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Abstract
The COVID-19 pandemic has forced governments around the globe to apply various preventive measures for public health. 
One of the most effective measures is wearing face masks, which plays a vital role in blocking the transmission of droplets and 
aerosols. To understand the protective mechanism of face masks, especially in indoor environments, we apply a computational 
fluid dynamics technique to predict the lifetime of cough droplets. Therefore, we can assess the exposure risk in a ventilated room 
where an infected individual wears a face mask or not. We focus on the dynamic evaporation and diffusion of droplets in a human-
cough process, which is a major cause for the spread of the virus. We find that wearing a face mask can effectively reduce the total 
mass and Sauter mean diameter of the residual droplets after a single cough. The mass concentration of virus-carrying droplets 
in the ventilated room decreases by 201, 43,786, and 307,060 times, corresponding to wearing cotton face masks, surgical face 
masks, and N95 face masks, respectively. However, the maximum travel distance of 80% droplets is insensitive to wearing a face 
mask or not. Therefore, the residual droplets are widely distributed due to the influence of indoor airflow. Furthermore, we study 
aerosol exposure risks in different areas of the room and find that high concentrations of aerosols occur in the streamline through 
an infected individual, especially next to the individual within 1.5 m. This strongly suggests a social distance despite the fact that 
the majority of droplets are filtered by face masks. This study explains the impact of face masks and airflow on indoor exposure 
risks and further inspires potential measures for public health, for example, no individuals should sit near the air supply opening.
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Introduction

There is a concerning development that coronavirus dis-
ease 2019 (COVID-19) cases continue to rebound globally 
(O’Dowd 2021). One of the reasons is the rapid spread 
of delta variant, which is declared as a “variant of con-
cern” by the Centers for Disease Control and Preven-
tion (CDC) (Kupferschmidt and Wadman 2021). Various 
measures have been adopted to alleviate, control, and stop 
the spread of COVID-19 (Alon et al. 2020; Dhama et al. 
2020; Sabat et al. 2020). Vaccination is considered to be 
the most effective means to control the epidemic (Christie 
et al. 2021). However, the effectiveness of vaccines against 
variants may decrease, especially for people who have 
only received the first dose (Farinholt et al. 2021; Lopez 
Bernal et al. 2021). Personal protection is necessary to 
avoid virus-carrying droplets. Therefore, many countries 
and international organizations advise people to wear face 
masks in public even though they have been vaccinated 
(Liao et al. 2021).
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The effectiveness and potential impact of face masks 
have been intensely discussed. Leung et al. (2020) con-
ducted a statistical analysis including 3,363 individuals. 
Their results show that there is a significant drop in the 
rate of influenza virus residing in the respiratory system 
for individuals with face masks. Eikenberry et al. (2020) 
developed a modified SEIR epidemic model to assess the 
impact of face masks, which is driven by partial differential 
equations. Their study demonstrated that the use of face 
masks helps control the COVID-19 pandemic. Meanwhile, 
the implementation of wearing face masks has also caused 
some concerns. For instance, wearing face masks may 
bring individuals a false sense of security, thereby caus-
ing a higher risk of virus transmission (Yan et al. 2021). 
In addition, extensive use of face masks poses significant 
challenges to the terrestrial and marine environment (Sel-
varanjan et al. 2021). Sustainable pollution management 
measures should be considered to tackle environmental 
challenges (Awan 2020; Awan et al. 2020, 2021; Kanwal 
and Awan 2021).

The performance of face masks to prevent the trans-
mission of SARS-CoV-2 virus depends strongly on the 
fluid dynamics of virus-carrying droplets. The virus can 
be transmitted through a variety of ways, such as direct 
contact with mucus, traveling of large droplets, and even 

suspension of aerosols (van Doremalen et  al. 2020). 
Cough is one of the most commonly experienced symp-
toms of COVID-19 patients, which expels a large quan-
tity of droplets. These droplets are considered the main 
media for virus transmission (Desai and Patel 2020; Zhu 
et al. 2020). Face masks provide a barrier to prevent the 
transmission of droplets and aerosols. Due to the resist-
ance of face masks to cough airflow, the droplets and the 
aerosols exhibit complex dynamic behavior. To reduce the 
risk of infection, it is necessary to understand the fluid 
dynamics and the protective mechanism of face masks. 
Table 1 shows the recent literature that demonstrated the 
effectiveness of face masks to prevent the transmission of 
virus-carrying droplets.

The environmental conditions of the recent research 
mainly focus on the stagnant air condition. However, 
humans tend to be indoors most of the time. The use of face 
masks and indoor airflow may affect exposure risks in the 
room. Only a few studies have considered indoor airflow and 
showed the travel distance and final fate of virus-carrying 
droplets (such as sedimentation, suspension, and escape 
through outlet vents). However, these studies have not con-
sidered the diameter and mass concentration of virus-carry-
ing droplets, which determine the transmission behavior of 
droplets and indoor exposure risks.

Table 1   Literature on effectiveness of face masks

Authors Research methods Environmental conditions Main results

Dbouk and Drikakis (2020) Numerical simulation Stagnant air condition Most droplets travel to about 70 cm without wearing 
face masks while only about half the distance with face 
masks

Ueki et al. (2020) Viral load measurement Stagnant air condition Face masks inhibit transmission of infective droplets/
aerosols, but it is difficult to block viruses completely 
even with N95 face masks

Bandiera et al. (2020) Viral load measurement Stagnant air condition Less than one in 1000 droplets leak from face masks for 
both speaking and coughing

Khosronejad et al. (2021) Numerical simulation Stagnant air condition Face masks prevent droplets from traveling further than 
0.72 m away from the mouth

Verma et al. (2020) Flow visualization Stagnant air condition Non-medical face masks prevent the transmission of large 
droplets, despite the fact that flow leakage occurs

Ishii et al. (2021) Flow visualization Stagnant air condition Exhaled airflow tends to reattach to the human body and 
cause aerosols to flow up with face masks

Kumar et al. (2020) Numerical simulation Stagnant air condition By wearing a simple cotton face mask and keeping a 
strict physical distance of 2 m, the airborne transmis-
sion can be greatly reduced

Lee et al. (2021) Numerical simulation Unidirectional wind condition The travel distance of droplets is about 20–25 cm with 
face masks

Feng et al. (2020) Numerical simulation Unidirectional wind condition Even wearing a face mask loosely reduces significantly 
the suspension of cough droplets

Mirikar et al. (2021) Numerical simulation Indoor ventilation condition Face masks significantly reduce the resident time of 
cough droplets indoors

Pendar and Páscoa (2020) Numerical simulation Indoor ventilation condition During sneeze and cough, face masks reduce the travel 
distance of droplets to about one-third of that without 
face masks
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To fill the above research gaps, it is necessary to further 
investigate the potential influence of face masks on the tra-
jectory of cough droplets and exposure risks indoors. Com-
putational fluid dynamics (CFD) technique, especially the 
Lagrangian type, is pertinent to investigate more details of 
droplet transmission. In this study, we consider individuals 
with different types of face masks in a ventilated room. Face 
masks are considered porous media, and cough droplets are 
considered spherical particles. We perform systematically 
Euler–Lagrangian simulations to investigate the Sauter mean 
diameter, maximum travel distance of 80% droplets, and total 
mass of residual droplets in the room. Meanwhile, we assess 
the aerosol exposure risks in different areas of the room.

Methods

Exposure risks in a ventilated room with a relative humid-
ity of 50% are studied by several numerical simulations. For 
different infection stages and variants, the viral load in res-
piratory droplets often differs by several orders of magnitude 
(To et al. 2020; Mahase 2021). To make the research more 
universal, we use aerosol concentration to quantify exposure 
risks. An Euler-Lagrangian model is employed to simulate 
indoor airflow and droplet transmission. The air is considered 
continuous phase, while the droplets exhaled from individuals 
are considered discrete phase. The simulation procedure can 
be roughly divided into two main modules. First, the time-
dependent Euler model is used to solve indoor flow fields, 
and then, the Lagrangian model is used to predict the trajec-
tory of cough droplets. In addition, the heat and mass trans-
fer between droplets and the surrounding air is considered to 
predict droplet evaporation in this simulation. A graphical 
overview of the simulation procedure is presented in Fig. 1.

The geometric size of the room is 12m × 8m × 3m 
( length × width × height ). A model of human body of 
1.7 m tall and 0.6 m wide, with 310 mm2 mouth opening is 
placed in a position of x = 0 m, y = 0 m, and z =  − 1.5 m, as 

shown in Fig. 2. Unstructured hybrid polyhedron meshes and 
prism layers are generated for the computational domain. 
Five prism layers are created on the near-face region. y+ is a 
dimensionless number to ensure the applicability of the wall 
function, which is defined as follows:

where u� is the shear velocity near the walls, y is the dis-
tance from the wall, and � is the kinematic viscosity of the 
air. The thickness of the first prism layer is 2 mm to guarantee 
y+ < 1 (Chen 1995). The maximum skewness of the grid is 
0.88. Moreover, the surfaces of face mask and human body 
are locally refined with the size of 1 mm and 10 mm respec-
tively to accurately predict the airflow near the human body.

Airflow model

Simulations are performed with Fluent 2020 R1. To verify 
the grid sensitivity, the computational domain is discretized 
into coarse grids (1.1 million cells), medium grids (2.6 mil-
lion cells), and fine grids (9.4 million cells), respectively. The 
refinement factors and grid convergence index (GCI) corre-
sponding to the three grids are calculated: r12 = 1.33, r23 = 1.53, 
GCI1 = 16.5%, and GCI2 = 3.7% for the velocity in front of the 
human body model (Boache 1994). GCIk is defined as follows:

where F is the safety factor, p is the observed order of 
convergence, and �r is the relative error of the velocity val-
ues of the two sets of grids at the sampling point. In this 
study, F = 3, p = 5.22, �r12 = 4.26% , and �r23 = 1.11% . We 
adopt the medium grid for computation because the value 
of GCI2 is less than 5%, which is considered fine enough.

Furthermore, we apply the re-normalization group (RNG) 
k-ɛ turbulence model with enhanced wall treatment in this 

(1)y+ =
u�y

�

(2)GCIk = F
r
p

k,k+1
�r(k,k+1)

r
p

k,k+1
− 1

Fig. 1   Graphical overview of 
simulation procedure

44941Environmental Science and Pollution Research (2022) 29:44939–44953



1 3

study. The RNG model adds an additional term to the dissipa-
tion rate equation to explain the anisotropy in regions of large 
shear and has satisfactory performance in simulating indoor 
airflow (Chen 1995; Posner et al. 2003). In addition, Tao et al. 
compared it with other turbulence models, and their results 
showed that the RNG model has better performance in simu-
lating the wake behavior around a stagnant body (Tao et al. 
2017). The grid details and the prediction of indoor airflow and 
temperature are shown in Fig. 3. The temperature distribution 
in the room is approximately homogeneous, but slightly higher 
near the human body, which is the cause of thermal plumes.

Cough airflow and droplets

Airflow and droplets expelled by coughing are investigated 
in this study. Duguid (1946) measured the cough droplets 
size distribution through a microscope, as shown in Fig. 4a. 
The velocity of airflow expelled by coughing is fitted by the 
sum of several sine functions based on experimental data of 
its volume flow which is measured by a spirometer based on 
Fleish type pneumotachograph, as shown in Fig. 4b (Gupta 
et al. 2009). The maximum airflow velocity is 15.9 m/s, 
which is similar to the study of Kwon et al.: 15.3 m/s for 
the males and 10.6 m/s for the females (Kwon et al. 2012).

The mass fraction of water vapor in the airflow is 5% (Li 
et al. 2018), and the mass transfer of water vapor is solved 
through the convection–diffusion equation (Theodosiu et al. 
2000):

where � is the density of air, Y  is the mass fraction of 
water vapor, ⇀u is the velocity of airflow, J is the diffusion 
flux of water vapor, SY is the rate of water vapor creation 
from droplets evaporation, Dm is the mass diffusion coef-
ficient for water vapor in the air mixture, �t is the turbulent 
viscosity, and Sct is the turbulent Schmidt number, which is 
the ratio of the kinematic viscosity coefficient to the diffu-
sion coefficient.

Pressure drop across face masks

A face mask is reconstructed with a maximum gap of 6 mm 
between the face mask and the nose, while the minimum dis-
tance is 1 mm in the side gap. The face mask is considered a 
porous medium, and the pressure drop across it includes two 
parts: Darcy’s law and inertial loss (Xi et al. 2020):

where � is the kinematic viscosity of air, � is the per-
meability of the face mask, u is the velocity normal to the 
face mask, C2 is the inertial resistance factor, and Δm is 
the thickness of the face mask. The detailed parameters of 
different types of face masks are shown in Table 2. In addi-
tion, the filtration efficiency for cough droplets with different 

(3)
𝜕(𝜌Y)

𝜕t
+ div(𝜌u⃗Y) = − div(J) + SY

(4)J = −

(

�Dm +
�t

Sct

)

grad(Y)

(5)Δp = −
(

�

a
u +

1

2
C2�u

2

)

Δm

Fig. 2   Schematic diagram of 
computational domain
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diameters follows the study of Feng et al. (2020) and Shakya 
et al. (2017) and is shown in Table 3. A user defined function 
is used to generate uniform random numbers within 0 to 1 

for each droplet. When the number is less than the filtration 
efficiency, the droplet is considered to be stuck by the face 
mask.

Fig. 3   The grid details and the 
prediction of indoor airflow and 
temperature
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Fig. 4   Cough-jet boundary conditions. a Size distribution of cough droplets. b Airflow velocity expelled by a single cough

44943Environmental Science and Pollution Research (2022) 29:44939–44953



1 3

Droplet transport and evaporation

The size of droplets expelled by coughing ranges from 1 to 
1000 μm. Considering the specificity of the diameter dis-
tribution of large droplets and small droplets, we use two 
Rosin–Rammler distributions to fit the droplet diameter dis-
tributions of 1 to 50 μm and 50 to 1000 μm, respectively. In 
Rosin–Rammler distribution function, Yd is defined as the 
mass fraction of droplets with a diameter greater than d . And 
there is an exponential relationship between Yd and d (Rosin 
and Rammler 1933):

where d is the mean diameter, and n is the spread param-
eter, both of which are all obtained by fitting, as shown in 

(6)Yd = e−(d∕d)
n

Fig. 5. A total of 40,000 droplet parcels with a total mass 
of 7.7 mg are released evenly from 0.05 to 0.45 s through 
a cone injection with a diameter of 20 mm in front of the 
mouth (Zhu et al. 2006; Li et al. 2018). Each parcel rep-
resents a certain number of droplets according to the total 
mass and Rosin–Rammler distribution. The injection veloc-
ity of droplet parcels is 6.6 m/s (Nishimura et al. 2013), 
and the angle between the cough airflow and the horizontal 
is 24.7° (Tellier 2006) . The concentration of non-volatile 
components in cough droplets is 1.8% (Nicas et al. 2005), 
which means that the equilibrium diameter of the droplet 
nucleus is approximately 26% of its initial size.

We employ the discrete phase model (DPM) to ana-
lyze the trajectory of cough droplets. Based on Newton’s 
second law and considering the influence of drag force, 
gravity, and buoyancy, each droplet parcel is tracked for 
unsteady motion (Li et al. 2018):

where 
⇀

up is the droplet velocity, �r is the droplet relaxa-
tion time, which depends on the diameter and density of the 
droplet, 

⇀

g is the gravity acceleration, and �p is the droplet 
density.

(7)
du⃗p

dt
=

u⃗ − u⃗p

𝜏r
+

ḡ
(

𝜌p − 𝜌
)

𝜌p

Table 2   Main parameters of 
face masks

Face mask type Face permeability (m2) Inertial resistance 
factor (1/m)

References

Cotton face masks 1.63 × 1010 94,378 Saldaeva (2009)
Surgical face masks 2.26 × 109 7266 Golkarfard et al. (2019)
N95 face masks 1.12 × 1010 / Zhang et al. (2016)

Table 3   Filter efficiency of face masks for droplets with different 
diameters

Face mask type 0.5 μm 1 μm 2.5 μm 4 μm 10 μm

Cotton face masks 6.2% 13.4% 22.6% 45.5% 89.3%
Surgical face masks 90.9% 98.4% 98.6% 100% 100%
N95 face masks 98.7% 99.3% 100% 100% 100%

Fig. 5   Rosin–Rammler distributions of cough droplet diameter. a 1 to 50 μm. b 50 to 1000 μm
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The random walk model is used to characterize the drop-
let dispersion caused by turbulence. The instantaneous tur-
bulent velocity fluctuations are added to the local air velocity 
(Li et al. 2018):

where � is a normally distributed random number, and k 
is the turbulent kinetic energy.

Droplets evaporate gradually in the environment, and the 
nucleus diameter of a droplet is 26.2% of its initial diam-
eter (Brzeźniak et al. 2008). The evaporation of droplets is 
controlled by the difference in water vapor concentration 
between the droplet surface and the environment (Li et al. 
2018):

where mp is the mass of droplets, dp is the diameter of 
droplets, Di,m is the diffusion coefficient; Sh is the Sherwood 
number, which is the ratio of convective mass transfer to dif-
fusion mass transfer, Mv and Mm are the molecular weights 
of the water vapor and the mixture, and Xv,s and Xv,m are the 
local mole fraction and equilibrium mole fraction of water 
vapor, respectively.

Boundary conditions and numerical setup

Air change rates in high risk settings usually range from 6 
to 12 air changes per hour (Jensen et al. 2005). Based on 
this recommendation, the fresh air is supplied through an 
air supply opening with an area of 0.48 m2 and a velocity of 
2 m/s, corresponding to 12 air changes per hour. The sup-
plied air temperature is 20 °C. The boundary condition of 
the exhaust vent is the pressure outlet. The temperature for 
clothes-surface of human body is 32 °C, which character-
izes the heat flux transferred to the surrounding environment 
(Tao et al. 2017). Other solid walls are considered adiabatic. 
For the boundary conditions of the DPM model, the walls, 
ground, and ceiling are set to “trap,” meaning that droplets 
have been deposited after reaching the surface. The bound-
ary condition of the exhaust vent and the air supply opening 
is set to “escape.”

Momentum, energy, k, and ɛ equations are all discretized 
by the second-order upwind scheme. The pressure term is 
discretized by the “PRESTO!” scheme to capture the pres-
sure gradient at the boundary. And the couple algorithm 
is used to solve algebraic equations. Droplets are tracked 
within 100 s. In the cough airflow stage, the time step is 
set to 0.01 s to capture the cough jet airflow. After 10 s, the 
indoor flow hardly changes, and the time step is set to 0.1 s. 
The convergence criterion is that the energy relative residual 

(8)ui = ui + �

√

2k

3

(9)
dmp

dt
= −�dpDi,mSh

Mv

Mm

1n
1 − Xv,s

1 − Xv,m

reaches 10−7, the relative residuals of other variables reach 
10−4, and convergence is reached in 10 to 20 iterations for 
each time step.

Results and discussion

Model validation

The DPM model has been widely verified and has good per-
formance for predicting droplet movement and deposition 
(Lu et al. 1996). However, airflow has a significant impact 
on the movement of droplets. Before studying the lifetime 
of droplets expelled by coughing, we verify the accuracy 
of cough airflow phase. Agrawal and Bhardwaj established 
a mathematical model of the movement distance of cough 
cloud front in a closed space based on the experimental 
results (Agrawal and Bhardwaj 2020; Prasanna Simha and 
Mohan Rao 2020). In this validation study, transient CFD 
simulations are applied to two cases, namely, no face mask 
and surgical face mask. As the movement distance of cough 
cloud front is difficult to be monitored, we adopt the move-
ment distance of particles with a diameter of 1 μm to evalu-
ate the movement distance of cough cloud front. The parti-
cles are released in front of the mouth and follow the cough 
airflow closely. The result of movement distance of cough 
cloud front over time is shown in Fig. 6. At 5 s, the discrep-
ancies of simulation and mathematical model are 7.7% and 
24.8%, corresponding to cases with and without a face mask, 
respectively. The simulation results are slightly less than that 
of the mathematical model in the early stage of cough. And 
the discrepancy in the subsequent stages is relatively large 
for the case without a face mask, which may be caused by 
the difference in the initial velocity of the cough airflow 
between the simulation and the mathematical model. But the 

Fig. 6   Movement distance of cough cloud front position over time
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movement distance of cough cloud front is reasonable in the 
range of 1.5 to 3 m (Prasanna Simha and Mohan Rao 2020).

Moreover, the evaporation process of a droplet with a 
representative diameter of 10 μm in the enclosed chamber 
is compared with reported data (Morawska 2006). The tem-
perature of the chamber is 25 °C, and the relative humid-
ity is 0% and 90%, respectively. The simulation results are 
in good agreement with the literature (Fig. 7). The results 
also reveal that when the relative humidity of the chamber 
increases from 0 to 90%, the evaporation rate of 10 μm drop-
lets reduces by nearly 10 times. The accurate prediction of 
droplet evaporation at two extreme cases of relative humidity 
validates the robustness of the simulation model.

Cough dynamics

Although the cough airflow dissipates quickly, the trajecto-
ries of droplets are greatly affected (Chen and Zhao 2010). 
We investigate the characteristics of airflow and droplets 
during a cough event when an individual wears a surgi-
cal face mask. Figure 8a–c show the velocity magnitude, 
turbulent kinetic energy, and mass fraction of water vapor 
at 0.1 s after a cough, respectively. Two small eddies are 
found between the face mask and the face compared to the 
condition without a face mask. As face mask limits the 
axial momentum, the velocity of exhaled airflow attenuates 
faster in this direction. At the same time, the water vapor 
accumulates around the face mask, resulting in greater rela-
tive humidity. The average mass fraction of water vapor in 
a spherical region in front of the individual is 1.78%. By 
contrast, it is 1.2% for the case without a face mask. We 
further investigate the turbulent kinetic energy and find that 
the maximum turbulent kinetic energy is about the same 
whether wearing a face mask or not at 0.1 s. But due to the 
resistance of face mask, turbulent kinetic energy is hard to 
diffuse between the face mask and the face. The fluctuating 
velocity of the cough jet increases, which may give rise to 
the leakage of droplets. At 10 s, the cough airflow is com-
pletely dissipated, and we observe that the thermal plume 
region around the individual is similar whether wearing a 
face mask or not (Fig. 8d).

Qualitative comparison of droplet distribution with a face 
mask for a short period after cough is performed (Fig. 9). In the 
early period of cough, droplets with a diameter greater than the 
cutoff diameter of the face mask (4 μm) hit the surface of face 
mask and are stuck. Other droplets tend to follow the airflow 
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Fig. 7   Validation of evaporation model

Fig. 8   Flow characteristics in front of the individual. a The velocity magnitude at 0.1 s. b The turbulent kinetic energy at 0.1 s. c The mass frac-
tion of water vapor at 0.1 s. d The velocity component in the y-direction at 10 s
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due to the small relaxation time. As a result, most of the droplets 
with a diameter less than 4 μm are also stuck by a face mask, and 
a small part of the droplets pass through the face mask. At the 
later stage, some droplets leak through the gap between the face 
mask and the face. At 5 s, residual droplets are mainly distrib-
uted in front of the individual about 0.2 m since the face mask 
resists the momentum of exhaled airflow. However, without a 
face mask, most of the droplets are distributed in a zone about 
0.7 m in front of the individual and completely dominated by the 
main flow stream. In summary, with a face mask, the quantity of 
droplets is significantly reduced and the residual ones are closer 
to the individual after a short period of cough.

Quantitative analysis

A more detailed quantitative investigation on the droplet life-
times is carried out when an individual wears different types of 
face masks. Due to the influence of droplet evaporation, sedi-
mentation, and sticking on the face mask surface, the diameter 
distribution of droplets varies constantly in the room. The diam-
eter of droplets directly affects their transmission behavior. Sau-
ter mean diameter (SMD), also known as D32, is implemented to 
quantify the evolution of droplet size over time (Fig. 10):

(10)D32 =
∫ Dmax

Dmin
D3dN

∫ Dmax

Dmin
D2dN

where D is the droplet diameter, and N is the quantity of 
droplets with the diameter D.

We find that D32 is about 93.2 μm within the period of 
the first 0.5 s without a face mask. From 0.5 to 10 s, D32 
decreases from 128.9 to 3.6 μm due to the evaporation and 
sedimentation of droplets. From 10 to 100 s, it is almost 
stable around 3.3 μm. By wearing a face mask, D32 drops 
rapidly within 1 s because of the sticking of droplets on the 
face mask surface. Subsequently, the remaining droplets are 

Fig. 9   Droplets position at different moments with or without a face mask. a With mask at 0.5 s. b With mask at 1 s. c With mask at 5 s. d With-
out mask at 0.5 s. e Without mask at 1 s. f Without mask at 5 s
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exposed to a room by passing through the face mask or leak-
ing through the gap. And the D32 drops slightly to 1.3 μm, 
0.90 μm, and 0.45 μm at 100 s due to evaporation, corre-
sponding to wearing cotton face masks, surgical face masks, 
and N95 face masks, respectively. The difference in D32 is 
mainly attributed to the difference in the cutoff diameter of 
face masks. These small droplets may suspend for several 
hours or even not settle at all (Tellier 2006), which causes 
the indoor exposure risk.

The residual droplet mass can be used to characterize the 
virus concentration in the room. We further examine the 
ratio of residual droplet mass to inject droplet mass over 
time (Fig. 11). With a face mask, the percentage of residual 
droplet mass rises to about 0.1% with the continuous release 
of droplets and accumulation between the face and the face 
mask during the initial 0.5 s. After that, its value declines 
rapidly because the relatively large diameter droplets with a 
larger mass are stuck by the face mask. However, the maxi-
mum value of the percentage of residual droplet mass is 
about 89.3% without a face mask. At 10 s, the residual mass 
of droplets in the room accounts for 0.29% of the inject 
droplets mass without a face mask. By contrast, the value is 
only 8.7 × 10

−6 , 3.7 × 10
−8 , and 9.7 × 10

−9 corresponding 
to wearing cotton face masks, surgical face masks, and N95 
face masks, respectively. After that, the residual mass of 
droplets decreases gradually due to the influence of the ven-
tilation system and droplet sedimentation. In general, the use 
of face masks reduces the concentration of virus-carrying 
droplets in the room by 2 to 6 orders of magnitude. In other 
words, even a simple cotton face mask can effectively pre-
vent the transmission of the virus.

To evaluate the influence range of cough droplets, we intro-
duce a parameter, the maximum travel distance of 80% drop-
lets in a room, which we shall name metric distance for short. 

As shown in Fig. 12, the metric distance with a face mask 
is significantly shorter than that of not wearing a face mask 
in the first 10 s. This is mainly attributed to the resistance of 
the face mask to the exhaled airflow and the sticking of the 
high-momentum droplets. But for a long time, the remaining 
droplets join the main flow stream and are dominated by it. 
Therefore, the metric distance is similar with or without a face 
mask, which is approximately reaching about 2 m in 100 s. 
Despite wearing a face mask, there are still a small number 
of residual droplets traveling a long distance. The ultraviolet 
germicidal irradiation system can be considered to reduce this 
risk due to its ability to inactivate microorganisms (Hope and 
Harrington 2020).

Aerosol exposure risks

Through the above analysis, we realize that the main risk in a 
room is aerosol exposure even when a sick individual wears a 
face mask. Suppose there are 27 individuals sitting in a room, 
and there is only one infected individual. As shown in Fig. 13, 
the infected individual continuously releases aerosols with a 
diameter of 2 μm at several representative locations, which 
can represent the transmission behavior of the vast majority 
of aerosols under the condition of indoor environment. The 
fresh air is supplied through an air supply opening on the top 
right of the diagram. It is assumed that the infected individual 
wears a surgical face mask and the exhaled airflow velocity 
is 5 m/s. The particle source in cell method is used to convert 
the aerosol trajectory into a concentration field, as expressed 
in Eq. (11) (Zhang and Chen 2007):

(11)Cj =
M

∑m

i=1
dt(i, j)

Vj
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where Cj is the aerosol concentration in the cell, M is the 
mass flow through the cell, dt(i, j) is the residence time of 
the aerosol in the cell, and Vj is the mesh volume. A large 
number of studies have proved the reliability and suitability 
of this method (Wang and Chow 2011; Zhang and Li 2011; 
Yan et al. 2017).

A spherical area with a radius of 0.3 m in front of each 
individual is defined as the breathing zone (Yan et al. 2017). 
The aerosol concentration in the breathing zone is volume-
averaged and normalized. We consider 9 cases, in which the 
infected individual is located in A2, A5, A8, B2, B5, B8, C2, 

C5, and C8, respectively. The distributions of aerosol nor-
malization concentration are summarized in Fig. 14. Indi-
viduals in row B and the same row of the infected individual 
have an increased risk of infection when infected individual 
releases aerosols at different locations, while aerosols hardly 
transmit to the other half of the area due to the existence of 
a couple of large re-circulation. A couple of large re-circu-
lations have opposite directions and split the airflow into 
two areas. Moreover, when the infected individual is close 
to the air supply opening (i.e., column 5, column 8), other 
individuals in the same row are at higher risk of infection, 

Fig. 13   Schematic diagram of a ventilated room with 27 individuals

Fig. 14   Heatmap of the aerosol 
normalization concentration. 
The distributions of aerosol 
normalization concentration in 
breathing zones for the infected 
individual (source) at 2A, 5A, 
8A, 2B, 5B, 8B, 2C, 5C, and 
8C, respectively
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especially individuals on the left side of the infected indi-
vidual. However, when the infected individual is near the 
exhaust vent (column 2), aerosols are quickly taken away 
by the injected airflow, and individuals in other locations 
are relatively safe.

To stop the transmission of the virus, social distancing 
has been widely applied in most countries (Srivastava et al. 
2020). To evaluate the effectiveness of social distancing for 
indoor activities, the trend of normalized concentrations of 
aerosols in the above 9 cases over social distance is provided 
(Fig. 15). When the distance from an individual with a face 
mask is smaller than 1.5 m, a high concentration is observed. 
By contrast, when the distance is greater than 1.5 m, the 
concentration remains at a low level. Therefore, a minimal 
distance of 1.5 m is required to reduce the spread of the virus 
for indoor activities, such as lectures, conferences, and office 
work, together with wearing face masks.

Conclusions and implications

In this study, the transmission characteristics of droplets 
expelled by a single cough with and without a face mask 
in a ventilated room are studied by numerical simula-
tions. We consider a face mask as a porous medium and 
examine its effects on the airflow and droplets expelled 
by a relatively complex human body model. The simula-
tion results demonstrate that in the early stage of a cough 
event, the droplet travel distance is shorter with wearing a 
face mask, and the quantity of droplets in a room is much 
smaller compared to the condition without a face mask. 
A long time after cough, by wearing a face mask, even a 
cotton face mask, the D32 and residual mass of droplets 
in a room are much lower than that without a face mask. 

The concentration of virus-carrying droplets in the room 
decreases by 201, 43,786, and 307,060 times, correspond-
ing to wearing cotton face masks, surgical face masks, 
and N95 face masks, respectively. But the maximum travel 
distance of 80% droplets is similar in both cases. We fur-
ther investigate aerosol exposure risks in different areas 
of the room and find that although an infected individual 
faces forward, high concentrations of aerosols occur in the 
streamline through the infected individual, especially next 
to the individual within 1.5 m.

This study indicates that the use of face masks can 
avoid a large quantity of cough droplets to be released into 
the indoor environment, which greatly reduces the risk 
of infection for healthy people in the surrounding area. 
Therefore, it is strongly recommended that people wear 
face masks in public. However, it should be noted that 
droplets passing through face masks or leaking through 
the gap between the face mask and the face are still widely 
distributed in the room and difficult to settle due to the 
influence of indoor airflow. Considering that SARS-CoV-2 
may be transmitted through aerosols, these small droplets 
suspended indoors should not be ignored. The 1.5 m social 
distance should still be maintained despite wearing face 
masks, regardless of the positional relationship between 
individuals. Moreover, the ultraviolet germicidal irradia-
tion system can be considered to reduce indoor infection 
risks due to its ability to inactivate microorganisms. From 
the perspective of indoor airflow, no individuals should 
be sitting near the air supply opening to prevent cough 
droplets from spreading widely in the room. In addition, 
personalized ventilation and installing partitions to sepa-
rate individuals could be considered to reduce the risk of 
cross-infection. In comparison to other studies, this study 
has reported more detailed dynamic information related 
to the transmission of droplets during a cough with or 
without a face mask in a public ventilated room. Although 
this research is under ideal conditions, its findings help 
policy makers understand the protective mechanism of 
face masks to effectively execute corresponding measures 
for public health.

Finally, to simplify the simulation, this study ignores 
the secondary breakup of cough droplets and the rebound 
of droplets when contacting walls and individual sur-
faces. The influence of these factors needs to be explored 
in future work. In addition, it is also necessary to improve 
the understanding of the following aspects, including the 
mechanism of droplet penetration through face masks, 
the impact of the gap between the face mask and the face 
on the protective effect, and the quantitative relationship 
between droplet mass and virus concentration. Further 
research needs to be carried out to better tackle the chal-
lenge of SARS-CoV-2 transmission.

0 1 2 3 4 5 6 7 8

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Normalization aerosol concentration

 Fitted Curve

n
oitart

nec
n

oc
l

os
orea

n
oitazila

mr
o

N

Social distance (m)

Fig. 15   Aerosol normalization concentration over social distance

44950 Environmental Science and Pollution Research (2022) 29:44939–44953



1 3

Acknowledgements  The authors would like to thank Prof. Xi Zhuo 
Jiang for helpful discussions on this study.

Author contribution  Kun Liu, Ming Hao, Jian Li, Jiaxing Liu: wrote 
the manuscript; Jiaxing Liu: data collection; Jiaxing Liu, Yang Yang: 
data preparation and analysis; Xin Bian, Qi Mei, Ming Hao, Shulei 
Chen: revised the manuscript; Qi Mei, Xin Bian, Kun Liu, Shulei Chen: 
conceptualization.

Funding  This work has been jointly supported by Liaoning Revitaliza-
tion Talents Program (XLYC1807072) and the Fundamental Research 
Funds for the Central Universities of China (N2003010). Xin Bian 
received the starting grant from 100 talents program of Zhejiang Uni-
versity. Qi Mei appreciates Sino-German Center for Research Promo-
tion (SGC)’s rapid Response Funding for Bilateral Collaborative Pro-
posals Between China and Germany in COVID-19 Related Research 
(Project No. C-0065). 

Availability of data and material  The datasets used and/or analyzed 
during the current study are available from the corresponding author 
on reasonable request.

Declarations 

Ethics approval  Not available.

Consent to participate  Not available.

Consent for publication  Not available.

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Agrawal A, Bhardwaj R (2020) Reducing chances of COVID-19 
infection by a cough cloud in a closed space. Phys Fluids 
32:101704. https://​doi.​org/​10.​1063/5.​00291​86

Alon T, Kim M, Lagakos D, VanVuren M (2020) How should policy 
responses to the Covid-19 pandemic differ in the developing 
world? National Bureau of Economic Research. https://​doi.​org/​
10.​3386/​w26971

Awan U, Kraslawski A, Huiskonen J (2020) Progress from blue to 
the green world: multilevel governance for pollution prevention 
planning and sustainability. Handb Environ Mater Manag 1–22. 
https://​doi.​org/​10.​1007/​978-3-​319-​58538-3_​177-1

Awan U, Bhutta MKS, Huiskonen J, Kraslawski A (2021) Deploy-
ment of sustainable development framework in export 

manufacturing firms for the common good. World Sustain Ser 
133–150. https://​doi.​org/​10.​1007/​978-3-​030-​59975-1_9

Awan U (2020) Industrial ecology in support of sustainable develop-
ment goals. Responsible Consum Prod 370–380. https://​doi.​org/​
10.​1007/​978-3-​319-​95726-5_​18

Bandiera L, Pavar G, Pisetta G et al (2020) Face coverings and res-
piratory tract droplet dispersion: face covering effectiveness. R Soc 
Open Sci 7:201663. https://​doi.​org/​10.​1098/​rsos.​20166​3rsos​201663

Boache PJ (1994) Perspective: A method for uniform reporting of 
grid refinement studies. J Fluids Eng Trans ASME 116:405–
413. https://​doi.​org/​10.​1115/1.​29102​91

Brzeźniak Z, van Neerven JMAM, Veraar MC, Weis L (2008) Itô’s 
formula in UMD Banach spaces and regularity of solutions of 
the Zakai equation. J Differ Equ 245:30–58. https://​doi.​org/​10.​
1016/j.​jde.​2008.​03.​026

Chen Q (1995) Comparison of different k-ε models for indoor air 
flow computations. Numer Heat Transf Part B Fundam 28:353–
369. https://​doi.​org/​10.​1080/​10407​79950​89288​38

Chen C, Zhao B (2010) Some questions on dispersion of human 
exhaled droplets in ventilation room: answers from numerical 
investigation. Indoor Air 20:95–111. https://​doi.​org/​10.​1111/j.​
1600-​0668.​2009.​00626.x

Christie A, Brooks JT, Hicks LA, et al (2021) Guidance for imple-
menting COVID-19 prevention strategies in the context of varying 
community transmission levels and vaccination coverage. MMWR 
Recomm Reports 70:1044–1047. https://​doi.​org/​10.​15585/​mmwr.​
mm703​0e2

Dbouk T, Drikakis D (2020) On respiratory droplets and face masks. 
Phys Fluids 32:63303. https://​doi.​org/​10.​1063/5.​00150​44

Desai AN, Patel P (2020) Stopping the spread of COVID-19. JAMA 
- J Am Med Assoc 323:1516. https://​doi.​org/​10.​1001/​jama.​2020.​
4269

Dhama K, Sharun K, Tiwari R et al (2020) COVID-19, an emerging 
coronavirus infection: advances and prospects in designing and 
developing vaccines, immunotherapeutics, and therapeutics. Hum 
Vaccines Immunother 16:1232–1238. https://​doi.​org/​10.​1080/​
21645​515.​2020.​17352​27

Duguid JP (1946) The size and the duration of air-carriage of respira-
tory droplets and droplet-nuclei. J Hyg (lond) 44:471–479. https://​
doi.​org/​10.​1017/​S0022​17240​00192​88

Eikenberry SE, Mancuso M, Iboi E et al (2020) To mask or not to 
mask: modeling the potential for face mask use by the general 
public to curtail the COVID-19 pandemic. Infect Dis Model 
5:293–308. https://​doi.​org/​10.​1016/j.​idm.​2020.​04.​001

Farinholt T, Doddapaneni H, Qin X, et al (2021) Transmission event 
of SARS-CoV-2 delta variant reveals multiple vaccine break-
through infections. BMC Med 19: https://​doi.​org/​10.​1186/​
s12916-​021-​02103-4

Feng Y, Marchal T, Sperry T, Yi H (2020) Influence of wind and rela-
tive humidity on the social distancing effectiveness to prevent 
COVID-19 airborne transmission: a numerical study. J Aerosol 
Sci 147:105585. https://​doi.​org/​10.​1016/j.​jaero​sci.​2020.​105585

Golkarfard V, King AJC, Abishek S et al (2019) Optimisation of wet 
pressure drop in nonwoven fibrous, knitted, and open-cell foam 
filters. Sep Purif Technol 213:45–55. https://​doi.​org/​10.​1016/j.​
seppur.​2018.​12.​010

Gupta JK, Lin CH, Chen Q (2009) Flow dynamics and characteriza-
tion of a cough. Indoor Air 19:517–525. https://​doi.​org/​10.​1111/j.​
1600-​0668.​2009.​00619.x

Hope J, Harrington L (2020) Use of ultraviolet germicidal irradiation 
(UVGI) for COVID-19 decontamination purposes. Defense Tech-
nical Information Center. https://​apps.​dtic.​mil/​sti/​citat​ions/​AD111​
0390. Accessed 26 June 2021

Ishii K, Ohno Y, Oikawa M, Onishi N (2021) Relationship between 
human exhalation diffusion and posture in face-to-face scenario 

44951Environmental Science and Pollution Research (2022) 29:44939–44953

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0029186
https://doi.org/10.3386/w26971
https://doi.org/10.3386/w26971
https://doi.org/10.1007/978-3-319-58538-3_177-1
https://doi.org/10.1007/978-3-030-59975-1_9
https://doi.org/10.1007/978-3-319-95726-5_18
https://doi.org/10.1007/978-3-319-95726-5_18
https://doi.org/10.1098/rsos.201663rsos201663
https://doi.org/10.1115/1.2910291
https://doi.org/10.1016/j.jde.2008.03.026
https://doi.org/10.1016/j.jde.2008.03.026
https://doi.org/10.1080/10407799508928838
https://doi.org/10.1111/j.1600-0668.2009.00626.x
https://doi.org/10.1111/j.1600-0668.2009.00626.x
https://doi.org/10.15585/mmwr.mm7030e2
https://doi.org/10.15585/mmwr.mm7030e2
https://doi.org/10.1063/5.0015044
https://doi.org/10.1001/jama.2020.4269
https://doi.org/10.1001/jama.2020.4269
https://doi.org/10.1080/21645515.2020.1735227
https://doi.org/10.1080/21645515.2020.1735227
https://doi.org/10.1017/S0022172400019288
https://doi.org/10.1017/S0022172400019288
https://doi.org/10.1016/j.idm.2020.04.001
https://doi.org/10.1186/s12916-021-02103-4
https://doi.org/10.1186/s12916-021-02103-4
https://doi.org/10.1016/j.jaerosci.2020.105585
https://doi.org/10.1016/j.seppur.2018.12.010
https://doi.org/10.1016/j.seppur.2018.12.010
https://doi.org/10.1111/j.1600-0668.2009.00619.x
https://doi.org/10.1111/j.1600-0668.2009.00619.x
https://apps.dtic.mil/sti/citations/AD1110390
https://apps.dtic.mil/sti/citations/AD1110390


1 3

with utterance. Phys Fluids 33:27101. https://​doi.​org/​10.​1063/5.​
00383​80

Jensen PA, Lambert LA, Iademarco MF, Ridzon R (2005) Guidelines 
for preventing the transmission of Mycobacterium tuberculosis 
in health-care settings, 2005. MMWR Recomm Rep 54:1–141. 
https://​doi.​org/​10.​1128/​97815​55815​684.​app5

Kanwal N, Awan U (2021) Role of design thinking and biomimicry 
in leveraging sustainable innovation. 956–967. https://​doi.​org/​10.​
1007/​978-3-​319-​95873-6_​86

Khosronejad A, Kang S, Wermelinger F et al (2021) A computational 
study of expiratory particle transport and vortex dynamics during 
breathing with and without face masks. Phys Fluids 33:066605. 
https://​doi.​org/​10.​1063/5.​00542​04

Kumar V, Nallamothu S, Shrivastava S, et al (2020) On the utility of 
cloth facemasks for controlling ejecta during respiratory events. 
arXiv Prepr arXiv200503444

Kupferschmidt K, Wadman M (2021) Delta variant triggers new phase 
in the pandemic. Science (80-. ). 372:1375–1376. https://​doi.​org/​
10.​1126/​scien​ce.​372.​6549.​1375

Kwon SB, Park J, Jang J et al (2012) Study on the initial velocity 
distribution of exhaled air from coughing and speaking. Chem-
osphere 87:1260–1264. https://​doi.​org/​10.​1016/j.​chemo​sphere.​
2012.​01.​032

Lee K, Oh J, Kim D et al (2021) Effects of the filter microstructure 
and ambient air condition on the aerodynamic dispersion of 
sneezing droplets: a multiscale and multiphysics simulation 
study. Phys Fluids 33:63317. https://​doi.​org/​10.​1063/5.​00534​49

Leung NHL, Chu DKW, Shiu EYC et al (2020) Respiratory virus 
shedding in exhaled breath and efficacy of face masks. Nat Med 
26:676–680. https://​doi.​org/​10.​1038/​s41591-​020-​0843-2

Li X, Shang Y, Yan Y et al (2018) Modelling of evaporation of 
cough droplets in inhomogeneous humidity fields using the 
multi-component Eulerian-Lagrangian approach. Build Envi-
ron 128:68–76. https://​doi.​org/​10.​1016/j.​build​env.​2017.​11.​025

Liao M, Liu H, Wang X et al (2021) A technical review of face mask 
wearing in preventing respiratory COVID-19 transmission. Curr 
Opin Colloid Interface Sci 52:101417. https://​doi.​org/​10.​1016/j.​
cocis.​2021.​101417

Lopez Bernal J, Andrews N, Gower C et al (2021) Effectiveness of 
Covid-19 vaccines against the B.1.617.2 (Delta) Variant. N Engl 
J Med 385:585–594. https://​doi.​org/​10.​1056/​nejmo​a2108​891

Lu W, Howarth AT, Adam N, Riffati SB (1996) Modelling and meas-
urement of airflow and aerosol particle distribution in a venti-
lated two-zone chamber. Build Environ 31:417–423. https://​doi.​
org/​10.​1016/​0360-​1323(96)​00019-4

Mahase E (2021) Delta variant: What is happening with transmission, 
hospital admissions, and restrictions? BMJ 2021(373):n1513. 
https://​doi.​org/​10.​1136/​bmj.​n1513

Mirikar D, Palanivel S, Arumuru V (2021) Droplet fate, efficacy 
of face mask, and transmission of virus-laden droplets inside 
a conference room. Phys Fluids 33:65108. https://​doi.​org/​10.​
1063/5.​00541​10

Morawska L (2006) Droplet fate in indoor environments, or can we 
prevent the spread of infection? Indoor Air 16:335–347. https://​
doi.​org/​10.​1111/j.​1600-​0668.​2006.​00432.x

Nicas M, Nazaroff WW, Hubbard A (2005) Toward understanding the 
risk of secondary airborne infection: emission of respirable patho-
gens. J Occup Environ Hyg 2:143–154. https://​doi.​org/​10.​1080/​
15459​62059​09184​66

Nishimura H, Sakata S, Kaga A (2013) A new methodology for study-
ing dynamics of aerosol particles in sneeze and cough using a 
digital high-vision, high-speed video system and vector analyses. 
PLoS ONE 8:e80244. https://​doi.​org/​10.​1371/​journ​al.​pone.​00802​
44

O’Dowd A (2021) Covid-19: Cases of delta variant rise by 79%, but 
rate of growth slows. BMJ 373:n1596. https://​doi.​org/​10.​1136/​
bmj.​n1596

Pendar MR, Páscoa JC (2020) Numerical modeling of the distribution 
of virus carrying saliva droplets during sneeze and cough. Phys 
Fluids 32:83305. https://​doi.​org/​10.​1063/5.​00184​32

Posner JD, Buchanan CR, Dunn-Rankin D (2003) Measurement and 
prediction of indoor air flow in a model room. Energy Build 
35:515–526. https://​doi.​org/​10.​1016/​S0378-​7788(02)​00163-9

Prasanna Simha P, Mohan Rao PS (2020) Universal trends in human 
cough airflows at large distances. Phys Fluids 32:81905. https://​
doi.​org/​10.​1063/5.​00216​66

Rosin P, Rammler E (1933) Laws governing the fineness of powdered 
coal, J. Inst. Fuel, I: 29. J Inst Fuel 7:29–36

Sabat I, Neuman-Böhme S, Varghese NE et al (2020) United but 
divided: policy responses and people’s perceptions in the EU dur-
ing the COVID-19 outbreak. Health Policy (new York) 124:909–
918. https://​doi.​org/​10.​1016/j.​healt​hpol.​2020.​06.​009

Saldaeva E (2009) Through thickness air permeability and thermal 
conductivity analysis for textile materials. Dissertation, University 
of Nottingham

Selvaranjan K, Navaratnam S, Rajeev P, Ravintherakumaran N (2021) 
Environmental challenges induced by extensive use of face masks 
during COVID-19: a review and potential solutions. Environ 
Challenges 3:100039. https://​doi.​org/​10.​1016/j.​envc.​2021.​100039

Shakya KM, Noyes A, Kallin R, Peltier RE (2017) Evaluating the effi-
cacy of cloth facemasks in reducing particulate matter exposure. 
J Expo Sci Environ Epidemiol 27:352–357. https://​doi.​org/​10.​
1038/​jes.​2016.​42

Srivastava KC, Shrivastava D, Chhabra KG, et al (2020) Facade of 
media and social media during covid-19: a review. Int J Res Pharm 
Sci 11:142–149. https://​doi.​org/​10.​26452/​ijrps.​v11iS​PL1.​2288

Tao Y, Inthavong K, Tu JY (2017) Dynamic meshing modelling for 
particle resuspension caused by swinging manikin motion. Build 
Environ 123:529–542. https://​doi.​org/​10.​1016/j.​build​env.​2017.​
07.​026

Tellier R (2006) Review of aerosol transmission of influenza A virus. 
Emerg Infect Dis 12(11):1657–1662. https://​doi.​org/​10.​3201/​
eid12​11.​060426

Theodosiu C, Laporthe S, Rusouaen G, Virgone J (2000) Experimental 
and numerical prediction of indoor air quality. In: Proceedings of 
the 7th International Conference on Air Distribution in Rooms, 
Roomvent 2000. 95–100

To KKW, Tsang OTY, Leung WS et al (2020) Temporal profiles of 
viral load in posterior oropharyngeal saliva samples and serum 
antibody responses during infection by SARS-CoV-2: an obser-
vational cohort study. Lancet Infect Dis 20:565–574. https://​doi.​
org/​10.​1016/​S1473-​3099(20)​30196-1

Ueki H, Furusawa Y, Iwatsuki-Horimoto K, et al (2020) Effective-
ness of face masks in preventing airborne transmission of SARS-
CoV-2. mSphere 5:e00637–20. https://​doi.​org/​10.​1128/​msphe​re.​
00637-​20

van Doremalen N, Bushmaker T, Morris DH et al (2020) Aerosol 
and surface stability of SARS-CoV-2 as compared with SARS-
CoV-1. N Engl J Med 382:1564–1567. https://​doi.​org/​10.​1056/​
nejmc​20049​73

Verma S, Dhanak M, Frankenfield J (2020) Visualizing the effective-
ness of face masks in obstructing respiratory jets. Phys Fluids 
32:61708. https://​doi.​org/​10.​1063/5.​00160​18

Wang J, Chow TT (2011) Numerical investigation of influence of 
human walking on dispersion and deposition of expiratory drop-
lets in airborne infection isolation room. Build Environ 46:1993–
2002. https://​doi.​org/​10.​1016/j.​build​env.​2011.​04.​008

Xi J, Si XA, Nagarajan R (2020) Effects of mask-wearing on the inhal-
ability and deposition of airborne SARS-CoV-2 aerosols in human 

44952 Environmental Science and Pollution Research (2022) 29:44939–44953

https://doi.org/10.1063/5.0038380
https://doi.org/10.1063/5.0038380
https://doi.org/10.1128/9781555815684.app5
https://doi.org/10.1007/978-3-319-95873-6_86
https://doi.org/10.1007/978-3-319-95873-6_86
https://doi.org/10.1063/5.0054204
https://doi.org/10.1126/science.372.6549.1375
https://doi.org/10.1126/science.372.6549.1375
https://doi.org/10.1016/j.chemosphere.2012.01.032
https://doi.org/10.1016/j.chemosphere.2012.01.032
https://doi.org/10.1063/5.0053449
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1016/j.buildenv.2017.11.025
https://doi.org/10.1016/j.cocis.2021.101417
https://doi.org/10.1016/j.cocis.2021.101417
https://doi.org/10.1056/nejmoa2108891
https://doi.org/10.1016/0360-1323(96)00019-4
https://doi.org/10.1016/0360-1323(96)00019-4
https://doi.org/10.1136/bmj.n1513
https://doi.org/10.1063/5.0054110
https://doi.org/10.1063/5.0054110
https://doi.org/10.1111/j.1600-0668.2006.00432.x
https://doi.org/10.1111/j.1600-0668.2006.00432.x
https://doi.org/10.1080/15459620590918466
https://doi.org/10.1080/15459620590918466
https://doi.org/10.1371/journal.pone.0080244
https://doi.org/10.1371/journal.pone.0080244
https://doi.org/10.1136/bmj.n1596
https://doi.org/10.1136/bmj.n1596
https://doi.org/10.1063/5.0018432
https://doi.org/10.1016/S0378-7788(02)00163-9
https://doi.org/10.1063/5.0021666
https://doi.org/10.1063/5.0021666
https://doi.org/10.1016/j.healthpol.2020.06.009
https://doi.org/10.1016/j.envc.2021.100039
https://doi.org/10.1038/jes.2016.42
https://doi.org/10.1038/jes.2016.42
https://doi.org/10.26452/ijrps.v11iSPL1.2288
https://doi.org/10.1016/j.buildenv.2017.07.026
https://doi.org/10.1016/j.buildenv.2017.07.026
https://doi.org/10.3201/eid1211.060426
https://doi.org/10.3201/eid1211.060426
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1016/S1473-3099(20)30196-1
https://doi.org/10.1128/msphere.00637-20
https://doi.org/10.1128/msphere.00637-20
https://doi.org/10.1056/nejmc2004973
https://doi.org/10.1056/nejmc2004973
https://doi.org/10.1063/5.0016018
https://doi.org/10.1016/j.buildenv.2011.04.008


1 3

upper airway. Phys Fluids 32:123312. https://​doi.​org/​10.​1063/5.​
00345​80

Yan Y, Li X, Shang Y, Tu J (2017) Evaluation of airborne disease 
infection risks in an airliner cabin using the Lagrangian-based 
Wells-Riley approach. Build Environ 121:79–92. https://​doi.​org/​
10.​1016/j.​build​env.​2017.​05.​013

Yan Y, Bayham J, Richter A, Fenichel EP (2021) Risk compensation 
and face mask mandates during the COVID-19 pandemic. Sci Rep 
11:1–11. https://​doi.​org/​10.​1038/​s41598-​021-​82574-w

Zhang Z, Chen Q (2007) Comparison of the Eulerian and Lagran-
gian methods for predicting particle transport in enclosed spaces. 
Atmos Environ 41:5236–5248. https://​doi.​org/​10.​1016/j.​atmos​
env.​2006.​05.​086

Zhang X, Li H, Shen S, Cai M (2016) Investigation of the flow-field in 
the upper respiratory system when wearing N95 filtering facepiece 
respirator. J Occup Environ Hyg 13:372–382. https://​doi.​org/​10.​
1080/​15459​624.​2015.​11166​97

Zhang L, Li Y (2011) Dispersion of coughing droplets in a high-speed 
rail cabin. 12th Int Conf Indoor Air Qual Clim 2011 2:1259–1260

Zhu SW, Kato S, Yang JH (2006) Study on transport characteristics 
of saliva droplets produced by coughing in a calm indoor envi-
ronment. Build Environ 41:1691–1702. https://​doi.​org/​10.​1016/j.​
build​env.​2005.​06.​024

Zhu J, Ji P, Pang J et al (2020) Clinical characteristics of 3062 COVID-
19 patients: a meta-analysis. J Med Virol 92:1902–1914. https://​
doi.​org/​10.​1002/​jmv.​25884

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

44953Environmental Science and Pollution Research (2022) 29:44939–44953

https://doi.org/10.1063/5.0034580
https://doi.org/10.1063/5.0034580
https://doi.org/10.1016/j.buildenv.2017.05.013
https://doi.org/10.1016/j.buildenv.2017.05.013
https://doi.org/10.1038/s41598-021-82574-w
https://doi.org/10.1016/j.atmosenv.2006.05.086
https://doi.org/10.1016/j.atmosenv.2006.05.086
https://doi.org/10.1080/15459624.2015.1116697
https://doi.org/10.1080/15459624.2015.1116697
https://doi.org/10.1016/j.buildenv.2005.06.024
https://doi.org/10.1016/j.buildenv.2005.06.024
https://doi.org/10.1002/jmv.25884
https://doi.org/10.1002/jmv.25884

	Numerical evaluation of face masks for prevention of COVID-19 airborne transmission
	Abstract
	Introduction
	Methods
	Airflow model
	Cough airflow and droplets
	Pressure drop across face masks
	Droplet transport and evaporation
	Boundary conditions and numerical setup

	Results and discussion
	Model validation
	Cough dynamics
	Quantitative analysis
	Aerosol exposure risks

	Conclusions and implications
	Acknowledgements 
	References


