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Face masks are used widely to mitigate the spread of infectious diseases. While their
main purpose is to filter pathogenic droplets, masks also represent a porous barrier to
exhaled and inhaled air flow. In this study, we characterize the aerodynamic effect of the
presence of a mask by tracking the air exhaled by a person through a mask, using both
infrared imaging and particle image velocimetry performed on illuminated fog droplets
surrounding a subject. We show how a mask confines the exhaled flows within tens of
centimeters in front of a person breathing or speaking. In addition, we show that the
tissue of common surgical face masks has a low permeability, which efficiently transforms
the jetlike flows of exhalation produced during breathing or speaking into quasivertical
buoyancy-driven flows. Therefore, wearing a mask offers a strong mitigation of direct
transport of infectious material in addition to providing a filtering function. By comparing
results on human subjects and model experiments, we propose a model to rationalize how
a mask changes the air flow, and thus we provide quantitative insights that are useful for
descriptions of disease transmission.

DOI: 10.1103/PhysRevFluids.6.110511

Airborne pathogens causing respiratory infectious diseases are spread by droplets carrying
viruses, bacteria, or other germs emanating during breathing, speaking, singing, laughing, sneezing,
or coughing of an infected person [1-9]. Airborne transmission of pathogens has been studied at
least since the pioneering work of Wells and colleagues in the 1930s [10-12]. The pathogenic
droplets are carried by the air flows generated by an infected person [2,13—15], before sedimenting
(large drops) [2,10] or eventually remaining suspended in the air, as occurs for the smaller drops or
aerosols [16-21].

Creating strategies to limit contamination requires the understanding and reduction of the extent
of propagation of the respiratory air flows controlling the transport of infected droplets. During the
COVID-19 pandemic, face masks were used widely to mitigate the spread of the disease, similar
to the use of masks in earlier pandemics. The use of masks is recommended by health agencies,
including the Centers for Disease Control (CDC) and the World Health Organization (WHO) [22],
and their efficiency has been demonstrated [23-25], an approach known in hospitals [26-28] and
Asian countries for many decades [29], if not centuries.

The main purpose of a mask is to filter and reduce the number of droplets emanating from a
person breathing, speaking, or coughing and sneezing [30-32], and it also serves similarly to filter
inhaled air [33]; in both cases, the filtration serves to reduce contamination. The relative efficiency
of different masks has been compared in order to issue and improve safety guidelines [32-37].
Finally, masks also modify the air flows exhaled by a person [38—40].
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Air flows exhaled by an unmasked person were imaged and described quantitatively during
speaking [41] or during violent events such as sneezing or coughing [2,13]. In both of these
cases, the air flows can propagate to distances larger than 1 m within one or a few seconds. These
observations indicate the benefit of social distancing guidelines to avoid contamination through the
direct contact by the largest droplets and by the respiratory jets carrying aerosols droplets [42,43].

In addition to an effective filtration of the droplets, the use of a mask is expected to modify the
dynamics of exhaled air jets, and thus reduce the short-term spread of pathogens from an infected
person. Qualitative experimental visualizations have been carried out during breathing, speaking,
laughing, coughing, and sneezing using a Schlieren imaging setup [38,44], or by illuminating tracer
particles with a laser sheet around a human subject [45] or a model subject [46]; the flows are limited
spatially while wearing a mask. However, quantifying how the air flows are modified by a mask
remains to be addressed, which is the focus of our paper. Here we combine precise measurements
of the expiratory flow-rates and visualization techniques able to track the exhaled air using both an
infrared camera and a fog illuminated by a laser sheet.

I. EXPERIMENTAL METHODS

In this study, we quantify and characterize how various breathing and speaking patterns are
modified by the use of a mask. By combining different imaging techniques to detect and measure the
air flows around a person, we confirm the localization of the air flow around a masked individual,
and, more importantly, we quantify the trajectories of the exhaled air flows. Moreover, the additional
use of controlled model experiments, which are consistent with the measurements on people, allow
us to rationalize the quantitative measurements. Our results demonstrate and quantify the major role
played by masks to reduce drastically the speed and the subsequent propagation of exhaled air flows.

We focused our study on the most used face mask, a 3-ply surgical mask (see the Supplemental
Material S1 [47]). In our experiments on human subjects, we used three complementary setups
to investigate exhaled air flows: two were imaging techniques to track the air flows, and a third
measured the expiratory flow-rate.

A. Imaging of exhaled carbon dioxide

First, we used a high-speed infrared camera (FLIR X6900SC) that tracks the warm exhaled CO5.
The use of a filter in the absorption range of CO, (4.2 um) and a high-performance cooled sensor
operating in the midwave (1.5-5 um) range of the infrared spectrum enables tracking the exhaled
CO; [48,49]. Human subjects sat beside a dark, nonreflective curtain, which provides a uniform
background at the ambient temperature Ty = 23 + 1 °C. Additional curtains were used around and
above the human subject to limit the influence of the background flow within the experimental space.
As seen in supplementary Figs. S2-3 and movies S1-6 (or in Fig. 1 with false colors), the warm face
and warm exhaled CO, of the human subject are visible in contrast with the dark background. This
technique allows us to track the exhaled CO, as a tracer of the exhaled air flows. However, both
thermal homogenization and air mixing decrease the concentration of the warm exhaled CO, over
time. Thus, the exhaled CO; ultimately reaches the limit of sensitivity of the infrared camera at large
distances and/or timescales. We validate the CO, detection with a direct visualization technique of
the exhaled air with a laser sheet, as described next.

B. Imaging exhaled flows with a laser sheet

Similar experiments were performed with a second kind of visualization using a high-speed
camera (Phantom v7.3) to record the flow field induced in an artificial fog [41]. The air was seeded
with small droplets from a fog machine (American DJ; fog juice by Froggys Fog) and the aerosol
was made visible by a green laser sheet (A = 532 nm) created from the top of the room in a vertical
plane centered on the face of the human subject wearing laser safety glasses during the experiment.
Curtains were placed around the person to limit the influence of the background flow in the room.
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Moreover, we waited around 1 min after dispensing fog droplets prior to our measurements in
order to homogenize the concentration of droplets in the field of view and avoid any residual air
flows generated by the fog machine. As seen in Fig. 2(d) and movie S7, the background flow is
O(1l) cm/s.

The laser sheet technique enabled tracking the air flows exhaled from the mouth and the nose
of the person, as the exhaled air is darker than the bright fog, as shown in Fig. 2. By analyzing
data with particle image velocimetry (PIV) techniques, the deformation field of the fog in the plane
illuminated by the laser sheet was measured to provide a two-dimensional picture of the local flow
velocities. The combination of the infrared camera (3D visualization) and fog visualizations (2D
quantification) offers complementary views of the exhaled air flows. Taken together, the results
validate the use of CO, as a tracer of the exhaled air flows.

C. Measuring the flow rates

Finally, we used a flowmeter [50] to measure the respiratory flow rate Q(¢) of the human subject.
The flowmeter is connected with medical corrugated air tubing to a cardiopulmonary resuscitation
(CPR) mask (MCR Medical), covering both the nose and mouth of the human subject without
leaks. The flow rates exhaled and inhaled were measured for four different kinds of respiration,
representative of a diversity of breathing patterns. Two “soft” respiration modes were investigated,
one with a closed mouth [“soft (nose)”’] and one with an open mouth [“soft (mouth)”’]. Both
represent respirations that an individual might experience while resting, in the absence of any
strenuous effort or physical activity. Also, two much stronger forms of respirations were studied: A
heavy breathing (denoted “heavy”) consists of a series of rapid swift exhalations that approximate
peak physical activity. Finally, so-called “blowing” produces a fast air jet, e.g., typical of the act of
blowing out candles. Measurements of the air flows were taken on two different human subjects (one
male and one female) without any major difference in the results obtained (see the supplementary
Figs. S2-S3). The measurement of the corresponding respiratory flow rates reproduce the distinctive
breathing patterns. The flow rates Q(¢) in Fig. 1(c) were measured in the absence of a mask. We
qualitatively probe the influence of a mask on Q(¢) in supplementary Fig. S4.

II. RESULTS
A. Masked versus unmasked individuals

Infrared images of the exhaled CO, and corresponding measurements of the flow rates Q(¢)
for the four types of respiration for one human subject are presented in Fig. 1 with false colors.
Similar black and white figures are provided in the Supplemental Material S2-3 for both humans
participating in this study. The four cases are shown in Fig. 1 in the order of increasing magnitude
of the strength of respiration: “soft” from the nose (i, blue) or with an open mouth (ii, red) to heavy
breathing (iii, green) and, finally, blowing (iv, orange). For contrast, infrared imaging of a human
breathing without a mask is displayed in Fig. 1(a). The face of the person saturates the infrared
footage, but the warm exhaled CO; can still be detected.

All of the static views in Fig. 1(a) demonstrate that exhaled unmasked flows lead to the formation
of jets (see, e.g., [41]), which are able to reach distances of several tens of centimeters or even 1 m
within a second for many types of exhalations, including speech. The trajectories of the jets depend
on the type of respiration, as the air emanating from the nose while the mouth is closed (i, blue) is
directed downwards whereas the exhaled air from the mouth (ii, red) is directed mostly in front of
the person; additional visualizations are provided in the supplementary movies S1-2.

The same experiment was repeated with a 3-ply mask (see S1) as shown in the closeup views in
Fig. 1(b) and in supplementary movies S3-4. The warm CO, is now confined to a much smaller
distance near the human subject. This response is evident for soft respirations (i and ii) as a
weak cloud of CO; can only be seen within about 1 cm around the mask. The CO, cloud does
not take the form of a respiratory jet but remains in a thin layer homogeneously spread around
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FIG. 1. Typical air flows during four distinct exhalations without and with a face mask. (a) Visualization
of the exhaled CO, without wearing a mask (false colors). From left to right: (i, blue) soft respiration from the
nose, (ii, red) mild respiration with an open mouth, (iii, green) heavy respiration, and (iv, orange) blowing. The
scale bar represents 10 cm. (b) Visualization of the exhaled CO, for the four kinds of exhalations (i)—(iv) when
the subject wears a mask (false colors). While exhaled flow is contained within 1 cm from the mask in the case
of soft respirations (i) and (ii), it reaches distances of the order of 10 cm for heavy respiration (iii) and (iv) as
CO, jets emanate from the mask. The scale bar represents 10 cm. (c) Measurements of the expiratory flow-rate
Q(t) during those four kinds of respirations. Depending on the kind of respiration, the expiratory flow-rate Q
reaches a maximum at approximately 15 L/min (i, blue data), 40 L/min (i, red), or 200 L/min (iii—iv, green
and orange). The horizontal dashed line delimits exhalations (Q > 0) and inhalations (Q < 0).

the mask and the face. A secondary cloud of warm exhaled CO, is observed at the top of the
mask, suggesting the presence of leaks around the nose. In contrast, more intense respirations
(iii and iv) generate heterogeneous flows and the formation of several jets. While the jets reach
distances around 10 cm, which is an order of magnitude larger than the directed flows reported for
masked soft respirations, they remain much more localized than their equivalent in the absence of
masks [41]. The comparison between Figs. 1(a) and 1(b) highlights the physical effect of a mask to
mitigate expiratory flows as reported by previous experimental studies for other kinds of situations
[38,44-46].

The respiratory flow rates Q(z) for the four kinds of respirations are reported in Fig. 1(c).
Successive respirations are performed to demonstrate the ability of the human subject to repeat
similar breathing for the different experiments. The flow rates Q(¢) oscillate between negative values
(Q < 0) for inhalation and positive values for exhalation. The maximum value of the flow rate scales
from 15 L/min (soft respiration from the nose), to 40 L/min (soft respiration with an open mouth),
up to 200 L/min for both heavy breathing and blowing. The frequency of respiration also varies
depending on the experiment, which leads to different volumes of exhaled air. More characterization
of the measurements can be found in supplementary Fig. S5.

The dynamics of the air flows can be seen in supplementary movies S1-4 obtained with an
infrared camera. The speed of the flows emanating from a mask is reduced drastically by comparison
to the respiratory flows emanating from a person without a mask, in large part because unmasked
exhalation is in the form of a directed jet, which is to be contrasted with the more spherical “source”
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FIG. 2. Mask wearing induces localized buoyant flows during respiration. (a)—(c) Snapshots of normal
breathing, 1, 2, and 3 s after exhalation. The exhaled air is detected as a dark cloud in a bright fog illuminated by
a laser sheet. The dashed line is a guide for the eyes delimiting the approximate area affected by the ascending
exhaled air. (d)—(f) Measurements of the velocity field of (a)-(c). The black arrows (and the color map) show
the velocity direction and the magnitude of the flow, according to the PIV analysis. See the movie and the
processed PIV results in supplementary movie S7.

flow from a mask. Moreover, in the presence of a mask, the warm CO, rises at the end of the
exhalation due to buoyancy, as mentioned in the literature [38,44].

To investigate these observations more carefully, we performed experiments using a laser sheet
and a fog to image and characterize the flow velocities around a person. Also, we replicated the
experiments with a third human subject. In this case, the exhaled air generates a dark area due to
the absence of fog droplets, as shown in Fig. 2(a), 1 s after the beginning of the exhalation. The
fog technique allows us to track the exhaled air and supports the observations made by tracking the
warm CO, shown in Fig. 1. Due to the 2D limitations of the area imaged with the laser sheet, it
is of key importance to avoid leaks from the mask, which would lead to more complex 3D flows
observed in the front views imaged by the infrared camera (see supplementary movies S5-6). Thus,
in Fig. 2, the human subject wears a mask without noticeable leaks, in contrast with the images
of Fig. 1(b). In the absence of leaks, the air flows during a mild respiration expand slightly more
than in Fig. 1(a-i) and 1(a-ii), but the exhaled air from a masked individual remains within a few
centimeters from the face, in good agreement with the CO, measurements. After 2 s, the air flow
expands and reaches distances about 10 cm from the human subject [Fig. 2(b)], until it finally rises
due to buoyancy [Fig. 2(c)].

The fog combined with laser sheet illumination provides a tool to measure the flow velocities
of the exhaled air using the PIV technique. The experiments are processed using PIVIab [51]. The
measurements are reported in Figs. 2(d)-2(f) and supplementary movie S7, and, not surprisingly,
they indicate that velocities remain much slower than in the case of an unmasked individual reported
in the literature [41]. The typical values of the flows, measured near the mouth, are reduced from
1 m/s without a mask to only a few cm/s with a mask. Moreover, the direction of the exhaled air
is modified with a mask as the air rises rapidly; see, e.g., the vertical arrows in Fig. 2(f). A similar
observation can be made in the case of a masked human speaking, as seen in supplementary Fig. S6
and movie S8. In all cases, the rising flows are only observed when the air is exhaled, as no clear
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FIG. 3. Trajectory of a controlled jet of cold air. (a) Sketch of the experiment: a constant flow rate Q of
cold air (at the temperature 7 ~) is imposed for 3 s from a pipe of diameter 2a leading to an initial velocity
Vo. The pipe could be open or covered by a 3-ply mask (blue layers) sealed over the end of the tube, as seen
in Fig. S7(a). Depending on the imposed flow rate Q, the trajectory of the jet is linear (y = 0, light purple) or
quadratic (y = kx2, in red). (b) Trajectories y(x) of cold air jets emanating from a pipe covered by a mask as a
function of the flow rate O (2 < Q < 80 L/min). The solid lines represent fits of the trajectories approximating
the flow, leading to a quadratic shape y = xx* for low flow rates (Q < 20 L/min) and straight trajectories
(y = 0) for Q = 50 and 80 L/min. (c) Values of the radius of curvature ¥ ~! of the jet as a function of the
flow rate Q with (filled squares) and without (open circles) a mask covering the pipe. The lines represent the
equation « ~! = «Q? obtained after fitting the data without a mask (dashed line) and with a mask (solid line).
The parameter o decreases by an order of magnitude when the pipe is covered by the mask. (d) Values of the
radius of curvature « ~' of the jet as a function of the measured initial velocity of the jet V;, with (filled squares)
and without (open circles) a mask covering the pipe. All data collapse on the solid line of equation k' = BV,

vertical motion is noticed around the person prior to exhalations [see Fig. 2(d) and supplementary
movies S7-9]. This suggests that the buoyant flows are induced by the difference of temperature
between exhaled and ambient air rather than the body plume often associated with rising expiratory
flows around a masked person [38,44].

B. Model experiments with flow from a masked orifice

In addition to the experiments performed on human subjects, we designed a model experiment
of a masked flow, as sketched in Fig. 3(a). The experiment consists of injecting a cold air jet (7~ =
22.5 °C) into a slightly warm atmosphere (T = 23.5 °C) in the presence of an artificial fog. The jet
is created by dispensing a given flow-rate Q controlled with a mass flow controller (Alicat Scientific)
for 3 s through a pipe with diameter 2a = 19 mm. The value of the flow-rate Q injected is verified
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with the flowmeter used in Fig. 1(c) [50]. The flow rate Q was varied from 2 to 80 L/min. The
experiment was performed with the pipe being covered or uncovered by a 3-ply surgical mask
identical to the one used for the experiments with human subjects (see S1). The mask was sealed
carefully over the end of the pipe to avoid any leaks, as seen in supplementary Fig. S7(a) and
movie S10.

The trajectory y(x) of the cold air is tracked inside the bright fog again illuminated by a laser
sheet. The front of the jet is released from a pipe at the position x = y = 0 with an initial horizontal
velocity Vp. The small difference of temperature between the injected and the ambient air leads to a
difference of density Ap = R%(% — %) ~ 0.004 kg/m?, where R, is the specific gas constant for
air. The density difference mimics the inverted flow situation when warm air is exhaled by a human,
except that for the latter the difference of temperature is larger, leading to a density difference
one order of magnitude higher (Ap ~ —0.053 kg/m? assuming the exhaled air is at 37 °C and of
identical composition to the ambient air).

Depending on the values of Q, the trajectory of the jet is expected to be horizontal [y = 0, light
purple in Fig. 3(a)] in the case of rapid flows dominated by inertia, or curved due to gravity in the
limit of smaller flow rates, i.e., smaller initial velocities [red in Fig. 3(a)]. Then, the equation of
trajectory of the jet can be described approximately by a parabola y = xx? at leading order [52].
This parabolic profile arises from a balance of inertia and buoyancy by analogy with the free fall
of an object, which leads to x ~ %%é(rmz)z. In the presence of the mask, typical trajectories
are reported in Fig. 3(b). At low flow rates (Q < 20 L/min), the trajectories can be fitted with a
parabolic profile, as shown in Fig. 3(b). However, above 20 L/min, the trajectory of the jet remains
horizontal over 50 cm, as seen in Fig. 3(b), where the trajectories of jets at Q = 50 and 80 L/min
superimpose on the x-axis. The curved trajectories at low flow rates allow extraction of a radius of
curvature k.

The radius of curvature ! is reported in Fig. 3(c) as a function of the imposed flow rate Q. The
data are obtained after averaging three measurements made on three distinct jets, and the error bars
represent the standard deviations. The values reported in Fig. 3(c) are obtained in the case of an
unmasked pipe (open circles) and a masked pipe (filled squares). The two lines represent quadratic
fits of the data (k ~! = «Q?), which are in good agreement with the equation of the quadratic profile
from our simple model. However, the data illustrate a difference between situations with and without
the mask: the coefficient « decreases by a factor of 10 from an unmasked pipe (dashed line) to a
masked pipe (solid line). This apparent mismatch denotes a clear and noticeable influence of a mask.
While the section of the pipe and the flow rate remains identical, the advection of the jet emanating
from a masked pipe seems to be slower than that of a jet emanating from an uncovered pipe.

When the flow rate is larger than 2 L/min, the Reynolds number Re = % > 103, so the exhaled
jets are expected to be near a transition to turbulence [53]. The unmasked jets emanating from an
orifice have significant vorticity [supplementary Fig. S7(b)]. Conversely, in the presence of a mask,
the air is forced to flow through a porous matrix, which homogenizes the velocity distribution across
the jet section, and delays the mixing of the jet with the ambient air [supplementary Fig. S7(a) and
movie S10]. Not surprisingly, the initial velocity V; of the jet reaches larger maximum values in the
case of an unmasked pipe. Indeed, the measurement of the initial velocity Vj is noticeably lower
when the pipe is covered by a 3-ply surgical mask [supplementary Fig. S7(c)]. The data reported in
Fig. 3(c) can be represented as a function of the measured initial velocity Vj, as shown in Fig. 3(d),
where the measured values of the radius of curvature « ~! collapse onto a single line of the equation
k~' = BVy?, which is in good agreement with the model described earlier.

C. Permeability of a mask

The homogenization of the flow velocities by a mask can be understood due to the resistance
offered by the porous material. We determined the permeability of the mask by measuring the
upstream pressure inside a pipe covered by a mask, similar to the previous experiment, as sketched
in the inset of Fig. 4. A flow-rate Q is imposed using a mass flow controller, and the air is directly
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FIG. 4. Permeability of a 3-ply mask. The pressure drop AP across a 3-ply mask varies with the flow-rate
Q following the Forchheimer equation (solid line). At low flow-rates, AP increases linearly with Q (dashed
line) whereas a quadratic response (dotted line) is noticeable for increasing flow-rates. Standard deviations
are within 5% of the averaged values represented by the red circles. The inset represents the sketch of the
experiment. The flow-rate Q is imposed through the 3-ply mask (blue layers) covering a pipe of radius a, and
the upstream pressure Py + AP is measured.

released into the ambient atmosphere. A pressure sensor on the flowmeter upstream reports the
pressure drop AP across the mask; AP increases with the flow-rate Q as shown in Fig. 4. At low flow
rates, Darcy’s law, which is characteristic of viscously dominated flow through a porous material, is
valid as AP varies linearly with Q. At higher flow rates, AP varies quadratically with Q. The data
can be fitted by AP = ¢, Q + ¢,Q?, which is known commonly as the Forchheimer equation [54,55],
where ¢| ~ k;ﬁz and ¢, & k,-fzhaz’ with p and 5, respectively, the density and viscosity of the air, &
is the mask thickness, and k is the Darcy permeability, while k; represents a coefficient for the
inertial correction. From the data, the ratio c¢; /¢, gives a critical value Q* ~ 100 L /min above which
the quadratic contribution dominates. Below 100 L/min, the air flow emanating from the mask is
expected to be roughly laminar, as suggested by the sequence of images in Fig. S7(a). When Q = 10
L/min, we can then deduce from c; a value of the permeability k£ by considering a mask thickness
h ~ 400 um and using a = 9.5 mm (the radius of the pipe). From the fit in Fig. 4, we obtain a value
of the permeability k &~ 12 um?.

At large flow rates, the permeability variation according to Darcy’s law is not sufficient to
describe the data. Indeed, above 100 L/min, the pressure drop AP(Q) is dominated by the quadratic
component of the equation. This suggests that at high flow-rates, the mask does not laminarize the
rapid turbulent flow as efficiently as at low flow-rates. Such behavior helps explain the observations
made for heavy breathing and blowing in Fig. 1(b-iii) and 1(b-iv). When the expiratory flow-rate O
reaches 200 L/min, the warm CO, cloud does not form homogeneously on the entire area of the
mask, but the presence of jets emanating from the mask is noticeable.

D. Tracking the exhaled air

Next, for the jets exhaled by the human subjects, as shown in Figs. 1 and S2-3, we track their
trajectories, as shown in Fig. 5. These jets are more complicated than the model experiment as
the initial orientation of the jet depends on the respiration and the position of the human subject.
Figure 5(a) displays a few examples of the trajectories y(x) of jets during the four types of
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FIG. 5. Extent of the exhaled air breathed out through a mask. (a) Trajectories y(x) of the front of the
air jets exhaled without (open symbols) and with a mask (filled symbols). The trajectories are detected for
four kinds of respirations: soft breathing from the nose (blue circles), soft breathing with an open mouth (red
triangles), heavy breathing (green squares), and blowing (orange downward triangles). (b) Horizontal distance
x reached by the front of the exhaled air cloud as a function of time ¢ for the four kinds of respirations with
and without the mask. Masked exhaled flows (filled symbols) are slower than an equivalent unmasked flow
(open symbols) and reach a saturation x, as shown by the solid line. (c) Horizontal projection of the initial
velocity with a mask (filled symbols) and without a mask (open symbols) for the four kinds of respirations.
The mask leads to a substantial decrease of the initial velocity. (d) Radius of curvature ¥ ~! for masked flows

ol
R The data
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the model experiment reported in Fig. 3(d). The solid line represents a fit of the data obtained with the model

. . Ve, . .
experiment (black symbols) of equation « ! &~ %12'*, lower than the expected theoretical scaling law by a
factor ~4. The dashed vertical lines represent the inertial-buoyant distance for unmasked respirations from the
measured values of V, in Fig. 5(c). The expected gain in terms of radius of curvature is around two orders of

magnitude.

emanating from a human (colored filled symbols) as a function of the inertial-buoyant distance

respirations without a mask (open symbols) and with a mask (filled symbols). The human subject
breathes mostly downwards while not wearing a mask, and the trajectories are inertially dominated
(straight line trajectories). Conversely, for masked exhalations, the trajectories start with an initial
velocity roughly aligned with the horizontal, and then they rise due to buoyancy within 30 cm. The
same pattern can be seen for the other human subject [Fig. S8(a)]. The horizontal extent x(¢) of
the trajectories is reported in Figs. 5(b) and S8(b). The jets exhaled by an unmasked person (open
symbols) propagate over the entire field of view of the infrared camera (around 60 cm) within 1 s
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for all types of respirations, which indicates that an infected person could propagate virus-carrying
droplets over 1 m rapidly, even at rest, without speaking, singing, sneezing, or coughing. Such
measurements are in good agreement with previous measurements [13], and they highlight the
possibility of an asymptomatic person spreading a virus without wearing a mask.

Conversely, the data x(¢) obtained while wearing a mask (filled symbols) all saturate at a distance
X, ranging from a few centimeters for the soft respirations (blue and red horizontal lines) to a few
tens of centimeters in the most violent respiration events (green and orange horizontal lines) as slow
jets are still emanating from the mask. This saturation is due to the reduced flow velocity induced
by the low permeability of the mask, while buoyancy redirects the exhaled air vertically.

The decrease of the initial horizontal velocity Vj , caused by a mask is reported in Fig. 5(c) (data
obtained from two human subjects). The open symbols obtained from the jets tracked when there
is no mask-wearing show much larger velocities than in the presence of a mask (filled symbols) for
the four types of respirations. The initial horizontal velocity is an order of magnitude lower in the
presence of the mask in the case of soft respirations. As the value of the flow-rate is constant, the
size of the CO, cloud has expanded from the typical size of the mouth (=3 cm in diameter) to the
entire area of the mask (10 x 10 cm). The velocity thus decreases by a ratio of (10/ 3)2 ~ 10, in
good agreement with our measurements in Fig. 5(c). The decrease of the initial horizontal velocity
is also substantial in the case of heavy breathing (green) and blowing (orange), but remains slightly
less important than the factor of 10 due to the relative failure of the mask to prevent the formation
of localized jets. However, the reduced velocities of the jets exhaled from intense breathing still
produce a saturation in the propagation as these jets are more sensitive to buoyancy.

Recognizing the balance of inertia and buoyancy, we report in Fig. 5(d) the radius of curvature

iOV(),x2
Apg

and on individual people. For the latter, k= is extracted from the trajectories y(x) tracked from

a human, as seen in Fig. 5(a). We find an approximate collapse of the data as a function of the

inertial-buoyant distance 2 X‘;j: in Fig. 5(d), including from model experiments (open and filled

black symbols and solid line from Fig. 3) and on the human subjects (filled colored symbols); the
renormalization of the human data used Ap = 0.053 kg/m?, assuming the exhaled air is released at
a temperature T+ = 37 °C and has the same composition as the ambient air. All data approximately
follow the quadratic trend described in Fig. 3. There is satisfying agreement between the model and
the data, as shown by the solid line in Fig. 5(d) obtained by fitting the data obtained with the model
experiment similarly to the solid line in Fig. 3(d). The radius of curvature «~! sets the “saturation”
distance x; reported in Fig. 5(b) and both values range from one to several tens of centimeters for
masked respirations.

The results shown in Fig. 5(d) support the idea that buoyancy redirects the exhaled flows from a
masked person, as noticed by previous studies [38,44]. However, whereas the thermal body plume
of a masked person was suspected to cause the rising flows [38,44], the absence of vertical flows
prior to exhalations in our PIV experiments [Fig. 2(d)] and the satisfying agreement between data
on human and our model experiments without thermal body plume in Fig. 5(d) show that the
difference of temperature between exhaled and ambient air directly causes the vertical redirection
of the expiratory flows. In addition, no clear redirection of the flow from a person breathing was
seen in the absence of a mask in the range of distances studied. However, rapid unmasked flows are
also expected to rise due to buoyancy at large distances [2]. The vertical dashed lines in Fig. 5(d)
represent the value of the inertial-buoyant distance expected from the value of the initial horizontal
velocity Vp . in the absence of a mask for the four kinds of respirations [soft (nose) in blue, soft
(mouth) in red, heavy breathing in green, and blowing in orange]. An increase in range between
one and two orders of magnitude in terms of the saturation distance x; is expected and, indeed, is
verified experimentally. The short-distance tracking of the jets shows that a mask inhibits the rapid
propagation of exhaled air at distances longer than a few tens of centimeters. The redirection of the
reduced-speed jets due to buoyancy is a systematic feature when wearing a mask.

« ! of the jet versus the inertial-buoyant distance,
-1

, with data from both the model experiments

110511-10



QUANTIFYING THE EFFECT OF A MASK ...

However, we recall from Fig. 1(b) that leaks might appear around a mask and affect this scenario.
Infrared movies captured in front of a breathing person with a mask are provided in supplementary
movies S5-6. These movies indicate that leaks occur on all the sides of the mask, both laterally
and around the nose and chin of the human subject, as reported by complementary previous
studies [44,45]. Tracking the leaks shows relatively slow flows, which indicates that wearing a mask
remains largely aerodynamically efficient even though leaks are present; see Figs. S9-10. The leaks
are, however, major failures to the efficiency of the mask as a filter of respiratory droplets [56]. In
addition, the leakage flows are faster than elsewhere along a mask, leading to a larger area of possible
contamination. The flow velocity of a leaking jet is larger, up to 30 cm/s, as seen in supplementary
Fig. S10 and movie S9 using a fog illuminated by a laser sheet. Moreover, our results are not only
valid for breathing but also for speaking (as seen in supplementary Fig. S11) in which measured
horizontal distances reached in the presence of a mask are orders of magnitude lower than the rapid
jets during unmasked speaking [41].

Even though our results only apply to the expiratory air flows, the tracking of the exhaled air
gives information on the trajectories and positions of pathogenic droplets conveyed by the flows.
However, deviations from the scenario of flow-driven transport of droplets are expected in some
circumstances. First, large droplets are too heavy to be carried by the air flows, and sediment due to
their own weight [2,10]. Then, while the motion of both aerosol droplets and the warm exhaled CO,
(tracked with the infrared camera) should follow the Taylor diffusion theory [57], deviations are
expected in the turbulent regime [58,59]. For instance, weakly inertial particles are not distributed
homogeneously in a turbulent flow and concentrate in strain-dominated regions [60]. Finally, the
lifetime of aerosol droplets is extended by the turbulent mixing in the exhaled air flows, which
maintains humid air around droplets [18]. However, a mask might reduce the contributions of these
three deviations due to the efficient filtration of the largest droplets and the laminarization of the
expiratory air flows by a mask.

In conclusion, our results demonstrate that face masks significantly reduce the speed of exhaled
air flows, leading to a clear reduction of the spatial extent of jets potentially carrying pathogenic
droplets. In addition, buoyancy then becomes dominant over the reduced inertia of the masked
air flows, which contributes to an efficient redirection of the exhaled air. Finally, while our study
focuses on short-time dynamics of the flows, our findings might also contribute to strategies for
long-time mitigation of aerosols. As unfiltered aerosols are expected to rise due to buoyancy on
shorter length scales when using a face mask, the filtration of the air above masked people, combined
with well-designed ventilation, could create safer conditions for social interactions in the time of a
pandemic.
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