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Abstract: Due to the COVID-19 pandemic, face masks have been used extensively in society. The
effectiveness of face masks depends on their material, design, and fit. With much research being
focused on quantifying the role of the material, the design and fit of masks have been an afterthought
at most. Recent studies, on the other hand, have shown that the mask fit is a significant factor to
consider when specifying the effectiveness of the face mask. Moreover, the fit is highly dependent on
face topology. Differences in face types and anthropometrics lead to different face mask fit. Here,
computational fluid dynamics simulations employing a novel model for porous membranes (i.e.,
masks) are used to study the leakage pattern of a cough through a face mask on different faces.
The three faces studied (female, male, and child) are characteristic faces identified in a previous
population study. The female face is observed to have the most leakage through the periphery of the
mask, which results in the lowest fitted filtration efficiency of the three faces. The male and child faces
had similar gap profiles, leakage and fitted filtration efficiencies. However, the flow of the three faces
differs significantly. The effect of the porosity of the mask was also studied. While all faces showed
the same general trend with changing porosity, the effect on the child’s face was more significant.

Keywords: COVID-19; coronavirus; facemask; mask; virus; aerosol; CFD; respiratory; flow dynamics

1. Introduction

During the COVID-19 pandemic, the use of face masks has been adopted by the
general public. Both the World Health Organization (WHO) and Center for Disease Control
(CDC) recommended using fabric face masks at the peak of the pandemic in lieu of N95
respirators and surgical masks, to ensure the latter two would be available to high-risk
individuals such as infected patients and medical personnel. A tutorial to make a face
mask from fabric was even provided by CDC, and later, it was followed by many diverse
design patterns on the web to make custom-made face masks at home. Donning face
masks and social distancing have been the primary tools in mitigating droplet and airborne
transmission [1,2]. It is well-known that proper material designs can be employed to reach
a high filtration efficiency and proper pressure drop through mask fabrics [3-5]. However,
when the mask is fabricated from the cloth or is loosely placed on the face, its efficacy
decreases significantly due to leakage around the perimeter of the mask [6,7]. In order to
have an accurate estimation of the protection offered by the mask, it is necessary to study
their perimeter leakage. The cloth and surgical face masks are often loosely placed on the
wearer’s face, and their fit might be changed due to the incorrect wearing habits [8], certain
facial features [9] and also daily physical activities [10,11].

Experimental studies, using both humans and manikins, show that mask usage can
limit the transmission of various infections to and from the wearer [12-20]. However, face
masks are still plagued by peripheral leakage that reduces the effectiveness. Air leakage
around the mask perimeter, where it does not make a seal with the face, has been observed
to reduce the effectiveness of the mask [6,9,21]. The amount of perimeter leakage depends
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on facial dimensions and features significantly [6,9,22,23]. It is known and stressed that,
for efficacious filtering of contaminants, N95 respirators must be tightly fitted to the face.
Surgical masks on the other hand are primarily designed to block outward bound droplets;
therefore, the fit is much looser. Fabric face masks such as the original CDC website pattern
are likely to have an even looser fit, resulting in more peripheral leakage. In a study
comparing the effectiveness of different face masks, homemade masks were shown to be
half as effective as surgical masks and 50 times less effective than an FFP2 mask. These
effects were more pronounced amongst the subjects with smaller faces likely due to an
inferior fit [20].

The amount of leakage that results from improperly fitted masks has been shown to be
the main driver of the overall protection of face masks. Regardless of mask type, researchers
have consistently observed flow leakage through the periphery of the mask. A wide array
of research has studied how facial differences correlate to differences in face mask seal.
Zhuang et al. found significant differences in facial dimensions (anthropometrics) across
gender, race, and age that were considered significant for the design of face masks [24].
Oestenstad and collaborators were able to identify leakage location and shape on subjects
wearing half-mask respirators using a fluorescent tracer [22,23]. The effect of gender,
race, respirator brand, and anthropometrics were studied. Differences in anthropometrics
between the subjects were found to be highly correlated with leakage location, while the
other categorical analysis showed weaker correlations. O’Kelly et al. compared the fit
of different respirators and face masks on different participants and found that minor
facial differences had a large impact on the quantitative fit [25]. Hariharan et al. were
also interested in the effect of anthropometric differences on the fit of respirators and
found that the fit varied between faces, therefore, resulting in a different distribution of
leakage through the respirator’s perimeter [26]. Chopra et al. studied a compilation of
literature on the effects of anthropometric differences on mask leakage and found that
gender-based anthropometric differences are associated with lower mask efficacy in half
of the studies [27]. Anthropometric difference is also significant across ethnicities, and
Chopra et al. stated that, although minority groups are disproportionately affected by the
COVID-19 pandemic, they are under-represented in literature [27].

Motivated by the conclusion that differences in anthropometrics lead to sub-optimal face
mask seals, researchers have been studying personalized mask and frame designs [28-32].
Nold et al. tested the air seal of different mask designs, including custom 3D printed
mask frames, on multiple faces [28]. They tried a surgical mask, an FFP2 mask, a 3D
printed personalized mask, and a statistically shaped mask based on 190 face scans. The
personalized mask demonstrated the lowest leakage. The statistically shaped mask and
FFP2 mask showed similar leakage, and the surgical mask had the most leakage. Based on
their study, Nold et al. concluded that personalized mask designs may be recommended for
the best protection. Chen et al. 3D printed a customized fitter and placed it over the surgical
mask, which demonstrated a significant increase in fit factor for the wearer [32]. Hyun et al.
sought to increase the protection offered by surgical masks with three simple modifications:
pliable wire around the mask perimeter, earloop tensioner, and an internal flap [30]. The
pliable wire could be formed to each wearer’s face, offering a personalized mask fit and
improved face seal. The modified mask, donned the “Ultra Fit Mask (UFM)” by Hyun et al.,
proved to have a better seal based on all the metrics tested by the researchers, including an
over 100% increase of the fit factor. Riutord et al. developed a personal peripheral sealing
device 3D printed from thermoplastic [29]. The thermoplastic properties allowed the device
to be uniquely formed to a wearer’s face. The device was tested by a group of participants
and compared to a control group without using the device. The inward protection was
tested by exposing the participants to an odorous solution, and 95% of the group with the
personal peripheral sealing device reported not smelling the solution while 100% of the
group without the device were able to detect it.

It is clear that face mask fit is not universal and highly dependent on face types and
shapes. Therefore, predicting or modeling the transmission of the virus is anything but
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accurate when accounting for a population wearing face masks. Researchers have then been
interested in accounting for these leakages in their transmission models [33-37]. The use of
computational models of the face, i.e., headform models, paired with computational fluid
dynamics (CFD) or other physics models can be used to more accurately and systematically
estimate the magnitude and location of the leakage sites for different face types. Headform
models provide a high fidelity representation of the head anatomy based on 3D scanning
of different subjects ranging in age, weight, gender, etc. [38,39]. These models can be
used to systematically change the face structure to study the effects of gender, age, race,
anthropocentric differences on the fit and effectiveness of face masks. A headform model
paired with a mask deployment model was used by the authors in an earlier study to
simulate the mask fit on different faces [6,9]. The effect of gender, age, weight, and height
on the fit of simple fabric masks of various sizes and tuck-in ratios was studied [6]. The
average gap area and maximum gap opening were reported for 150 different faces in
each category. Similar to previous studies, it was observed that facial dimensions had
a significant impact on predicting the leakage. Another study by the authors aimed at
pinpointing which facial features had the most impact on proper mask fitting [9]. The chin
and nose length were found to be key characteristic measurements that affected the fit of the
mask. In the same study, a simple model was developed to predict the gap opening based
on different anthropometric measurements. Here, we study the flow of a respiratory event
and the effect of different face types on mask fit and flow leakage using CFD simulations.
The outcome of the study can be used to form better predictive metrics of virus spreading
probability in epidemiological models [13,40].

2. Faces

A quasi-static model is employed for the deployment of face masks onto different
faces generated from a headform model [6]. The mask deployment simulation uses a
minimum energy method to model the fit of the mask on the face. The cloth mask consists
of a rectangular (9 in. x 5.5 in.) fabric which side edges are “scrunched” (referred to as
the tuck-in ratio). The mask is modeled as a membrane with stretching and no bending
energy. The membrane has a border which has both stretching and bending energy, and
elastic ear-loop bands (stretching only) are attached to the corners. A nonlinear set of
equations can be obtained for the mask’s mesh node locations by relating the internal
forces of the mask to the derivatives of the energy. The mask is initially placed in front of
the face with the elastic bands wrapped around the ears with zero tension. The resting
length of the band gradually decreases from the initial length to its final value during the
initial transient phases. The intermediate quasi-static equilibrium position of the mask
is calculated iteratively until the mask rests in the final configuration on the face. A full
description of the model and solution method is presented in Solano et al. (2021) [6]. The
numerical procedure is similar to the practical procedure of putting on a face mask by
placing the mask on the face and pulling the bands over the ears. The contact between the
face and mask is treated as a soft contact, meaning the mask can “squish” the face slightly.
However, this deformation is not shown in the face depiction (Figure 1).

a) ) b) . c) ‘
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Figure 1. (a) Female (b) male, and (c) child faces considered in this study.
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The headform model used to generate the faces is based on principle component
analysis (PCA). The creators of this model, Paysan et al., used the face scans of over
100 male and female subjects to create a model that can be used to systematically generate
faces with specific characteristics [38]. Solano et al. used this model to study the mask fit on
different faces characteristic of masculine, feminine, young, old, thin, heavy, short, and tall
subjects [6]. Wang et al. isolated the modes (principle components) associated with specific
facial features such as the size of the nose or width of the face using the same headform
model and PCA [9].

The faces considered here are based on one of the authors’ previous study [6]. The
results of that study showed that both leakage area and maximum gap opening of the
mask edges are needed to reach a characterizing factor that can identify different modes of
leakage around the mask. The ratio of the standard deviation of the opening gap (Hgp),
and the average opening distance along the edges (H), Hsp/H, was found to be a viable
parameter for unsupervised classification of the results. The data consisting of 150 different
faces for each of the nine face-types, was grouped into five clusters to best separate the effect
of facial categories (see Figure 10 in [6]). The clustering results, based on the differences
in the face categories, show that, for face groups such as heavy and thin faces, the most
effective face covering with minimal gap opening can be determined. However, for the
other cases (male, female, old, young), the optimal cloth mask covering depends on other
factors beyond those considered in the unsupervised clustering.

The particular faces considered here are that of a female, a male, and a child, shown in
Figure 1, which best represents the cases that the clustering results offered no obvious sug-
gestion of optimal mask fit. Figure 1 shows the peripheral gap created by the deployment
of the mask on each face. The horizontal axis of the figures is the perimeter description s of
the mask border starting at the center of the chin (s = 0) and tracing the mask clockwise to
the center of the nose at s = 0.5 and finally ending at the center of the chin again (s = 1).
The insets show the frontal and side view of the faces and the mask border colored by the
gap height. The female face shown in Figure 1a is observed to have large gaps between
the mask and face on either side of the nose (s ~ 0.45,0.55) and at the chin (s = 0, 1). This
is also seen by the yellow color of the mask border in the inset at these locations. The
male face (Figure 1b) has large gaps at either side of the nose as well but almost no gap
at the chin. The peaks at s ~ 0.25,0.75 correspond to the top corners of the mask. Due to
the face shape and size and the deployment model, as the corners are pulled towards the
ears, gaps are generated at these locations. However, as will be shown later, these gaps are
inconsequential for two reasons: (1) no flow leaks through these locations; (2) the mask
makes a seal with the face near these corners but further into the mask (i.e., closer to the
center of the mask). The child’s face (Figure 1c) is observed to have the smallest gaps of the
three faces. It also shows that the main gaps appear on either side of the nose. While not
explicitly apparent here, the male face is the largest face in terms of width and length. The
child and female faces are similar in size; however, the female face is wider and the child
face is longer. Qualitatively, the mask fits tightest to the face on the male subject, loosest on
the female subject, and on the child face the mask does not appear tight or loose. Note that
the mask size and design are the same for all.

3. Computational Model
3.1. Problem Description

A subject coughing while wearing a simple face mask is considered here as shown in
Figure 2a inset. The cough is a uniform, impulsively started jet with a horizontal velocity
Uy (t) generated at the mouth with diameter dy = 2.2 cm (see inset in Figure 2a). The
velocity of the cough over time is shown in Figure 2a. Cough profiles have been studied
and reported in literature [41-44], and the peak velocity has been reported to range from
5m/s to over 20 m/s with an average of around 10 m/s. The particular profile used here
follows from the data collected by Gupta et al. [41].



Fluids 2022, 7, 209

50f16

100

ot al. (2020)
(2020)
(2020)

90F

80F

o sof
=
aof

30F

cough velocity Uy (m/s)

. . . .
0.1 0.2 03 04 0.5 10% 10° 10*
time (s) d, (nm)

Figure 2. (a) Cough jet velocity evolution. Inset shows the location of the impulsively started
cough-jet condition. (b) filtration efficiency of different fabric masks as a function of particle size. A
second-order rational polynomial is fitted to represent the mean of the data from literature [45-47]

for each particle size.

3.2. Numerical Formulation
The flow is governed by the equations of continuity and momentum conservation:

Vou=0, )

a—“+v-(uu) = —1vp+vv2u—f, 2)
ot 0

where u(x, t) is the flow velocity, p(x, t) is the pressure, and f(x, t) is a forcing term added
to enforce the effect of the immersed boundary (i.e., the mask and face). The Cartesian
coordinate vector is denoted by x = (x,y, z). The face is represented using a sharp-interface
immersed boundary condition [48]. The fluid forcing function is treated as a diffuse
interface force:

f(x, 1) = /S F(s, )5(x — X(s, t))ds, @3)

where the position of the membrane i.e., the face mask, is denoted by X(s, t) = [X(s), Y(s), Z(s)]T
is the immersed boundary position and s denotes the Lagrangian reference frame coordi-
nate. The function F(s, t) denotes the force imposed by the immersed boundary on the
fluid, and ¢ is the delta function.

The face mask is treated as a permeable thin and rigid membrane that exerts a resistive
force against the cough jet. Since the mask is an inherently thin structure, it can be consid-
ered as a membrane with no transverse porosity. The Darcy law for porous media is used
to model the porous membrane (i.e., mask) [49]. The Darcy relation, integrated through the
thickness of the mask, can be written as

[pln = —%v = —rv, @)

where v(s, t) is the slip or through-mask velocity, and [p] = p™ — p~ is the pressure jump
across the mask. The normal to the mask surface is denoted by n, and k is the mask’s
permeability coefficient. However, the parameter ¢, = u/k is used here for simplicity. Note
that ¢y is inversely proportional to mask porosity, such that less porous masks have a higher
value of cj.

Using Goldstein’s feedback law [50], the interaction force at time ¢ can be calculated as:

t
F(s,t) = 1 /0 (v—Uy)dt' + ca(v —Uy), )
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where the constants ¢; = 10° and ¢, = 10? are chosen such that the immersed-boundary
condition is enforced. The fluid velocity is interpolated to the mask mesh (Uj;), using a
smoothed delta function,

Un(st) = /V u(x, H)8(x — X(s, £)dS. ©)

where ¢ is chosen to be a four-point smoothed delta function,

__1 X y
5(x) = AxAy4>(Ax)4><Ay>. @)

1/8(3 =20 + /1 +4[—47)  0<|r| <1
$(r) = 4 1/8(52/r + V=7 + 12— 42) 1< r <2 ®)

0 2 < |

and

Using the interaction force in the Darcy law Equation (4) yields

[p] = (F-n)n = —v. ©)

Only the normal component of the interaction force contributes to the porosity effects.
Therefore, after separating the interaction force into the normal and tangential components,
F = F,, + F¢, and some algebraic manipulation of the discretized form of Equation (5), the
normal component of the force at time step i can be written as

: F'-n)n+F,!
p o wnth (10)
1+ (crdt +c2)cp
where dt is the time step, and the variables F’ and F), are defined as:
t t—dt
F=—¢ / Uydt — Uy, F, = —cic; ! / (F-n)ndt'. (11)
0 0

The coefficients c; = 10° and ¢, = 103 are tested to be sufficiently large such that the
results obtained do not change.

The governing Equations (1) and (2) are discretized on a Cartesian grid using a finite
volume approach [48,51,52]. A 2nd-order Crank—Nicolson scheme is used for implicitly
advancing the diffusion and advection terms. A fractional-step method proposed by
Choi and Moin [53] is used to advance the momentum equation. The domain’s boundary
conditions are set as Neumman conditions for the pressure and velocities.

3.3. Computational Setup

The grid refinement is based on the space between the mask and the face and chosen
such that the flow in this small region is sufficiently refined. The mesh resolution here, is
dx = dy = dz = 0.06 cm which corresponds to 3% of the cough jet diameter. The size of the
computational domain is 25 cm x 30 cm x 30 cm in the x, y, and z directions. The time step
must satisfy the CFL condition and also be small enough to ensure the stability of the solver.
This is highly dependent on the porosity ci. For lower values of ci, the interaction force
f is smaller and the time step constraint can be relaxed. The smallest time step used was
dt =2 x 1077 s for cx = 33 Pa's/m, and a time step of dt =5 X 10~7 s is used for the less
porous cases of ¢, = 103 Pa-s/m. The maximum Reynolds number of the simulation based
on the peak cough jet velocity and mouth opening diameter is Re = UpD /v ~ 2.4 x 104, in
the same range as some experimental studies of similar problems [54,55]. In this work, we
do not use any explicit model for the subgird-scale fluctuations and instead Implicit Large
Eddy Simulations are employed [56].
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3.4. Data Post-Processing

The effectiveness of a face mask is measured by the filtration efficiency FE. However,
FE is a nominal value given to the material of the mask. This nominal/average FE for
common fabric face mask is reported in literature to be less than 40% [45,46,57,58]. To
accurately define the effectiveness of a mask in terms of protection for a wearer, the fit of
the mask must be taken into account as different faces will lead to differences in gap sites
and magnitudes and, therefore, differences in filtered and unfiltered flow leakage. As a
result, we define the fitted filtration efficiency (FFE) as:

_ qu(1—FE)+4q5 _ quFE
Gm +4g qar

FFE =1

(12)

where gy, is the through-mask flow rate, g, is the total flow leakage through the peripheral
gaps, and g1 = gm + (g is the total flow rate. The fitted filtration efficiency evaluates the
real effectiveness of the mask while it is being worn on the face. As an example, N95
respirators have a nominal FE = 95%; however, an incorrectly fitted N95 respirator can
have a reduced FFE = 90% or less [59].

The filtration efficiency is a function of particle size and mask material. Here, the only
mask material parameter of interest is the porosity. However, the relation of FE and c,
if any exists, is not clear. What is known is the relation of FE and particle size dp. This
is important because smaller particles, i.e., d, < 5um, are more likely to leak out of the
mask unfiltered, and can reach deep into the alveolar region of the lungs, increasing the
likelihood of transmission [60]. Larger droplets, > 5 um, are more likely to get stuck to
the inside of the mask [61] and also settle quickly to the ground due to gravity [1,62]. The
different behavior based on particle size prompts us to study the effectiveness of masks on a
particle size basis. The FE for various fabric face masks as a function of particle diameter dp,
as reported in literature [45,46,58] is shown in Figure 2b. A general trend can be observed
from the data of these various studies. For clarity, we will use a second-order rational
polynomial curve, fitted to this data, to represent the relation of FE and d), of fabric masks.
In Figure 2b, we see that all particles larger than 5um can be filtered by most common
fabric face masks.

4. Results and Discussion
4.1. Temporal Evolution of Cough and Peripheral Leaks

Figure 3 shows the iso-surface contours of the velocity magnitude of the cough through
a mask with a porosity coefficient of ¢y = 100 Pa-s/m for the three faces, as it evolves over
time. The time evolution is shown with respect to the non-dimensional time T = t/t;,
where t,, is the time of maximum velocity of the cough jet (f, = 0.06 s). Initially (t = 0.33),
flow is observed coming through the mask at the jet impingement location. As time
progresses, the through-mask flow increases and peripheral leakage jets begin to form. The
peripheral leakage for all faces is different. In the case of the female face, significant leakage
is observed at the top of the mask near the nose and at the bottom of the mask around the
chin. The male face shows leakage predominantly at the top of the mask around the nose,
and at later times a small amount of leakage is observed at the right edge of the mask. The
child face shows the least amount of leakage through the peripheral gaps; however, some
leakage is observed at the top of the mask around the nose. In all three faces, the plumes
on either side of the nose are not symmetrical. This asymmetry arises from slight facial
structure asymmetries which are amplified by the mask fit after mask deployment.
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Figure 3. Time evolution of the flow during a coughing episode for a female (left), male (center) and

child (right) face with a porous masks (c; = 100 Pa-s/m). Front and side views of the iso-surface
contours of velocity magnitude over time.

The through-mask flow is also different between the three faces. The through-mask
flow for the female and child faces is different in magnitude, but, for both, the through-
mask jet is uniform and contained to the near-mouth region. Unlike these two faces, in
the male case, the through-mask leakage is more dispersed through the entire surface of
the mask. A similar near-mouth leakage jet is apparent; however, there is flow observed
through the mask at various other locations. The through-mask flow is directly dependent
on the pressure drop across the mask. The cough jet initially impinges directly in front of
the mouth on the mask creating a region of high pressure inside the mask, which leads to
the main through-mask jet seen in all faces. The flow is directed away from the mouth in
all directions after the initial impingement. The redirected flow, in the case of the female
face, is hardly restricted. This leads to a lower pressure inside the mask and therefore less
through-mask flow. In the case of the male and child face, the redirected flow is restricted
by the tighter fit of the mask. For example, the mask is in contact with the chin and the
nose in both cases, making a seal that causes high pressure at the impingement location.
The pressure inside the mask, therefore, remains high and more through-mask flow is
observed compared to the female face case. The difference between male and child faces are
associated with the placement of the mask on the nose. In particular, the highly stretched
mask in the male face creates narrow but deep channels on both sides of the nose. These
channels extend from the mid location of the mask to the top edge of mask. In the child
face, while these channels still exist, they flatten out toward the mouth region and induce
more resistance to the flow.

To better understand the distribution of the flow, the time history of the volume flow
rates is illustrated in Figure 4. The through-mask flow rate (g,,) is highest in the child case
followed by the male case, and the female case with a significantly lower flow as shown in



Fluids 2022, 7, 209

9o0f 16

Figure 4a. Although the through-mask flow structures of the male and female cases are
observed to be similar in Figure 3, the through-mask flow rates are significantly different.
The male case shows close to three times the flow rate during the peak cough velocity
(t = 1). The evolution of through-mask flow of these two cases shows a similar trend
albeit not similar in magnitude. The through-mask flow g,, is observed to initially peak
at 0.3 < 7, < 0.4. The end of the peak coincides with the emergence of the gap leakage
flow as shown in Figure 3 for the female and male cases. The gap flow rate (q¢) lags in
comparison, and does not reach its maximum value until T > 1. This effect captures the
capacitance phenomena of the space between the mask and face, which the flow must “fill”
at the beginning of the cough before leaking through the perimeter of the mask. For all
cases, the through-mask flow rate increases to its maximum at T ~ 1, which coincides with
the maximum cough velocity and then decreases. It comes as no surprise that the female
case has the most flow leakage since it also had the largest gaps between the mask and face.
It is clear that the highest risk for dispersion of virus-laden aerosols occurs for T < 2 in
all cases, which is characterized by the peak in the cough jet evolution. For the remaining
discussion, we will focus on the worst-case scenario of maximum viral dispersion, which
occurs during the time range mentioned above.

(a) (b)

3.5 T T T 3.5

female
male
child

female
male
child

qy (1/s)

0 05 1 s 2 0 05 ! s 2
r=t/t, T =1t/t,

Figure 4. Time evolution of (a) through-mask flow and (b) gap leakage flow during a coughing

episode for mask with porosity ¢, = 100 Pa-s/m.

4.2. Effect of Porosity on Flow Distribution

Figure 5 shows the flow at T = 1, for different mask porosities as iso-surface contours
of the velocity magnitude. The mask porosity increases as c; decreases (top to bottom in
Figure 5). It is immediately evident that more gap leakage results from less porous masks
for all faces (compare ¢, = 2 x 10° Pa-s/m with ¢, = 33 Pa-s/m). For the first case shown
cx = 2 x 10% Pa's/m (top row in Figure 5), the flow leaking through the peripheral gaps
is significant for all faces while the through-mask flow is relatively low. Although the
mask may create very small gaps, the high pressure caused by the impingement of the
cough jet on an effectively rigid wall in lower porosity masks leads to leakage through
all the gaps around the mask perimeter. In Figure 5, this effect is seen in the male and
child faces and the lowest mask porosity (top row in the figure), where the flow can be
observed leaking through the bottom edge of the mask. On the other hand, for higher
porosity masks (bottom row in the figure), no bottom edge leakage occurs. Similar trends
have been reported in literature [49,63,64]. Schlieren and PIV visualization studies of a
fitted N95 have shown that, although the through-mask flow is significantly reduced by
the respirator, peripheral gap leakage still occurs, particularly through the top edge of the
mask [63,64]. This is especially true for looser-fitting masks such as surgical masks.
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Ci = ].02
cr = 33.3

Female Male Child

Figure 5. Iso-surface contours of velocity magnitude at the time of peak cough velocity T = 1 for the

three faces and three mask porosities considered.

The change of porosity of the mask does not affect all faces the same. The female
face, due to the large gaps, does not show a significant effect on the flow structure with
the different porosity masks. Here, the flow is dominated by the gaps. For the male face,
we can observe significant changes in both the gap leakage flow and the through-mask
flow. The gap leakage flow is significantly greater for the less porous case compared to
the most porous case. As previously noted, there is also leakage at more locations for the
least porous case. The through-mask flow for the male face at higher mask porosity is more
dispersed throughout the mask, while, in the most porous case, the through-mask flow
is more localized to the near-mouth region. An interesting secondary jet is also apparent
for the least porous case in the male face. This secondary through-mask jet appears below
the main through-mask jet, near the chin. This jet is a product of the high-pressure region
generated by the impingement at the chin of the flow that is redirected away from the
mouth after the initial impingement with the mask. For the child face, the effect of different
porosity masks is limited to the magnitude of the through-mask and gap leakage flows,
and the previously noted bottom edge leakage for the least porous mask.

The through-mask and peripheral gap volume flow rates are shown in Figure 6
for all the mask porosities tested (33.3 Pa-s/m < ¢, < 2 x 10* Pa-s/m). As expected,
we see in Figure 6a,b, as the mask’s porosity increases (decreasing cy), g increases
while g, decreases. The distribution of the flow, i.e., amount of through-mask flow com-
pared to the gap leakage flow, shows a more dramatic change between mask porosities
c;l =10"3 m/Pa-s to c]:1 = 1072 m/Pa-s than at higher porosities c;l =3x%x10"3m/Pa-s.
This is observed for all face types. It is interesting to note that the distribution of the flows
for the male case inverts in the range of porosities studied here. For lower porosities, the
gap leakage flow dominates the male case, while, for higher porosities, the through-mask
flow is greater. This was previously observed by Solano et al. [49]. Based on Figure 6a,b, we
can speculate that the same inversion can occur for the other two face types. The curves for
the female face trend towards inversion at lower porosities (c,: 1 «104m /Pa-s), and in the

child case the curves trend towards inversion at higher porosities (c,’ 1'>3 x 1073 m/Pa-s).
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Figure 6. Volume flow rates for different mask porosities. (a) through the mask, (b) through the
peripheral gaps, and (c) the average velocity through the top gap for female ((J), male (O), and child
(A) faces.

The time-averaged velocity v of the gap leakage flow is shown in Figure 6¢ for the
three faces and different porosities. The time-averaged velocity 7 is the time-average of
the top-gap-averaged velocity over the peak time range 0 < T < 2. The female case is
observed to have the highest gap leakage velocity of the three face types. The trends
observed for g, are similar to the trends in 7. A significant difference observed in 7 is the
rate of change of 0 with respect to ¢, 1. For the female case, the decrease in ¥ with increasing
porosity is moderate, and similar to the decrease in g,. However, in the male case and
more significantly in the child case, the decrease in v is proportionally much greater than
the decrease in g4 over the same range of porosities. This drastic change is due to the
smaller gaps present in the child and male faces. With higher mask porosities, more flow
is allowed to pass through the mask, therefore decreasing the pressure inside the mask,
which produces lower velocity plumes.

4.3. Fitted Filtration Efficiency

The relation between ¢, and FE is not clear due to the complex nature of FE, which
depends on porosity, weave pattern, thread/fiber size, electro-static properties of the
material, and particle size, amongst other things. Multiple researchers have experimentally
measured the nominal FE for different fabric face masks, surgical masks, and half-mask
respirators [45,47,65]. Based on the data collected by these authors, it is unclear whether
there is a relationship between porosity and filtration efficiency, except for a slight inverse
relation for fabric masks. In general, it has been observed that the porosity of cloth
masks can range widely from 1074 m/Pa-s < Cr 1 <1072 m/Pa-s. Surgical masks and N95
respirators do not have such a wide range of porosities, each with ¢, 1~ 2x1072m/Pa-s
and c;l ~ 4 x 1073 m/Pa-s, respectively.

The nominal effectiveness of masks is usually reported by the filtration efficiency FE
(Equation (12)), which corresponds to the percentage of filtered particles for that mask’s
particular material. However, this does not account for the flow that leaks through the gaps
when the mask is on a face. The fitted filtration efficiency FFE is the fraction of filtered
particles accounting for the gap leakage, and is therefore a more realistic measure of a
mask’s effectiveness. Figure 7 shows the FFE for each face type for different porosities and
nominal filtration efficiencies. The regions corresponding to fabric masks, surgical masks,
and N95 respirators on the FFE contour map in Figure 7 are encircled based on the data
collected by Zangmeister et al. [45], Duncan et al. [47], and Konda et al. [65]. It is important
to note that the encircled regions correspond to the mask material and not the mask itself
since the mask design simulated here is not the same as a surgical mask and much less an
NO95 respirator. The purpose of overlaying the different mask material regions in Figure 7
is to illustrate the overall effectiveness of the generic face mask design modeled here if it
were to be made of these different materials.
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Figure 7. The fitted filtration efficiency FFE as a function of porosity and mask filtration efficiency
for (a) female face, (b) male face, and (c) child face.

The FFE is highest for the most porous mask and highest FE. The more porous masks
allow more flow to be filtered through the mask, which also results in less gap leakage
flow attributing to the higher FFE. This trend was also observed in a previous study by
the authors [49] for a wider range of porosities. It is clear that the FFE is directly related
to the gap sizes. The female face had the largest gaps and presented the lowest FFE for
all ¢, and FE. The child face had the smallest gaps and also showed the highest FFE,
up to three times higher than the female face. The child case shows an interesting trend
compared to the other faces, and the FFE is not significantly affected by the ¢ until very
high values of FE. For all types of mask materials outlined in Figure 7, the FFE is less than
50% of the nominal FE. The FFE for surgical masks shown in Figure 7 is comparable to the
experimental results in literature [59,66] (FFE = 12-36%).

4.4. Particle Size

As discussed in Section 3.4, the face mask FE depends on particle size (d,). Therefore,
FFE can be calculated for each particle size instead of the nominal average we have
discussed so far. Figure 8 shows the contour map of FFE for different ¢, and d),. As seen
in Figure 2b, FE(d)) is concave with a minimum observed around 0.2 um < d, < 0.4 um.
This effect appears clearly in Figure 8, where FFE is lowest for the same range of d;, in all
face types. For the female face, less than 50% of particles, regardless of size, are filtered. The
male and child face seem to have better FFE throughout. However, recall that the typical
porosities for fabric masks, surgical masks, and especially N95 respirators is ¢, T<1072
This means that, even in the best case scenario here, the child face with a mask made from
the same material as N95 respirators, less than 50% of aerosols (d, < 5um) would be
filtered out. The majority of the larger droplets (d, > 5 um) are leaking through peripheral
gap openings. It is important to note that previous studies have found that a significant
number of droplets actually stick to the mask [61]. Therefore, the FFE shown in Figure 8
could be taken as a lower limit or underestimation assuming that some of the particles stick
to the inside of the mask and are not carried out the peripheral gaps by the flow. Scientists
have shown that aerosols (d, < 5 um) are a significant transmission source, and arguably
more dangerous since they linger in the air longer, can be transmitted in the flow over
larger distances, and are more easily inhaled by susceptible people. Without knowledge
of the distribution of the virus with respect to particle size, it is difficult to estimate the
protection offered by masks accurately. The best we can do is calculate the fraction of
particles (saliva) blocked by the masks and assume the viral load is constant. While it is
unclear how much of the virus is contained in the small aerosol particles versus the larger
droplets, from Figure 8, we see that most aerosols will go unfiltered by fabric face masks.
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Figure 8. The fitted filtration efficiency FFE as a function of porosity and particle size for (a) female
face, (b) male face, and (c) child face.

5. Discussion and Conclusions

A novel porous membrane model was implemented to simulate a coughing event of a
subject wearing a face mask. Three different faces (female, male, and child) highlighted in
a previous study [6] by the authors were examined. The face mask consisted of a simple
fabric mask design and was deployed on the face using a minimum energy method model
for an accurate and realistic fit, developed in the same study previously mentioned. The
faces are generated systematically using a PCA method of a 3D headform model that used
facial scans of 100 male and 100 female subjects [38]. A cough jet generated at the mouth
has a peak velocity of 10 m/s, and the flow distribution for the different faces and mask
porosities was studied.

The through-mask flow increases as mask porosity increases. Conversely, the flow
leakage through the peripheral gaps increases when the porosity of the mask decreases.
The female face had large gaps both at the top and bottom edges of the mask, and the
leakage for this face, regardless of porosity, was significant. The male and child faces
had similar gaps in the mask fit. However, the leakage for the child face was observed
to be significantly less than that of the male face due to minor facial differences. Large
gaps around the nose in all faces resulted in an avenue for unfiltered flow leakage. This
unfiltered flow leakage significantly reduces the mask’s filtration efficiency when on the
face. The fitted filtration efficiency of the masks on the different faces shows this effect, and
highlights the importance of a properly fitted mask.
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