, the particles could be deposited in various locations of the 
respiratory system after inhalation, such as nasal cavity, throat, trachea and bronchi [71]. 
The deposition location may be related to the airflow velocity and particle size. However, 
we did not build the complex geometry of the respiratory tract in the CFD simulation to 
analyze the deposition. The inhaled virus-carrying droplets deposited in different locations 
may lead to various risks of infection for the susceptible occupant. This complex 
interaction is worth continuing to study [47]. Furthermore, we could only recruit healthy 
human subjects for the measurements according to the requirements of Institutional Review 
Board (IRB). But there was still a certain difference between infected “patients” and 
healthy people, especially for the respiratory activities. Finally, the time that a mask being 
used was also an uncertainty factor. After a period of use, the filtration efficiency was not 
as good as a new one, so the results may be different.  
 
In this study, we compared the results of CFD simulations with the measured data and they 
matched well. So the results of exhaled airflow distribution and particle dispersion when 
wearing face masks were reliable. We found that when wearing face masks, the airflow 
was extremely different from not wearing face masks. The air may flow through leakages 
and move upward, downward and to the side ways, similar to the previous visualizations 
[45, 50]. As a result, when wearing face masks, maybe two people facing each other was 
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not the most dangerous situation. The risk of infection at the location on the side and back 
of an infected person still remains to be investigated. For example, in the public 
transportation vehicles, movie theaters and sports stadiums, there were people sitting on 
the sides and back of others. In the present study, the results were applicable for the 
environments without ventilation impact. We will study the impact of ventilation on 
exhaled airflow through face mask in the future. Although the leakage size between human 
face and mask influenced the exhaled particle movement and airflow, there was insufficient 
measurements and information for the leakage size in the literature. The size and shape of 
human head made the fit and leakage size vary greatly. In previous numerical simulations, 
the used leakage size varied greatly, such as 18mm [52], 4-5mm [53], 4-11mm [54]. The 
leakage size needs to be measured for accurate modelling in the future.  
 
Finally, we compared the mass concentration of inhaled particles with/without wearing 
face masks and in various social distancing. The face masks could significantly reduce the 
amount of exhalation and inhalation of respiratory viruses [72]. However, for SARS-CoV-
2 and especially the different variants, the amount of virus carried by respiratory droplets 
varied widely [73, 74]. The individual’s health status and whether to take the vaccine also 
made it extremely difficult to assess of risk of infection. Systematic analysis requires 
cooperation among researchers from different disciplines.  
 

5 Conclusion 
 
This investigation used experimental and numerical methods to determine the suitable 
social distancing for people wearing surgical masks and N95 masks. This investigation led 
to the following conclusions: 

1) By comparing the measured mass concentration of inhaled particles with the 2.0 m 
social distancing rule and wearing face masks, the social distancing could be 
reduced to 0.5 m without increasing the inhaled mass concentration. When the 
social distancing was difficult, wearing masks could help protect people. 

2) The velocity of exhaled air when wearing face masks was less than 0.4 m/s in front 
of the “patient”. The mask material could reduce the momentum of cough jet so 
that the exhaled droplets could not travel far away. We simulated and validated the 
face masks by using porous media model in CFD simulations successfully.  

3) When the infected “patient” wore face masks, the direction of exhaled airflow and 
particle dispersion were very different from those without wearing masks. The 
velocity of air through the leakages was very large. The leakage between the face 
mask and human face played a crucial role in the airflow pattern and particle 
dispersion. 
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