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ABSTRACT

Even though face masks are well accepted as tools useful in reducing COVID-19 transmissions, their effectiveness in reducing viral loads in
the respiratory tract is unclear. Wearing a mask will significantly alter the airflow and particle dynamics near the face, which can change the
inhalability of ambient particles. The objective of this study is to investigate the effects of wearing a surgical mask on inspiratory airflow and
dosimetry of airborne, virus-laden aerosols on the face and in the respiratory tract. A computational model was developed that comprised a
pleated surgical mask, a face model, and an image-based upper airway geometry. The viral load in the nose was particularly examined with
and without a mask. Results show that when breathing without a mask, air enters the mouth and nose through specific paths. When wearing a
mask, however, air enters the mouth and nose through the entire surface of the mask at lower speeds, which favors the inhalation of ambient
aerosols into the nose. With a 65% filtration efficiency (FE) typical for a three-layer surgical mask, wearing a mask reduces dosimetry for
all micrometer particles except those of size 1 μm–3 μm, for which equivalent dosimetry with and without a mask in the upper airway was
predicted. Wearing a mask reduces particle penetration into the lungs, regardless of the FE of the mask. The results also show that maskwearing protects the upper airway (particularly the nose and larynx) best from particles larger than 10 μm while protecting the lungs best
from particles smaller than 10 μm.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0034580., s

I. INTRODUCTION
Infectious respiratory diseases spread when a healthy person
comes in contact with virus-laden droplets from someone who
has been infected, often through a sneeze or cough.1,2 Wearing a
mask has been proven to be an effective method of protection in
this pandemic, which both reduces the exhalation of virus-laden
aerosols from a COVID patient and minimizes the inhalation of airborne virus-laden aerosols by the subjects surrounding the patient.3,4
Masks are available with different filtration efficiencies and levels of
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breathability. The filtration media are often made of micrometer or
nano-sized fibers, arranged as a matrix or network, to achieve the
desired filtration efficiency (FE).5 A mask with a higher FE often has
a higher breathing resistance, i.e., worse breathability.
Physiological studies show that the SARS-CoV-2 virus that
causes COVID-19 first deposits in the human upper airway to cause
infection of the nasal goblet secretory cells and then spreads to the
central and inner parts of the lungs.6,7 The final target is the alveoli, the smallest respiration units that has a diameter of 0.2 mm–
0.4 mm.8,9 The virus will attack the type-II cells in the alveoli and
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interfere with their capacity to secrete the surfactants needed to
maintain normal breathing.6 With an inadequate lining of surfactants on the alveolar wall, water surface tension can increase the
breathing effort by two to four times to draw in the same volume
of fresh air (or oxygen).10 To make things worse, the coincidence
of hypertension of the cardiovascular system can fill the alveolar
airspace with fluids, making breathing and oxygen exchange even
harder.11 Usually under this condition, mechanical ventilation to the
patients is needed.
There exists a threshold number of SARS-CoV-2 viruses (i.e.,
the infectious dose in both concentration and time) that are necessary to cause the illness.12,13 It is currently unclear what the
exact infectious dose is for COVID-19, but it is estimated to be
1000 viruses, by analogy to influenza and SARS.14–17 Therefore,
the knowledge of the local deposition rates of the virus-laden particles on the epithelial cells (i.e., viral loads) is crucial in determining the risk of COVID infection. Due to face covering, both
inhaled and exhaled airflow can be altered significantly. Simha and
Rao visualized the expiratory flows of coughs and quantified the
propagation distances with and without a mask using a Schlieren
imaging system. It was demonstrated that the cough flow fields
were governed by the propagation of viscous vortex rings. Verma
et al.19,20 used a laser-illuminating system to visualize the effectiveness of face masks and face shields in obstructing respiratory jets.
Their results confirmed that a well-fitted mask can significantly curtail the speed and range of expelled droplets while a face shield
still allowed droplets to move around and spread out over a large
area.19,20 However, how the presence of a mask affects the inhalation dosimetry of ambient aerosols in the upper airway is not clear,
even though we expect certain degrees of difference from that without wearing a mask. In contrast to the recent resurgence of interest
in using Schlieren and (particle image velocimetry) systems to visualize expiratory flows,18–22 reports of inspiratory flow and particle
dynamics with face-covering are scarce, with the exception of a very
recent study by Dbouk and Drikakis,23 who elegantly simulated the
effectiveness of face-covering on reducing airborne viral infections.
This lack of investigation into inhalation dosimetry with masks can
be largely attributed to the inaccessibility of measurement within
the mask and in the human respiration tract. However, considering the large variations in inspiratory airflows caused by wearing
a mask, it is hypothesized that the inhalability of airborne particles into the nose/mouth, as well as their subsequent deposition
within the upper respiratory tract and lungs, can also be significantly
different.
The objective of this study is to numerically characterize the
difference in the deposition distribution of ambient aerosols in
the upper airway with and without a mask. The specific aims
include:
(1)
(2)

(3)

developing a computational model that includes a mask, face,
and upper airway with a perfect mask–face seal,
studying the inspiratory airflows and particle motions near
the face when wearing a surgical mask in comparison to those
without a mask,
characterizing the effect of particle size, inhalation flow rate,
and mask resistance matrix on the dosimetry of ambient
aerosols with and without a mask, and
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quantifying the fraction of airborne particles deposited on the
face, retained in the upper airway, and entering the lungs;
regional deposition in the nose and larynx will be particularly
examined.

The results of this study will provide insights into the airflows
and particle dynamics with a mask on and the factors involved in
determining the protection efficacy of face-covering, which is an
area remaining largely unexplored but will be of high interest to
patients, care providers, PPE designers, and public policymakers.
II. METHODS
A. Mask–face-airway model
The computational model consisted of three parts: a realistic model of a disposable three-layer surgical mask, a face model
with spherical ambient airspace, and an upper airway model with
the nose, mouth, pharynx, and larynx [Fig. 1(a)]. The upper airway
model was connected to the face seamlessly by fusing the nostrils and
mouth opening to the corresponding regions of the face [Fig. 1(b)].
The mask model was then appended to the face by covering the
mouth and nose and was fit tightly to the face. The mask–face interface is shown in Fig. 1(b) as a close-loop strip (light blue), within
which the face will be covered by the mask [yellow color, Fig. 1(b)],
and the rest of the face is exposed to the environment.
Individually, the upper airway geometry was a combination of
a nasal cavity, an oral cavity, and a pharyngolaryngeal region, which
were developed separately in our previous studies. In brief, the nose
model was reconstructed from MRI scans of a 53-year-old subject
with no rhinology disorders.24,25 The oral cavity was modified from
the mouth model developed by Xi and Longest,26 which was further based on an oral cast reconstructed from a dental impression by
Cheng et al.27 The surgical mask model was specifically developed
for this study using open-source 3D rendering software Blender
(Blender Foundation, Amsterdam, the Netherlands) based on photos of a subject wearing a disposable three-layer surgical mask from
different angles. Morphological details, such as the three folds (or
pleats) on the mask, were retained. To avoid the compounding effect
of mask–face sealing effects, a perfect mask–face fit was assumed in
this study. In doing so, the mask model as a volume was extended
backward to intersect with the human face. By deleting the parts of
the mask that fall behind the face, a seamless mask–face seal was
achieved [Fig. 1(b)].
B. Flow-particle modeling
There are three fluid bodies: ambient air (fluid body 1), mask
(fluid body 2), and airway (fluid body 3), as shown in Fig. 1(c).
Porous media were adopted to simulate the resistance of the mask,
whose properties are described in detail in Sec. II C. Airflow was
assumed to be incompressible (ρ = 1.204 kg/m3 ) and isothermal
(20 ○ C) with a dynamic viscosity of 1.825 × 10−5 kg/m s. To simulate
inspiratory airflows, zero gauge pressure was specified at the far-field
boundary, and a negative flow rate was specified at the trachea opening [Fig. 1(c)]. The airflow was drawn in by the negative pressures in
the airway from the ambient airspace, through the mask, and into
the oronasal openings, with a pressure drop across the mask and
modified airflows around the mask. Considering the multiple flow
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FIG. 1. Mask–face-airway model: (a) model components: upper airway (nose, mouth, pharynx, and larynx), face with nostrils and mouth opening, and mask with inner and
out layers; (b) the combined model with the upper airway being connected to the face and the mask fitted on the face with no leakage; and (c) the computational domain
with spherical ambient airspace and a spherical aerosol profile. There are three fluid bodies: ambient air (fluid body 1), mask (fluid body 2 as porous media), and airway (fluid
body 3). The face was divided into (1) face exposed and (2) face covered [yellow color in (b)], delineated by the mask–face interface (seal) and the nasal strip.

regimes that may exist in the ambient airspace and respiratory tract,
the low Reynolds number (LRN) k-ω turbulence model was used to
simulate the inspiratory airflows based on its ability to accurately
predict pressure, velocity, and shear for transitional and turbulent
flows.28 Moreover, it has been demonstrated to provide an accurate solution for laminar flow as the turbulent viscosity approaches
zero.29 For more details of the LRN k-ω turbulence model, refer to
the work of Wilcox.29
To simulate the inhalation dosimetry of airborne aerosols, a
spherical profile of monodisperse particles was generated that surrounded the face with an approximate distance of 0.10 m. The
particle motions were tracked using a discrete phase Lagrangian
tracking algorithm enhanced with user-defined functions (UDFs)
for the near-wall treatment of flow and particle velocities.30,31 Physical properties of the particles include a spherical shape and a particle
density ρp of 1.0 g/cm3 . The transport equations are expressed below:
f
dvi
Dui
dxi
=α
+ (ui − vi ) + gi (1 − α); and
= vi (t),
dt
Dt
τp
dt

(1)

Here, vi and ui are particle and flow velocities, respectively, α is the
flow-particle density ratio, f is the drag factor, and τ p = ρp dp 2 /18μ is
the particle relaxation time (i.e., the time for a particle to respond
to local flow changes). One-way coupling (from flow to the particle) was assumed for ambient aerosols ranging from 1 μm to
20 μm with main flow tracking. This UDF-enhanced Lagrangian
particle-tracking model had shown high fidelity in matching in vitro
dosimetry of both nanometer32,33 and micrometer particles.34,35
C. Mask material properties
A mask is characterized by its filtration efficiency (FE) and
permeability (or breathability). It is noted that even though a
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high-filtration mask often has a high flow resistance, these two
parameters can be independent of each other. A surgical mask with
an experimentally measured FE (65%) and porosity (10%) was used
in this study,36 where the FE was measured using TSI 8130 (TSI
Incorporated) and the porosity was quantified using SEM images
of the mask sample. A mask FE of 0%, where all particles passed
through the mask with no deposition, was also considered to represent the worst scenario of wearing a mask. Considering a 0% FE
mask also allows the study of the impact of the mask-altered flow
field alone on particle inhalability. It is noted that particle deposition in the mask cannot be directly simulated in ANSYS Fluent
(Canonsburg, PA); rather, all particles that come into contact with
the mask will pass through it. Post-processing was needed to calculate the deposition fraction (DF) on the face separately, as well as in
the upper airway and lungs. For a 65% FE mask, the facial DF was
calculated by adding two groups of particles: all particles depositing on the uncovered face [gray, Fig. 1(b)] and 35% of the particles
depositing on the mask-covered face [yellow, Fig. 1(b)]. For the DFs
in the upper airway and lungs, only 35% of the deposited particles
were counted since 65% were filtered out by the mask.
The viscous resistance of the mask in the normal direction
was calculated from Darcy’s law using the flow rate (85 l/min) and
pressure (∼96 Pa) measured by TSI 813036,37 as follows:
Viscous Resistance =

ΔP
.
(Q/A)μL

(2)

The viscous resistance was calculated as a bulk value of
8.864 × 109 1/m2 based on a sampling area A = 55 cm2 , a dynamic
viscosity μ = 1.825 × 10−5 kg/m s, and an overall mask thickness L
= 2.3 mm without differentiating the three layers that comprise the
surgical mask [Fig. 1(b)]. It is noted that the resistance of the mask
can be different in lateral directions. To investigate the resistance
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FIG. 2. Computational mesh: (a) multi-scale, multi-domain mesh, with coarse mesh in the ambient airspace, fine mesh on the face and mask, and ultrafine mesh in the airway
and (b) body-fitted mesh was used in the near-wall region of the airway, with four layers of prismatic cells and a height of 0.03 mm in the first layer, as displayed in the
oropharyngeal carina and the glottis.

matrix effects on airflow and particle dynamics near the face and
inside the airways, five resistance matrices were considered, with the
lateral viscous resistance many times that in the normal direction.
These include 1-1-1, 3-1-3, 6-1-6, 10-1-10, and 10-10-10, with “1”
representing the normal resistance (8.864 × 109 1/m2 ), “3” representing three times that of the normal resistance (2.659 × 1010 1/m2 ),
and so on. The mask resistance matrix 1-3-1 was used as the control
case and was examined for all particle sizes (1 μm–20 μm) and four
flow rates (15 l/min, 30 l/min, 45 l/min, and 60 l/min); however, for
the other four resistance matrices, only 30 l/min was considered. For
all simulations with a mask, a case without a mask was simulated to
understand the effects of mask-wearing in different scenarios.
D. Numerical methods
ANSYS Fluent (Canonsburg, PA) was used to simulate inspiratory airflows and particle motions. User-defined functions were
implemented to specify the airborne aerosol distribution, calculate
the deposition fractions (DFs), and plot the spatial distribution of
deposited particles.38 The deposition enhancement factor (DEF),
which represents the ratio of local DF over the average DF, was used
to visualize the intensity of deposition at a cellular level.39 Considering the large size differences among the ambient airspace, mask,
and airway, a multi-scale, multi-domain mesh was generated using
ANSYS ICEM CFD (Ansys, Inc.) [Fig. 2(a)]. To capture the nearwall velocity variation, a four-layer body-fitted prismatic mesh was
specified near the face and in the airway, with a height of 0.03 mm in
the first layer [Fig. 2(b)]. A grid-independent study was conducted
using six mesh densities, i.e., 1.13 × 106 , 1.87 × 106 , 2.98 × 106 , 3.97
× 106 , 4.93 × 106 , and 6.24 × 106 . The grid-independent results were
achieved at 4.93 × 106 , where the variation in the nasal deposition
fraction was less than 1% relative to that at 6.24 × 106 . Considering
that quantifying the particle deposition fraction is inherently a statistical process, a sufficient number of sample particles are needed
to attain statistically converged (i.e., particle-count independent)
deposition results. In doing so, the number of released particles was
increased from 10 000 to 100 000, with an increment of 5000 particles. The particle-count independent results were achieved at 60 000
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particles when the variation in the nasal deposition was less than
0.5% between two consecutive tests.
III. RESULTS
A. Airflow and particle dynamics with and without
a mask
1. Airflow
Wearing a mask can notably distort the inhalation aerodynamics in comparison to that without a mask. Figure 3 shows the comparison between inspiratory airflow and pressure fields at 30 l/min
with and without a mask in terms of pressure distributions, velocity
contours, streamlines, and vector fields near the oronasal openings.
As expected, wearing a mask caused an abrupt pressure drop of 22 Pa
across the mask, which had a resistance matrix of 3a-a-3a, where
a = 8.864 × 109 1/m2 . As a result, the total pressure drop between
the ambient and trachea was about 20 Pa higher with a mask than
without it (leftmost panels, Fig. 3). In addition, flow streamlines
across the mask were notably refracted (i.e., turning aside from their
straight paths with various angles), especially in the vicinity of the
mask pleats (or folds), as shown in the second panel of Fig. 3(a). By
comparison, all streamlines entering the airway without a mask are
smooth. These flow distortions from a mask were further illustrated
by the velocity contour in the mid-plane [third panel of Fig. 3(a)].
With a range of 0.0 m/s–0.2 m/s, the airflow speeds are noticeably
higher near the mask pleats than other regions (i.e., smooth surface)
of the mask, which are clearly different from the smooth velocity
contours without a mask. The fourth panel compares the vector
fields at the mid-plane with and without a mask. One apparent difference was the higher flow speed near the mask pleats, indicating
a significant impact from the physical properties of the mask (i.e.,
shape, size, resistance, orientation, etc.). As these mask folds are
located below the mouth and nose, the flow entering the nose after
a mask appears more aligned with the nostril orientation than that
without a mask (fourth panel, Fig. 3).
The rightmost panels of Fig. 3(a) visualize the velocities of airflow through a mask with massless particles at an inhalation flow
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FIG. 3. Comparison of inspiratory airflows at 30 l/min between two scenarios, (a) with a mask and (b) without a mask in terms of the mid-plane pressure contour (first panel),
velocity contours and streamlines at large (second panel) and small (third panel) scales, vector field (fourth panel), and velocity of fluid particles passing the mask (fifth panel).
Wearing a mask significantly distorted the airflow and pressure distributions.

rate of 30 l/min. To simulate the scenario without a mask, the porous
media resistances were specified as zero [rightmost, Fig. 3(b)]. With
no obstructions from the mask, patches of high-speed airflows
(i.e., convection zones) are observed that are apparently related

to nasal and oral ventilations. With a mask, however, the flow is
more widespread on the mask, with elevated speeds near the mask
folds [rightmost, Figs. 3(a) vs 3(b)]. Due to the mask resistance,
inspiratory airflows are slowed down in the otherwise convective

FIG. 4. Instantaneous snapshots of particle positions in M0 at different times after their release during (a) the first cycle and (b) the second cycle.
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respiration zones. At the same time, as the same amount of air
will be inhaled, they approach the oronasal openings through other
regions of the mask. With an overall lower speed of carrier airflows, the inhalability of entrained particles can be altered, especially
into the nostrils, which orientate downward 30○ –45○ relative to the
gravitational orientation.
Wearing a mask had an insignificant effect on the oronasal flow
partition, which was found to be 61:39 (i.e., mouth:nose) with a mask
and 60:40 without a mask. The flow Reynolds number (Re = ρUL/μ,
with U being the local velocity and L = 9 mm being the characteristic
length at the outlet) was estimated to be 327 in the nose, 520 in the
mouth, 965 in the pharynx, 3040 in the glottis, and 2078 at the outlet
(trachea).
2. Particle dynamics
Particle dynamics at an inhalation flow rate of 30 l/min with
and without wearing a mask are shown in Fig. 4. First, particles
move slower when wearing a mask due to the mask resistance. As
a result, particles advance a shorter distance than without wearing
a mask during the same period of time [Figs. 4(a) vs 4(b)]. Second, particle behaviors are highly sensitive to the particle size. While

ARTICLE

scitation.org/journal/phf

1-μm particles closely follow the inspiratory airflows, large particles
of 10 μm and 20 μm exhibit drastically different patterns due to the
escalating gravitational effect. As the inhalability of micrometer particles is a tag-war result between the convection and gravitational
sedimentation, the presence of a mask, as well as the altered particle motions that are incurred, can perceivably change the particle
inhalability, as well as the dosimetry distribution in the downstream
airways.
B. Particle deposition with and without a mask
1. Deposition on the mask
Figure 5 shows the particle deposition on the mask at 30 l/min
for various particle sizes. Overall, similar deposition patterns are
noted among the particle sizes considered (1 μm, 5 μm, 10 μm, and
20 μm), with subtle variations becoming progressively noticeable
with increasing particle size. For instance, few 20-μm particles come
in contact with the mask than smaller particles. This decrease is most
obvious in the lower folds [hollow arrows, Figs. 5(c) and 5(d)] of the
mask. Considering that particle overlapping may prevent an accurate assessment of the dosimetry, the deposition enhancement factor

FIG. 5. Particle deposition pattern and intensity on the mask at 30 l/min for particles of (a) 1 μm, (b) 5 μm, (c) 10 μm, and (d) 20 μm, with a top view, a side view, and a
visualization of particle localizations in terms of the DEF (deposition enhancement factor).
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(DEF) was plotted to visualize the deposition intensity as the ratio of
the local deposition rate to the average deposition rate. A range
of 0–10 was adopted to identify the zones with deposition one order
of magnitude higher than the mean dosimetry. As shown in the
lower panels of Figs. 5(a)–5(d), elevated deposition occurs along the
vertical middle line of the mask, as well as within the mask folding.
As the particle size increases, the deposition hot zones decrease in
the middle of the mask. For 20-μm particles, elevated dosimetry that
is one order of magnitude higher than the mean can only be found
at the top of the mask [arrow, lower panel, Fig. 5(d)].
2. Face, upper airway, and lungs
A comparison of particle deposition on the face with and without a mask is shown in Fig. 6 for different particle sizes. Smaller particles give rise to more dispersed deposition on the face, regardless
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of wearing a mask or not. For 1-μm particles, deposition is spotted around the eyes, which are venerable sites of bacterial or viral
infections. Interestingly, wearing a mask leads to a higher deposition underneath the eyes [top panel, Fig. 6(a)] than without a mask.
As the particle size increases from 1 μm to 20 μm, more particles
deposit on the nose and the forehead. In comparison to the deposition with a mask, one major difference is the enhanced deposition in
the philtrum, the region below the nose and above the upper lip (second row). The deposition intensities were also compared with and
without a mask in terms of the DEF in the third and fourth rows, as
shown in Figs. 6(a)–6(d), respectively. Again, the dispersed deposition for 1-μm particles, the increasingly concentrated deposition on
the nose and forehead with particle size, and the higher deposition
on the philtrum are more vividly displayed with the clear contrast of
the DEF colors.

FIG. 6. Comparison of the particle deposition pattern and intensity on the face (a) with a mask and without a mask at an inhalation flow rate of 30 l/min for particles of 1 μm,
5 μm, 10 μm, and 20 μm. The deposition intensities were visualized using the DEF (deposition enhancement factor).
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FIG. 7. Comparison of the fate of inhaled aerosols at 30 l/min with (red lines) and without (black line) wearing a mask in terms of (a) face deposition, (b) airway deposition, and
(c) penetration rate into the lungs. When wearing a mask, two scenarios were considered, with the filtration efficiency being 0% in the first scenario (i.e., before correction,
hollow delta, representing the worst limit) and 65% in the second scenario (i.e., after correction, solid delta, representative of a typical three-layer surgical mask). A pass rate
of 35% was applied for all particles that came in contact with the outer layer of the mask. For instance, the number of particles depositing on the face was counted as that of
particles landing on the uncovered face plus the 35% of particles landing on the face covered by the mask.

Figure 7 compares the dosimetry of ambient aerosols at
30 l/min with and without a mask in terms of face deposition, airway
deposition, and penetration rate into the lungs. It is noted that the
deposition fraction (DF) with a mask was presented in two formats:
(1) “before correction” that assumed zero mask filtration (red hollow
delta) and (2) “after correction” that assumed 65% mask filtration
(red filled delta). Regarding the face deposition with a mask, the DF
after correction was calculated by including 35% of the particles that
came in touch with the mask’s outer layer and 100% particles that
landed on the uncovered face, as delineated in Fig. 1(b). Much to our
surprise, by assuming zero filtration efficiency, wearing a mask leads
to significantly higher deposition on the face for all particles considered (1 μm–20 μm) and in the airway for particles of 1 μm–10 μm
[Fig. 7(a)]. With a 65% filtration efficiency, which is typical for a
three-layer surgical mask, the corrected face deposition falls below
the unmasked DFs for all particles, despite a close match for 15-μm
particles.
Considering the upper airway [Fig. 7(b)], wearing a zerofiltration mask (red hollow delta) led to a higher deposition of
1 μm–10 μm particles but a lower deposition of 15 μm–20 μm particles than without a mask (blue dotted circle). The corrected airway
DF (red filled delta) fell below the unmasked one (blue dotted circle)
for particles larger than 3 μm but is still comparable for small particles of size 1 μm–3 μm. Figure 7(c) quantifies the penetration rate of
particles into the lungs. In this case, wearing a mask indeed reduces
the chance of ambient particles getting into the lungs for all particles
considered except for 20 μm ones, which fortunately have very low
inhalability due to their weight.
3. Regional deposition in the nose, mouth, pharynx,
and larynx
Considering that epitheliums in different sections of the respiratory tract have varying susceptibility to inhaled agents, the dosimetry in the upper airway [Fig. 7(b)] was further separated into four
regions, nose, mouth, pharynx, and larynx, as shown in Fig. 8(a)
(before correction) and Fig. 8(b) (after correction). It is clear that
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wearing a mask not only changes the overall DF in the upper airway but also the DF distribution among the four regions. Figure 8(c)
shows the comparison of the nose deposition with (after correction)
and without a mask. In contrast to the high sensitivity of the nasal
DF to particle size without a mask, the nasal DF was found to be
relatively independent of the particle size when wearing a mask. On
the other hand, the laryngeal DF shows high sensitivities, regardless
of the presence of a mask. These particle-size-dependent differences
highlight the need for future testing of mask filtration efficiency of
monodisperse aerosols. Future estimation of infectious respiratory
disease transmission and presentation should also consider these
size-related discrepancies for more reliable predictions. The surface
deposition in the upper airway is shown in Fig. 8(e) for four particle sizes (1 μm, 5 μm, 10 μm, and 20 μm) with and without a mask.
Heterogeneous particle distributions are found in all cases hereof,
with high levels of particle accumulations in certain areas while no
or few particles in other areas. Note the highly different deposition patterns among the four different sized aerosols with a mask
shown in the upper panel of Fig. 8(e). Even though the cumulative
deposition in the nose may be insensitive to particle size, the local
deposition can still be highly sensitive, corroborating the need to
study monodisperse aerosols.
C. Effect of the inhalation flow rate and mask
resistance
1. Inhalation rate effects
In the above-mentioned sections, we have examined in detail
the dosimetry of ambient aerosols with and without a mask for
one flow rate (30 l/min) and one mask (with a resistance matrix
of 3-1-3). The impacts from different flow rates and mask resistance matrices were also investigated as presented in Figs. 9 and 10,
respectively. Figure 9(a) provides further support that the presence
of a zero-filtration mask could lead to higher deposition on the face
for micrometer particles. Moreover, this deposition enhancement
increases with the increasing inhalation flow rates [upper panel,
Fig. 9(a)]. As shown in Fig. 8(a), after considering the 65% mask
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FIG. 8. Regional deposition fractions (DFs) at 30 l/min in different sections of the upper airway (i.e., the nose, mouth, pharynx, and larynx): (a) DFs without a mask vs DFs
with a mask before correction (with 0% mask filtration efficiency), (b) DFs without a mask vs DFs with a mask after correction (with 65% mask filtration efficiency), (c) the
nose DF without a mask vs with a mask after correction, (d) the larynx DF without a mask vs with a mask after correction, and (e) surface deposition in the upper airway for
particles of sizes 1 μm, 5 μm, 10 μm, and 20 μm.

filtration efficiency, the corrected face dosimetry with a mask falls
below that without a mask for all particles, except 15 μm and 20 μm
particles [lower panel, Fig. 9(a)]. Similar trends are also observed
in Fig. 9(b) for airway deposition, where the uncorrected DFs with
a mask are higher than those without a mask for particles smaller
than 10 μm and lower for particles of size 15 μm–20 μm. As the
inhalation flow rate increases, the deposition in the airway quickly
increases for both scenarios, with and without a mask. This increase
is especially pronounced for large particles (10 μm–20 μm), whose
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inhalability is strongly affected by gravity and is increased by intensifying convective effects. Considering Fig. 9(c), increasing the flow
rates decreases the penetration rate into the lungs possibly due to
the higher filtration efficiency of the upper airway and the associated particle depletion. For all flow rates considered, wearing a mask
reduces the lung dosimetry (trachea and below), regardless of the
mask filtration efficiency. Wearing a 65%-filtration mask reduces the
lung deposition by 2.5–3.5 folds for particles of size 1 μm–10 μm
[lower panel, Fig. 9(c)].

32, 123312-9

Physics of Fluids

ARTICLE

scitation.org/journal/phf

FIG. 9. Effects of the flow rate on the fate of inhaled aerosols with (solid lines) and without (dashed lines) wearing a mask in terms of (a) face deposition, (b) airway deposition,
and (c) penetration rate into the lungs. The upper panels show the scenario with 0% mask filtration (i.e., before correction), and the lower panel shows the modified rates with
a mask filtration efficiency of 65% (i.e., after correction).

FIG. 10. Effects of the mask resistance matrix on the fate of inhaled aerosols at 30 l in comparison to the scenario without a mask: (a) face deposition, (b) airway deposition,
and (c) penetration rate into the lungs. The upper panels show the scenario with 0% mask filtration (i.e., before correction), and the lower panel shows that with 65% mask
filtration (i.e., after correction).
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2. Mask resistance matrix effects

3. Variation of face deposition

The effects of the mask resistance matrix on particle dosimetry
with and without a mask are shown in Fig. 10 at an inhalation flow
rate of 30 l/min. Masks with four additional resistance matrices were
considered, i.e., 1-1-1 (homogeneous), 6-1-6, 10-1-10, and 10-10-10
(homogeneous with ten times resistance). Note that 1-1-1 represents
a resistance matrix of 8.864 × 109 1/m2 in all three directions, while
10-1-10 represents 8.864 × 1010 in lateral directions and 8.864 × 109
in the normal direction. Increasing the lateral resistances (x and
z directions) consistently increases the face deposition, with the
highest face DF predicted for the 10-1-10 matrix [Fig. 10(a)]. Similar face DFs were predicted between the two homogeneous masks
with a resistance difference of one order magnitude (i.e., 1-1-1 and
10-10-10), as shown in Fig. 10(a). However, consistent lower deposition in the upper airway was predicted with the 10-10-10 matrix
than the 1-1-1 matrix [upper panel, Fig. 10(b)] presumably because
of the lower particle speeds and the associated lower inhalability of
ambient particles after the mask of higher resistance. For all masks
considered, significantly lower deposition in the upper airway was
predicted by wearing a mask with 65% filtration efficiency for all
particles larger than 5 μm [lower panel, Fig. 10(b)]. Insignificant
influences from the variation of the resistance matrix were found
on the particle penetration rate into the lungs for all micrometer
particles considered [Fig. 10(c)].

Figure 11 shows the deposition variation on the mask under the
influences of different flow rates and mask resistances. For 10-μm
particles [Fig. 11(a)], the deposition hot zones were spotted at the
top and bottom of the mask for an inhalation rate of 15 l/min. These
two deposition hot zones constantly grew in size with an increasing
flow rate from 15 l/min to 60 l/min [Fig. 11(a)]. Deposition in the
mask pleats also intensified with increasing flow rates. For 20-μm
particles [Fig. 11(a)], similar trends were observed in the deposition
hot zones with consistently smaller areas at the corresponding flow
rates. Due to a larger gravity effect, a V-shaped deposition hot zone
formed in the lower ridge of the third mask folding at 45 l/min and
60 l/min [hollow arrows, Fig. 11(b)]. The effects of mask resistance
homogeneity (or deviation from it) on the mask deposition (or the
respirable particles passing through the mask) are demonstrated in
Fig. 11(c). Compared to the relatively even distribution of particle
depositions in the two homogeneous masks (1-1-1 and 10-10-10),
intensified deposition occurred along the vertical middle line in the
two masks with heterogeneous resistances [Fig. 11(c)].
4. Variation of deposition in the nose, mouth, pharynx,
and larynx
The effects of the inhalation flow rate on regional DFs in
the upper airway are presented in Figs. 12(a)–12(c) for 15 l/min,

FIG. 11. Deposition variation on the mask under different inhalation flow rates for (a) 10-μm particles, (b) 20-μm particles, and (c) with different mask resistances (i.e., filter
matrix in three directions: 1-1-1, 6-1-6, 10-1-10, and 10-10-10) for 5-μm particles at 30 l/min.
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FIG. 12. Deposition distribution in different sections of the upper airway (the nose, mouth, pharynx, and larynx) under varying breathing conditions: (a) 15 l/min, (b) 45 l/min,
and (c) 60 l/min. The left panels compare the DFs without a mask vs DFs with a mask before correction (with 0% mask filtration efficiency), while the right panels compare the
DFs without a mask vs DFs with a mask after correction (with 65% mask filtration efficiency). Zoomed inserts for particles of 1 μm–5 μm are shown in the three right panels.

45 l/min, and 60 l/min, respectively. Including the case of 30 l/min
shown in Fig. 8, it is observed that both the total and regional DFs
in the upper airway are sensitive to the inhalation flow rates, which
affect the particle inhalability into the airway, as well as the particle
transport within the airway, by determining the convective effects vs
gravitational sedimentation. Even though the presence of an all-pass
mask (i.e., zero filtration efficiency) increases the airway deposition
for all flow rates considered, this increase is more significant at lower
flow rates for small micrometer particles (right panels, Fig. 12). As a
result, noticeably higher DFs were predicted for 1 μm–3 μm particles at 15 l/min by wearing a mask of 65% filtration efficiency than
without a mask [the insert panel in Fig. 12(a)]. Even though this
abnormality becomes less severe at higher flow rates, the airway DFs
are still equivalent in magnitude at 60 l/min with a 65%-filtration
mask vs no mask [the insert panel in Fig. 12(c)].
The dosimetry of ambient aerosols in the nose or larynx can be
very different between scenarios with and without a mask at different flow rates. At 15 l/min, the particle deposition in the nose with
a 65%-filtration mask peaked at 2 μm and decreased with increasing
particle size, whereas the deposition with no mask peaked at 10 μm
[top panel, Fig. 13(a)]. As a result, more particles of 1 μm–3 μm
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deposited in the nose when wearing a mask than when not wearing
one. From 30 l/min to 60 l/min, an increasing flow rate persistently
enhances the nasal deposition without a mask, while the nasal deposition with a mask shows a much lower sensitivity to the flow rate
variation [Figs. 8(c) and 12(a)]. Reminding about the relatively constant nasal DF for different particle sizes at 30 l/min [Fig. 8(a)], the
nasal DF increases slightly with particle size at 45 l/min and at a
faster pace at 60 l/min; however, both are substantially slower than
that without a mask [Fig. 13(a)]. Considering the larynx deposition,
the DF peaked at 7 μm–10 μm with a mask and at 15 μm without a
mask for all flow rates considered (except for 15 l/min). With a 65%filtration mask, fewer particles deposited in the larynx for all particle
sizes (1 μm–20 μm) and flow rates (15 l/min–60 l/min) considered
in this study.
The effect of mask resistance (in terms of homogeneity and
magnitude) on particle deposition in the nose and larynx is shown
in Figs. 14(a) and 14(b), respectively. The inhalation flow rate was
30 l/min, and four particle sizes were considered (1 μm, 5 μm, 10 μm,
and 20 μm). Overall, the mask resistance exerted an insignificant
impact on the nasal DF. Minimal DF was observed for the mask with
the most heterogeneous resistance (i.e., 10-1-10, blue bar), while
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FIG. 13. Comparison of the regional airway dosimetry without vs with a mask (after correction) in the (a) nose and (b) larynx at different inhalation flow rates (15 l/min,
45 l/min, 60 l/min).

FIG. 14. Comparison of the regional airway dosimetry among different mask resistance matrices in the (a) nose and (b) larynx for particles of 1 μm, 5 μm, 10 μm, and 20 μm.

similar nasal DFs were predicted for the two homogeneous masks
(1-1-1 and 10-10-10) despite a ten times difference in the resistance
magnitude. More erratic patterns were found in the larynx deposition with varying mask resistances, with no regular trend detected
in light of the mask resistance variation. This lack of regular trend
may be partially attributed to the flow instabilities in the pharynx

Phys. Fluids 32, 123312 (2020); doi: 10.1063/5.0034580
Published under license by AIP Publishing

and larynx, where fluctuations in airflow and particle deposition can
occur.
IV. DISCUSSION AND SUMMARY
Since the COVID pandemic from early 2020, the fluids community has been actively involved in elucidating transmission routes of
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SARS-CoV-2 viruses and devising ways to curb the transmission.40,41
Both optical visualization and numerical modeling have been undertaken to understand the respiratory flows and droplets from coughs
and sneezes and the effectiveness of face-covering to curtail these
droplets.1,18–20,42–45 In this study, we aimed at understanding the
effect of mask-wearing on inspiratory airflows and their effects on
the inhalability and deposition of ambient particles in the upper
respiratory airways. A computational mask–face-airway model was
developed that consisted of a three-layer surgical mask fitted on the
face of an image-based head airway geometry. Factors that influence
the inhalability into the nose/mouth and retention in the upper airway and lungs of ambient aerosols were examined, which include (a)
with and without a mask, (b) mask filtration efficiency (0% vs 65%),
(c) particle size (1 μm–20 μm), (d) inhalation flow rate (15 l/min–
60 l/min), and (e) mask resistance (five matrices). We were interested in the dosimetry difference with and without a mask in different regions of the body (the face, upper airway, and lungs) and
among the four sections of the upper airway (the nose, mouth, pharynx, and larynx). Mechanisms underlying these differences were
explored, and their implications are discussed below.
Wearing a mask was found to notably change the airflow field
and particle motions near the face. Due to the mask resistance, the
speeds of both airflow and particles decreased in the otherwise respiration zones when no mask was worn; as a compensation, airflow
and particles redistribute to regions other than these respiration
zones of the mask because the same volume of air will be inhaled
with or without a mask (Fig. 3). The overall slowed-down airflow
near the face favors the inhalability of particles into the nose, as well
as their subsequent deposition in the upper airway. It is also found
that the airflow speeds are higher near the folds or pleats of the mask,
indicating the potential impacts of mask shape and morphological
details on its protective efficacy.
The results of this study show that wearing a zero-filtration
mask can lead to a higher deposition rate of particles smaller than
10 μm (i.e., PM10) in the upper airway for all flow rates (15 l/min–
60 l/min) and mask resistance matrices considered. This seemingly
counterintuitive observation may be attributed to the altered pressure and airflow fields caused by the mask, which further changes
the inhalability of the particles and subsequent deposition in the
upper airways. The overall lower speeds of the respirable particles
after wearing a mask, as well as an increased area of respiration, can
increase the chance of respirable particles to land on the face or being
inhaled into the mouth and nose. This unexpected finding raises an
alarm that wearing masks with very low filtration efficiencies may
lead to a higher chance of deposition of ambient aerosols and thus
can do more harm than protection. In this study, we assumed a 65%
filtration efficiency of the mask, which is typical for a three-layer surgical mask, for all particle sizes. Luckily, the adjusted dosimetry of
ambient aerosols is lower with a mask than without one for all particle sizes considered (1 μm–20 μm) in the face, upper airway, and
lungs. Considering that the nasal epithelium is one of three sites in
the human body binding with the SARS-CoV-2 virus,46,47 wearing a
65%-filtration mask can reduce the nasal deposition (viral load) by
half for 3 μm–10 μm aerosols and by four to five times for 15-μm
aerosols (Fig. 13).
The finding that particle dosimetry can be substantially different with and without a mask calls for cautions in health risk
assessment with face coverings. The practice of estimating airway
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doses with a mask by simply scaling the doses without a mask can
introduce significant errors. Furthermore, current mask filtration
efficiency (FE) testing, for instance, using TSI 8130, only provides
an integrated FE value for polydisperse aerosols and does not differentiate FEs among particle sizes. It is well expected that the mask
FE varies significantly with particle sizes. Even though this study
adopted an identical FE (65%) for all particles considered, further
studies with a mask are warranted to include the mask FEs that are
specific to different particle sizes. Likewise, complementary experimental studies are needed to measure the particle-size-dependent
FEs for different types of masks.
The nose has a unique role in this COVID-19 pandemic for
several reasons. It is the first physical barrier of our body to keep
ambient aerosols from getting into the respiratory tract; unlike the
mouth, the downward nostrils can effectively prevent large particles
from being inhaled due to their large inertia. The nasal mucus and
immune cells constitute the second line of defense against invading
viruses.48 However, the nasal goblet secretory cells are also one of
the three confirmed binding sites for COVID-19 viruses, where two
necessary enzymes for cell invasion, ACE2 (angiotensin-converting
enzyme 2) and TMPRSS2 (type II transmembrane serine protease),
coexist.47 This explains the usage of nasal swabs in COVID testing.46 The other two sites with these two enzymes coexisting are
the surface epithelial cells of the alveoli and the ileal absorptive cells
in the small intestine.47 In this study, we found that the protective
efficacy of a mask for the nasal airway decreases at lower inhalation flow rates. Particularly at 15 l/min, the nasal retention of 1
μm–3 μm ambient aerosols is even higher by wearing a 65% filtration mask than without a mask at all. This situation is expected
to worsen for flow rates lower than 15 l/min or wearing a mask
with lower filtration efficiencies. After saying that, we also wish
to emphasize that wearing a 65% filtration mask indeed reduces
deposition of ambient aerosols larger than 3 μm on both the face
and in all parts of the respiratory tract for all flow rates considered (15 l/min–60 l/min). Moreover, wearing a mask is highly
effective in keeping large particles (>10 μm) from getting into the
nostrils (i.e., particle inhalability), as illustrated in Figs. 8(c) and
13(a).
Limitations that may compromise the applicability of the
results in this study include a perfect seal between the mask and
the face, steady breathing, inhalation only, rigid airway walls, and an
initial airborne aerosol profile of a spherical shape. It is well known
that unlike N95, a disposable three-layer surgical mask does not fit
tightly with the face;49,50 the fitting can become worse with physical activities or incorrect wearing practices.51,52 Air leakages through
mask–face spaces can change the airflow and particle dynamics at
different levels depending on the location and area of these opening
spaces. Using a perfect mask–face seal here cuts the numerous possibilities of such open spaces short and intends to represent the optimal scenario in mask protection from ambient aerosols. However,
imperfect mask–face sealing of varying degrees should be investigated to refine the assessment of mask protection efficiencies. Tidal
breathing and compliant walls are the other two physiological factors determining respiratory aerodynamics, which further influence
the trajectories, inhalability, and deposition of ambient aerosols.34,53
Furthermore, interpersonal transmissions of respiratory infectious
diseases like COVID-19 are often related to coughs or sneezes from
an infected person, which produces a bolus of droplets that vary
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its shape and size distribution during its transportation through
the air.42,54,55 In this sense, the spherical profile of monodisperse
particles adopted in this study may not adequately represent the
interpersonal transmissions. Moreover, the hygroscopic effects and
electrostatic charges were excluded, both of which had been demonstrated to change the particle fates and behaviors.56–60 However,
the computational model herein did take into account the most
fundamental properties affecting a mask’s performance, such as a
realistic mask model with morphological details (folds) and experimentally determined properties (filtration efficiency and breathing resistance), an anatomically accurate face-airway geometry,
and ambient aerosols are representative of COVID-19 virus-laden
droplets.8 With the assumptions of a perfect mask–face interface,
constant inhalation, non-moving walls, and monodisperse particles
that greatly reduced numerical complexities, the results of this study
provide a first-order approximation of mask performance in real life.
Likewise, the computational model developed in this study can serve
as a platform where more physiologically realistic factors can be
evaluated.
In summary, the effects of wearing a three-layer surgical mask
on airflow and aerosol dynamics were examined in a mask–faceairway model in comparison to without a mask. A better understanding of the factors involved in determining the dosimetry of
ambient aerosols on the face and in the respiratory tract was
obtained. Specific findings are as follows:
1. Wearing a mask significantly slows down inspiratory flows
and extends respiration zones, which favors the inhalability of
ambient aerosols into noses.
2. High flow speed and elevated particle concentrations are
observed in the mask pleats.
3. Wearing a mask significantly reduces particle penetration into
the lungs, regardless of the filtration efficiency of the mask.
Wearing a 65%-filtration mask can reduce lung deposition by
three folds for particles of size 1 μm–10 μm.
4. With a 65% mask filtration efficiency that is typical for a threelayer surgical mask, deposition is reduced by wearing a mask
for all particle sizes considered, except 1 μm–3 μm, for which
equivalent dosimetry in the upper airway was predicted.
5. Wearing a mask protects the upper airway (particularly the
nose and larynx) best from particles larger than 10 μm, while it
protects the face and lungs best from particles less than 10 μm
(PM10).
6. The mask protection of the nasal airway, whose goblet secretory cells are binding sites for SARS-CoV-2, decreases at lower
inhalation flow rates (15 l/min or less).

ACKNOWLEDGMENTS
William Zouzas and Nathania Santoso at UMass Lowell
Biomedical Engineering are gratefully acknowledged for reviewing
this manuscript.
The authors report no conflicts of interest in this work.
DATA AVAILABILITY
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Phys. Fluids 32, 123312 (2020); doi: 10.1063/5.0034580
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/phf

REFERENCES
1

A. Agrawal and R. Bhardwaj, “Reducing chances of COVID-19 infection by a
cough cloud in a closed space,” Phys. Fluids 32, 101704 (2020).
2
S. K. Das, J.-E. Alam, S. Plumari, and V. Greco, “Transmission of airborne virus
through sneezed and coughed droplets,” Phys. Fluids 32, 097102 (2020).
3
M. Gandhi and D. Havlir, “The time for universal masking of the public for
coronavirus disease 2019 is now,” Open Forum Infect. Dis. 7, ofaa131 (2020).
4
S. E. Eikenberry, M. Mancuso, E. Iboi, T. Phan, K. Eikenberry, Y. Kuang,
E. Kostelich, and A. B. Gumel, “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 (2020).
5
A. Konda, A. Prakash, G. Moss, M. Schmoldt, G. Grant, and S. Guha, “Correction
to aerosol filtration efficiency of common fabrics used in respiratory cloth masks,”
ACS Nano 14, 10742–10743 (2020).
6
R. J. Mason, “Pathogenesis of COVID-19 from a cell biology perspective,” Eur.
Respir. J. 55, 2000607 (2020).
7
I.-M. Schaefer, R. F. Padera, I. H. Solomon, S. Kanjilal, M. M. Hammer, J. L.
Hornick, and L. M. Sholl, “In situ detection of SARS-CoV-2 in lungs and airways
of patients with COVID-19,” Mod. Pathol. 33, 2104–2114 (2020).
8
Y. Liu, Z. Ning, Y. Chen, M. Guo, Y. Liu, N. K. Gali, L. Sun, Y. Duan et al., “Aerodynamic analysis of SARS-CoV-2 in two Wuhan hospitals,” Nature 582, 557–560
(2020).
9
J. Xi, M. Talaat, X. A. Si, and H. Kitaoka, “Micrometer aerosol deposition in
normal and emphysematous subacinar models,” Respir. Physiol. Neurobiol. 283,
103556 (2021).
10
I. Frerking, A. Günther, W. Seeger, and U. Pison, “Pulmonary surfactant: Functions, abnormalities and therapeutic options,” Intensive Care Med. 27, 1699–1717
(2001).
11
M. Tadic, C. Cuspidi, G. Mancia, R. Dell’Oro, and G. Grassi, “COVID-19,
hypertension and cardiovascular diseases: Should we change the therapy?,” Pharmacol. Res. 158, 104906 (2020).
12
I. Schröder, “COVID-19: A risk assessment perspective,” J. Chem. Health Saf.
27, 160–169 (2020).
13
J. M. Leung, C. X. Yang, A. Tam, T. Shaipanich, T.-L. Hackett, G. K. Singhera,
D. R. Dorscheid, and D. D. Sin, “ACE-2 expression in the small airway epithelia
of smokers and COPD patients: Implications for COVID-19,” Eur. Respir. J. 55,
2000688 (2020).
14
A. C. Paulo, M. Correia-Neves, T. Domingos, A. G. Murta, and J. Pedrosa,
“Influenza infectious dose may explain the high mortality of the second and third
wave of 1918–1919 influenza pandemic,” PLoS One 5, e11655 (2010).
15
N. Nikitin, E. Petrova, E. Trifonova, and O. Karpova, “Influenza virus aerosols
in the air and their infectiousness,” Adv. Virol. 2014, 859090.
16
S. Pfefferle, T. Guenther, R. Kobbe, M. Czech-Sioli, D. Noerz, R. Santer,
J. Oh, S. Kluge et al., “Low and high infection dose transmission
of SARS-CoV-2 in the first COVID-19 clusters in Northern Germany,”
MedRxiv:2020.2006.2011.20127332 (2020).
17
T. Watanabe, T. A. Bartrand, M. H. Weir, T. Omura, and C. N. Haas, “Development of a dose-response model for SARS coronavirus,” Risk Anal. 30, 1129–1138
(2010).
18
P. P. Simha and P. S. M. Rao, “Universal trends in human cough airflows at large
distances,” Phys. Fluids 32, 081905 (2020).
19
S. Verma, M. Dhanak, and J. Frankenfield, “Visualizing the effectiveness of face
masks in obstructing respiratory jets,” Phys. Fluids 32, 061708 (2020).
20
S. Verma, M. Dhanak, and J. Frankenfield, “Visualizing droplet dispersal
for face shields and masks with exhalation valves,” Phys. Fluids 32, 091701
(2020).
21
J. W. Tang, T. J. Liebner, B. A. Craven, and G. S. Settles, “A schlieren optical
study of the human cough with and without wearing masks for aerosol infection
control,” J. R. Soc., Interface 6(Suppl 6), S727–S736 (2009).
22
S. Asadi, C. D. Cappa, S. Barreda, A. S. Wexler, N. M. Bouvier, and W. D. Ristenpart, “Efficacy of masks and face coverings in controlling outward aerosol particle
emission from expiratory activities,” Sci. Rep. 10, 15665 (2020).
23
T. Dbouk and D. Drikakis, “On respiratory droplets and face masks,” Phys.
Fluids 32, 063303 (2020).

32, 123312-15

Physics of Fluids

24

J. Xi, J. Kim, X. A. Si, R. A. Corley, and Y. Zhou, “Modeling of inertial deposition in scaled models of rat and human nasal airways: Towards in vitro regional
dosimetry in small animals,” J. Aerosol Sci. 99, 78–93 (2016).
25
J. Xi and P. W. Longest, “Numerical predictions of submicrometer aerosol deposition in the nasal cavity using a novel drift flux approach,” Int. J. Heat Mass
Transfer 51, 5562–5577 (2008).
26
J. Xi and P. Longest, “Effects of oral airway geometry characteristics on the
diffusional deposition of inhaled nanoparticles,” J. Biomech. Eng. 130, 011008
(2008).
27
Y.-S. Cheng, Y. Zhou, and B. T. Chen, “Particle deposition in a cast of human
oral airways,” Aerosol Sci. Technol. 31, 286–300 (1999).
28
J. Xi and P. W. Longest, “Transport and deposition of micro-aerosols in realistic
and simplified models of the oral airway,” Ann. Biomed. Eng. 35, 560–581 (2007).
29
D. C. Wilcox, “Formulation of the k-w turbulence model revisited,” AIAA J. 46,
2823–2838 (2008).
30
J. Xi, X. Si, J. Kim, G. Su, and H. Dong, “Modeling the pharyngeal anatomical
effects on breathing resistance and aerodynamically generated sound,” Med. Biol.
Eng. Comput. 52, 567–577 (2014).
31
X. Si, J. Xi, and J. Kim, “Effect of laryngopharyngeal anatomy on expiratory
airflow and submicrometer particle deposition in human extrathoracic airways,”
Open J. Fluid Dyn. 3, 286–301 (2013).
32
P. W. Longest and J. Xi, “Effectiveness of direct Lagrangian tracking models for
simulating nanoparticle deposition in the upper airways,” Aerosol Sci. Technol.
41, 380–397 (2007).
33
J. Xi, J. E. Yuan, M. Yang, X. Si, Y. Zhou, and Y.-S. Cheng, “Parametric study
on mouth-throat geometrical factors on deposition of orally inhaled aerosols,” J.
Aerosol Sci. 99, 94–106 (2016).
34
J. Kim, J. Xi, X. Si, A. Berlinski, and W. C. Su, “Hood nebulization: Effects of
head direction and breathing mode on particle inhalability and deposition in a
7-month-old infant model,” J. Aerosol Med. Pulm. Drug Delivery 27, 209–218
(2014).
35
Z. Li, C. Kleinstreuer, and Z. Zhang, “Simulation of airflow fields and microparticle deposition in realistic human lung airway models. Part II: Particle transport
and deposition,” Eur. J. Mech.: B/Fluids 26, 650–668 (2007).
36
Z. Liu, D. Yu, Y. Ge, L. Wang, J. Zhang, H. Li, F. Liu, and Z. Zhai, “Understanding the factors involved in determining the bioburdens of surgical masks,” Ann.
Transl. Med. 7, 754 (2019).
37
E. J. Sinkule, J. B. Powell, and F. L. Goss, “Evaluation of N95 respirator use with
a surgical mask cover: Effects on breathing resistance and inhaled carbon dioxide,”
Ann. Occup. Hyg. 57, 384–398 (2013).
38
J. Xi, Z. Zhang, and X. Si, “Improving intranasal delivery of neurological
nanomedicine to the olfactory region using magnetophoretic guidance of microsphere carriers,” Int. J. Nanomed. 10, 1211–1222 (2015).
39
J. Xi, J. Kim, and X. Si, “Effects of nostril orientation on airflow dynamics, heat
exchange, and particle depositions in human noses,” Eur. J. Mech.: B/Fluids 55,
215–228 (2015).
40
Y.-Y. Li, J.-X. Wang, and X. Chen, “Can a toilet promote virus transmission?
From a fluid dynamics perspective,” Phys. Fluids 32, 065107 (2020).
41
J.-X. Wang, Y.-Y. Li, X.-D. Liu, and X. Cao, “Virus transmission from urinals,”
Phys. Fluids 32, 081703 (2020).
42
M.-R. Pendar and J. C. Páscoa, “Numerical modeling of the distribution of virus
carrying saliva droplets during sneeze and cough,” Phys. Fluids 32, 083305 (2020).
43
S. H. Smith, G. A. Somsen, C. van Rijn, S. Kooij, L. van der Hoek, R. A. Bem,
and D. Bonn, “Aerosol persistence in relation to possible transmission of SARSCoV-2,” Phys. Fluids 32, 107108 (2020).

Phys. Fluids 32, 123312 (2020); doi: 10.1063/5.0034580
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/phf

44

R. Mittal, C. Meneveau, and W. Wu, “A mathematical framework for estimating
risk of airborne transmission of COVID-19 with application to face mask use and
social distancing,” Phys. Fluids 32, 101903 (2020).
45
T. Dbouk and D. Drikakis, “On coughing and airborne droplet transmission to
humans,” Phys. Fluids 32, 053310 (2020).
46
W. Sungnak, N. Huang, C. Bécavin, M. Berg, R. Queen, M. Litvinukova,
C. Talavera-López, H. Maatz et al., “SARS-CoV-2 entry factors are highly
expressed in nasal epithelial cells together with innate immune genes,” Nat. Med.
26, 681–687 (2020).
47
C. G. K. Ziegler, S. J. Allon, S. K. Nyquist, I. M. Mbano, V. N. Miao, C. N.
Tzouanas, Y. Cao, A. S. Yousif et al., “SARS-CoV-2 receptor ACE2 is an
interferon-stimulated gene in human airway epithelial cells and is detected in
specific cell subsets across tissues,” Cell 181, 1016–1035 (2020).
48
R. L. Chua, S. Lukassen, S. Trump, B. P. Hennig, D. Wendisch, F. Pott, O.
Debnath, L. Thürmann et al., “COVID-19 severity correlates with airway
epithelium-immune cell interactions identified by single-cell analysis,” Nat.
Biotechnol. 38, 970–979 (2020).
49
P. Bradford Smith, G. Agostini, and J. C. Mitchell, “A scoping review of surgical
masks and N95 filtering facepiece respirators: Learning from the past to guide the
future of dentistry,” Saf. Sci. 131, 104920 (2020).
50
J. D. Smith, C. C. MacDougall, J. Johnstone, R. A. Copes, B. Schwartz, and
G. E. Garber, “Effectiveness of N95 respirators versus surgical masks in protecting health care workers from acute respiratory infection: A systematic review and
meta-analysis,” Can. Med. Assoc. J. 188, 567–574 (2016).
51
A. C. K. Lai, C. K. M. Poon, and A. C. T. Cheung, “Effectiveness of facemasks to
reduce exposure hazards for airborne infections among general populations,” J. R.
Soc., Interface 9, 938–948 (2012).
52
L. Y.-K. Lee, E. P.-W. Lam, C.-K. Chan, S.-Y. Chan, M.-K. Chiu, W.-H. Chong,
K.-W. Chu, M.-S. Hon et al., “Practice and technique of using face mask amongst
adults in the community: A cross-sectional descriptive study,” BMC Public Health
20, 948 (2020).
53
K. Talaat and J. Xi, “Computational modeling of aerosol transport, dispersion,
and deposition in rhythmically expanding and contracting terminal alveoli,” J.
Aerosol Sci. 112, 19–33 (2017).
54
C. J. Worby and H.-H. Chang, “Face mask use in the general population and
optimal resource allocation during the COVID-19 pandemic,” Nat. Commun. 11,
4049 (2020).
55
M. Jayaweera, H. Perera, B. Gunawardana, and J. Manatunge, “Transmission
of COVID-19 virus by droplets and aerosols: A critical review on the unresolved
dichotomy,” Environ. Res. 188, 109819 (2020).
56
J. W. Kim, J. Xi, and X. A. Si, “Dynamic growth and deposition of hygroscopic
aerosols in the nasal airway of a 5-year-old child,” Int. J. Numer. Methods Biomed.
Eng. 29, 17–39 (2013).
57
J. Xi, J. Kim, X. A. Si, and Y. Zhou, “Hygroscopic aerosol deposition in the
human upper respiratory tract under various thermo-humidity conditions,” J.
Environ. Sci. Health, Part A 48, 1790–1805 (2013).
58
Y. Feng, T. Marchal, T. Sperry, and H. Yi, “Influence of wind and relative
humidity on the social distancing effectiveness to prevent COVID-19 airborne
transmission: A numerical study,” J. Aerosol Sci. 147, 105585 (2020).
59
J. Xi, X. Si, and P. W. Longest, “Electrostatic charge effects on pharmaceutical
aerosol deposition in human nasal–laryngeal airways,” Pharmaceutics 6, 26–35
(2013).
60
J. Xi, X. A. Si, and R. Gaide, “Electrophoretic particle guidance significantly
enhances olfactory drug delivery: A feasibility study,” PLoS One 9, e86593
(2014).

32, 123312-16

