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Fluid dynamical pathways of airborne transmission

while waiting in a line

Ruixi Lou'?, Milo Van Mooy1, Gabriel A. Tarditti3, Rodolfo Ostilla Monico?, Varghese Mathai'**

Waiting in a line (or a queue) is an unavoidable social interaction that occurs frequently in public spaces. Despite
its wide prevalence and rich parametric variability, few studies have addressed the risks of airborne infection
while waiting in a line. Here, we use a combination of laboratory experiments and direct numerical simulations to
assess the flow patterns in a simplified waiting line setting. From observations of the transport of breath-like ex-
pulsions, we reveal the presence of fluid dynamical counter-currents —due to the competing effects of line kine-
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matics and thermal gradients. Depending on the walking speed, an intermediate temperature range can
potentially heighten the infection risks by allowing the breath plume to linger; however, colder and warmer am-
bients both suppress the spread. Current guidelines of increasing physical separation appear to have a limited
impact on reducing aerosol transmission. This work highlights the need for updated transmission mitigation
guidelines in settings where physical separation, interaction duration, and periodicity of movements are factors.

INTRODUCTION
The COVID-19 pandemic has redefined the ways in which we inter-
act in social settings. From social distancing and mask wearing to
testing and contact tracing, these measures have proven to be effec-
tive in mitigating the ever-present risks of infections. It has now been
recognized that a variety of respiratory pathogens, including Rous
sarcoma virus, severe acute respiratory syndrome coronavirus 2, and
influenza are spread primarily through tiny droplets and airborne
particles released by asymptomatic and presymptomatic individuals
during speaking and breathing (I). These respiratory contaminants
are typically less than 10 pm in size (2, 3), which can enable them to
remain suspended in the air for minutes to several hours depending
on the ambient conditions (4-6). Although physical distancing and
the wearing of face masks are common measures used to reduce the
spread of infections (7-16), these provide little insight into the trans-
port of aerosols in situations where the duration of interactions and
the time history of the movements of individuals become a factor.
The problem is further intensified under varying influences of ther-
mal gradients and buoyancy-driven plumes in indoor spaces, which
can vary substantially across climate zones and biomes (4, 5, 17-31).
Almost all of the studies of airborne transmission take the per-
spective of infections occurring under “static” interaction condi-
tions, such as across desks in a classroom setting or individuals
interacting in a face-to-face meeting standing or while seated in a
passenger car next to an infected individual (2, 32). Consequently,
current guidelines for transmission mitigation are based almost en-
tirely on static, physical distancing-based recommendations—such
as the “six-feet” rule and reducing the duration of interactions. In
contrast, a wide class of social interactions occur in our daily lives
that are distinctly outside the domain of static interactions. A famil-
iar example is that of waiting and walking in a line—at a grocery
store or a vaccination clinic or an airport security. The indoor wait-
ing line introduces considerable complexity to the modeling of
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aerosol transmission due to the additional time and length scales of
periodic walking and stopping, the physical separation (guided or
self-imposed), and the variations in ambient temperature. In par-
ticular, currents generated by the movement of people interact with
the aerosols, advecting, and diffusing while also being convected
(upward or downward) by the thermal gradient effects with the am-
bient (6, 33-35) can lead to complicated pathways of infection. De-
spite the ubiquity of these interactions, few studies have addressed
airborne cross-infection risks in a waiting line (queue).

Here, we study the simplified case of periodically walking and
halting individuals in a waiting line, by using a combination of labo-
ratory experiments and direct numerical simulations (DNS), focus-
ing on the large-scale transport of aerosols released during regular
breathing of the individuals in the line. The movements of people in
the waiting area can be separated into two stages: a waiting period,
followed by a brief walking period (Fig. 1A). We ask the question:
Where do the aerosols released by an infectious individual in a wait-
ing line end up (denoted by the yellow cloud in Fig. 1A)? During the
waiting phase, we assume that an infectious person continually re-
leases (breathes) airborne particles around them which slowly dif-
fuse into the surrounding air. After some time elapses, they walk to
the next position in line. The resulting reorganization of individuals
advects and diffuses the airborne particles. Except in very slow situ-
ations, the diffusion may be considered subdominant (Fig. 1B), with
the characteristic diffusion timescale T4 much larger than the aver-
age waiting period 7;. Two distinct processes may disperse the virus-
laden aerosols: (i) the flows (air currents) induced by walking
humans and (ii) the buoyancy (thermally driven) of breath plumes.
For a variety of waiting line scenarios, the timescales of walking and
buoyancy can be comparable, and a complex, coupled interplay be-
tween the two can be expected. We will reveal how the competition
between shear (line kinematics) and buoyancy (thermal gradients)
(36, 37) can emerge as an important criterion for transmission risks
in the waiting line.

A number of practical challenges exist to conducting field experi-
ments with human subjects in a waiting line while also varying the
physical parameters in the problem. Hence, we apply the concept of
dynamic similarity to transform the waiting line to a laboratory setting
with a controlled, driven conveyor belt system of three-dimensional
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Fig. 1. Schematic representations of airborne transmission while waiting in a line. (A) A simplified schematic representation of people waiting and walking in a line.
The green clouds represent the “breath plumes” of individuals, while the yellow cloud represents the breath plume released by a potentially infectious (asymptomatic)
individual in the waiting line. The inset shows an example of the velocity, which is marked by periodic start-stop cycles, where U(t) is the instantaneous velocity, U,,, is
the walking speed, and 7, is the time period of the line. (B) Comparison of the moving timescale t,, with the characteristic timescales of diffusion t4 and buoyancy t,.
We can classify the line movement as fast/medium/slow depending on the time period 7, of the waiting line movement. (C) A pulley-driven conveyor belt system carry-
ing equally spaced 3D printed human-shaped dummies on a belt. Inset shows schematics of a human-shaped model and a simplified, cylindrical model, both of which

were tested.

(3D) printed dummies [Fig. 1C and see the Supplementary Materials].
In combination with the experiments, fully resolved DNS were used to
gain further insights into the emergent flow patterns and the Lagrangian
trajectories of the tracer particles. The periodic movements may be
reduced into a set of nondimensional parameters that characterize the
flow: a Reynolds number, a Grashof number, a reduced frequency, and
a dimensionless spacing. The Reynolds number is defined as
Re = UDj /v, where D,and U are the characteristic length and velocity
scales, respectively, and v is the kinematic viscosity of the fluid. For the
waiting line, the relevant characteristic length is D, the shoulder width
of a person, and U is a characteristic walking speed, taken as the walk-
ing speed U,,,. While the average unimpeded walking speed of humans
is around 3.3 mph (~1.5 m/s), typically in indoor spaces and under
recurrent start-stop conditions (such as in a waiting line), the peak
walking speed may lie in the range of 0.5 to 0.87 m/s (38). Consequent-
ly, for the typical waiting line, Re can lie in the range of [1 to 1.8] X 10%,
indicating turbulent flow. For this range of Re, a nearly Reynolds-
independent large-scale flow can be expected, and therefore, the
shear buoyancy competition dominates over any enhanced spreading/
dilution of aerosols due to turbulent mixing. The strength of buoy-
ancy effects coming from breath plumes is quantified through the
Grashof number, Gr = gBATD; /1 = UZD? /2, where g is the grav-
itational acceleration, f is the thermal expansion coefficient of the flu-
id, AT is the temperature difference between human exhalation and
the ambient background, and U, = 4/gPATD; is the characteristic
free-fall (buoyancy) velocity. We may note that a typical temperature
difference of AT = 4°C corresponds to Gr ~ 2.5 X 10. In addition, we
define the velocity ratio U= U, /U, = \/G / Re as a way of measur-
ing the strength of buoyancy compared to advection. The two other
nondimensional parameters in the system are the nondimensional
separation, defined as A* = X / D, where X is the separation between
people in the waiting line, and the nondimensional frequency of mo-
tion, defined as f* =t /T, where T, = X /U, is the moving time
and 7, is the total period composed of moving and waiting times dur-
ing a cycle of motion (i.e., the time between starting to move from one
spot to a new spot and again starting to move from that spot).
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RESULTS AND DISCUSSION

In the present study, we limit A* = 5 (equivalent to six-foot separa-
tion) and f* =0.17, i.e., a waiting time that is five times longer
than the walking time. We varied A* € [2.5—10] and f* covering
the range of medium to slow lines (Fig. 1 from 7, ~ 10 to 100 s), and
it was seen that physical separation, unexpectedly, has only a minor
effect on aerosol spreading (see the Supplementary Materials and
fig. S2). The risk of cross-infection was highest for the nearby indi-
viduals in the line, as there was not sufficient time for the released
airborne particles to disperse. Thus, the transport from the infected
individual to the trailing susceptible individual will be our focus in
the present work.

Experiments

We rely on a basic model of a waiting line composed of equally
spaced 3D printed models, as shown in the schematic of Fig. 1C.
Both 3D printed human-shaped models and cylindrical models of
matched equivalent diameter were tested in a laboratory-scale, driv-
en conveyor belt system. The rationale behind testing both shapes
was to assess whether the primary flow features were similar under
a simplification of the geometry of the model. The belt was driven by
a stepper motor and controlled using an Arduino microcontroller.
Since the kinematic viscosity v of water is nearly one order of mag-
nitude lower than that of air, we can scale down the physical size of
the experiment while also ensuring geometric, kinematic, and dy-
namic similarity of the physical system (39). For the in-laboratory
conditions, the scaled height and width of the average person were
110 and 25 mm, respectively, and the recommended 2 m (x6 ft)
separation between individuals was scaled down to 125 mm. The
walking time, the walking speed, and the waiting time were pre-
cisely controlled using a stepper motor driving the conveyor belt
system [Fig. 1C and the Supplementary Materials]. All physical vari-
ables were scaled down (or up) to match the relevant dimensionless
numbers. During the experiments, we used ultraviolet-induced flu-
orescence (see Fig. 2), combined with time-resolved particle imag-
ing velocimetry (PIV) to visualize the passive/active scalar transport
and the underlying fluid motion. As shown in Fig. 2 (A to C) (top
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Fig. 2. Experimental visualization of the transport of released dye in a laboratory-scale realization of a waiting line. (A) Distribution of the dye at timet /1, =0,
corresponding to the moment the models begin to move, for human-shaped models (top row) and cylindrical models (bottom row). Here, 1 to 3 represent the different
models, and their relative locations at later times (t /t, = 0.08 and t / T, = 0.5) are shown in (B) and (C). (B) Spread of the dye at the intermediate time, t / T, = 0.08, during
the walking cycle when the cylinders are moving. (C) Location of the dye att / 7, = 0.5. For both human-shaped models and cylindrical models, the dye is observed to be
pushed downward in (C), which provides an indication of an underlying flow pattern (downwash).

and bottom rows), the transport patterns of the two cases (human-
shaped models and cylindrical models) are comparable—with a
strong downwash transporting the plume downward. Experiments
at different levels of plume buoyancy also showed similar transport
for human-shaped and cylindrical models (see the Supplementary
Materials). The kinematically driven large-scale flow patterns are
expected to be captured even under the simplification of a cylindri-
cal bluff body of the same equivalent diameter. Hence, PIV mea-
surements may be performed on cylindrical models (discussed later
in Fig. 3) as it is simpler to refractive index-match them, compared
to the human-shaped models.

To match buoyancy effects, the temperature-density equivalence,
applicable for small thermal gradients, was used in the experiments.
The temperature-density correspondence, when transforming from
a waiting line in the air to a laboratory setting is

3 2

(3 ()

DC va

where AT is the proportional density increase, AI' = Ap / p, where v
and v, are the kinematic viscosities of the fluid and that of air, re-
spectively, and D_is the cylinder diameter. For reference, AI' = 0.16
in our experiment would correspond to a temperature difference of
about 4°C between breath and ambient, following a model for ex-

haled breath temperature as a function of ambient temperature and
skin temperature (4, 40, 41).

(1)

Numerical simulations

DNS were used to further validate the experimental observations
and to gain deeper insights into particle transport. We simulated the
(nondimensional) incompressible Navier-Stokes equations

ﬂ+u- Vu=-Vp+ RLV2u+fb+fi

at e @
in a straight parallelepiped domain, where u is the nondimensional flu-
id velocity, p is the pressure, and ¢ is the time. Two body forces appear,
a buoyancy force f; to model thermal effects under the Boussinesq
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approximation, and an immersed boundary force f;, which incorpo-
rates the forcing on the fluid due to the movements of the cylinders
(42). We used the open-source code AFiD (43), which has been wide-
ly used to simulate fluid dynamic problems. The code uses a cen-
tered, energy-conserving finite differences in space and a third-order
Runge-Kutta fractional time-stepping.

The moving cylinders are maintained to have a similar height-to-
diameter ratio as in the experiments, and the Reynolds number
was set to Re = 6000. This value of Re, although lower than in the
experiment, is sufficiently large that the flow patterns are nearly
Reynolds independent (shown later in Fig. 3). The boundary condi-
tion on the cylinder body was set as a constant temperature. Taking
37°C as the human core temperature, the human periphery tempera-
ture changes in relation to the ambient temperature (41). The breath
plume was released at a fixed initial temperature according to the
breath-temperature relation in (40, 41) (see also the Supplementary
Materials). In addition, a fixed scalar was assigned to the plume, a
proxy for the concentration of infectious particles, and the two sca-
lars were allowed to evolve in time. To account for the buoyancy
change due to varying ambient temperature range of 24° to 35°C, Gr

was varied in the range of [0 to 2.5] X 107. Here, Gr =0 (ﬁ = 0) cor-
responds to the condition with zero thermal gradients (an idealiza-

tion), and Gr = 2.5 X 107 (0 = 0.83) corresponds to a temperature
difference between breath and ambient of AT &~ 4°C following
(40, 41).

The spreading of airborne particles (dye) is studied using a stan-
dard advection-diffusion equation for a scalar C (44, 45)

% +u-VC=Sc'Re™'V2C + P

3)

The scalar C can be taken as as either a temperature field or as a
dye concentration, with a Schmidt number Sc = D /v, and with D
the diffusion coeflicient of the scalar. We set the scalar diffusivity to
be equal to the fluid kinematic viscosity. This reduces resolution re-
quirements while reproducing the main features of the flow that the
scalar can reveal (45, 46). For the small to moderate temperature
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Fig. 3. Experiments and DNS of the velocity fields generated by periodic movements in the waiting line. (A to C) Vertical velocity fields obtained from PIV with
streamlines showing the strong downwash generated soon after the cylinders are in motion. Normalized vertical velocity at the blue and red marked locations in front of and
behind the cylinder are shown in (D). The blanked intervals in (D) correspond to the crossing of the cylinder. (E) Vertical velocity field obtained from DNS, at t /T, = 0.12.

differences, common in natural convection, thermal effects scale
linearly as a buoyancy force, f;, (47); in Eq. 2, f, = U Ce,, where U
was defined above as U = U,/ U,

For the particle concentration analysis, a spatial resolution of
256 X 384 x 768 was used, with clustering of points in the y direc-
tion close to the bottom wall. The flow was initialized for zero veloc-
ity, and the cylinders were moved for four start-stop cycles. After
this, the dye field is initialized to zero everywhere, except for a spa-
tial region around the “infected” cylinder, mimicking the dye release
in the experiment (Fig. 2A). In addition, 1000 Lagrangian tracer
particles distributed were released from this region. We simulated
the system for four more cycles, collecting velocities, scalar fields,
and particle trajectories. .

We first consider the buoyancy-less case (U = 0) with an exper-
iment where a passive, fluorescent dye is released from one of the
cylinders, #2 (the infectious) as shown in Fig. 2. The dye can be
considered as a proxy for aerosols released by an infectious indi-
vidual during breathing, and by observing its evolution in time, we
can analyze where the infectious aerosols get transported to after
one cycle of walking and waiting. The top view and side view re-
cordings are shown in Fig. 2 (A to C) and insets, corresponding to
t/7 =0, 0.08, and 0.5, respectively. The visualization indicates
that the released particles concentrate in front of the trailing (sus-
ceptible) person with not much dilution (as suggested by the inten-
sity of the dye in the top view of Fig. 2C). Despite the dye being
nearly perfectly density matched with the fluid, it still sinks in front
of the susceptible walker (#3 cylinder) soon after the walking
phase ends.

Lou et al., Sci. Adv. 11, eadw0985 (2025) 6 August 2025

To understand the origin of the downward drift of the dye, we
study the underlying flow field using both time-resolved PIV experi-
ments and DNS. Figure 3 (A to C) shows the vertical velocity and the
flow streamlines at successive points of the movement. A strong, cir-
culating flow is created initially (¢ /7, = 0.02), which traps the aero-
sols at their release location, although the individuals in the line
move forward (see also inset to Fig. 2B). However, this is immedi-
ately followed by a sudden downwash current (blue regions in Fig. 3B
att /7, = 0.02). This downwash current is responsible for the down-
ward drift of the dye (observed earlier in Fig. 2) and is reminiscent
of the wake with a “starting vortex” generated behind an airplane
wing or that behind a circulation-generating bluft body undergoing
a start-stop motion (48). To quantify the strength of the downwash,
in Fig. 3D, we sample the vertical velocity at fixed points in space
while the walkers (cylinders) move past these points. A strong down-
ward current is formed downstream of the walker, which peaks in
strength (v & —0.6U,;) around ¢ ~ 0.157;. By t = 0.257;, the down-
draft velocity has reduced in strength, to about 10% of the walking
speed, but the downdraft persists at this value for the remainder of
the waiting period. From a purely kinematic viewpoint, therefore, a
sinking of the infectious plume can be expected (as seen in Fig. 2),
which presumably reduces the infection risk for the trailing individ-
uals in the waiting line.

We compare the velocity fields from DNS with those measured
from PIV (Fig. 3, Band E) att / t; = 0.12. Despite the difference in
Reynolds number in the experiment and DNS, nearly the same
large-scale flow features are observed, including the strong down-
wash. Furthermore, the normalized velocities are remarkably similar
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in magnitude. These further ascertain the assumption of nearly
Reynolds-independent flow fields within the Re range in our study
([0.5 to 1.8] x 10%). Drawing from these insights, we model the sink-
ing speed of the breath plume asy U, where the prefactor y ~ 0.1
was experimentally (or numerically) confirmed.

Because thermal gradients are often present in waiting lines, the
downwash will be opposed by the buoyancy of the breathed air, com-
plicating the above picture and modifying the ultimate location of
the infectious plume. We systematically vary U and study the loca-
tion where the particles end up after one time period of line move-
ment. The particle displays a remarkable sensitivity on the ambient
condition, as visualized using colored dye in Fig. 4 (A to C) for ambi-
ent temperatures equivalent to 35°, 28°, and 22°C, respectively.
While in the absence of buoyancy (Fig. 4A), the released dye ends up
at the base of the cylinders, and for high buoyancy (Fig. 4C), the dye
ends up above the cylinders. In between, at an intermediate buoy-
ancy (Fig. 4B) the particles remain in front of the face of the (suscep-
tible) trailing walker, indicating a high cross-infection risk. This
effect is highlighted when looking at the vertical velocity of the case
at 28° and 22°C in Fig. 4 (D and E): Aside from a good qualitative
comparison between experiment and simulation, we can see how in
both cases the infected plume has sufficient buoyancy to oppose the
ever-present downwash current from the wake effects in the waiting
line. In a more general context, the condition of the highest infection
risk would depend crucially on the competition between line kine-
matics (walking speed) and the ambient temperature (buoyancy).

O
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The increased infection risk arising from this upward current can be
analyzed through a quantitative model that captures the combined
effects of the counter-currents on the spread of infectious aerosols.
The cloud of aerosols may be expected to rise at a velocity scale (49),
~ 1/gBAT which is counteracted by the downwash velocity of yU,,.
Here, B is the thermal expansivity of the fluid, and y ~ 0.1 was ob-
tained previously (see the Supplementary Materials for further de-
tails). The resulting vertical drift after one cycle of line movement
can be written as

Y-, = (K\/BA_T—Y Um)r1 4)

where x ~ 4 /g{, and { , is the size scale of the released plume.

Figure 4F shows the model predictions for the vertical drift of the
infectious plume for different ambient temperatures and walking
speeds. The model shows good agreement with the vertical position
of the plume obtained from the simulations (blue symbols). In addi-
tion, we can observe that the highest infection risks occur for an
intermediate temperature range. The downward current (second
term in Eq. 4) grows linearly with the walking speed, U,,. As dis-
cussed earlier, the typical walking speed in impeded indoor spaces
could vary in the range of [0.5 to 0.87] m/s. Thus, for a slightly
faster walking speed (given by the green and red curves in Fig. 4F),
the downwash current would gain in intensity. We extend the mod-
el to the higher walking speeds (green curve at 1.5X and red curve

0.4 F
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4 Direct numerical simulations
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Fig. 4. Counteracting roles of line kinematics and plume buoyancy on the spread of airborne particles. (A to C) Visualization snapshot of the location of a colored
dye (a proxy for infectious aerosols), originally released from the cylinder on the right side, for a relatively high ambient temperature condition, after one waiting time
period, t /T, = 1.This case is equivalent to an ambient temperature T, ~ 35°C. Cases (A) to (C) show how the same kind of particles end up at different locations under the
competing effects of the downwash and the breath plume’s buoyancy under different ambient equivalent temperatures [T, ~ 35°, 28° and 22°Cin (A), (B), and (C), respec-
tively]. The insets in (A) to (C) show the corresponding location of the colored-dye for human-shaped models at the three ambient conditions, which suggests similar
transport patterns. (D and E) Vertical velocity PIV fields show the buoyancy plume at the ambient conditions of (B) and (C), respectively. The mean vertical position of the
breathing plume after one period (t = 1)) versus ambient temperature is shown in (F), along with the predictions of a competing flow model (blue curve).
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at 1.75%). In summary, a broad range of intermediate ambient
temperatures—within the human comfort temperature range—could
potentially heighten the infection risks in indoor waiting lines. In
contrast, our analyses show that colder and warmer ambients both
suppress the risks.

Using the data from the simulations, we analyze the dispersion of
particles released around the cylinder during the walking-waiting
cycle. In the general situation, droplet size is an important factor in
Lagrangian models as large inertial droplets can be influenced by
their delayed response to the turbulent fluctuations, as well as gravi-
tational settling, and spatial filtering effects (50). The Lagrangian
transport equation (nondimensional) for an inertial droplet in a
flow can be written as

%y = ﬁ% + é(u—xd) + %82
where x; is the position of the droplet, St = t4 / 7, is the Stokes num-
ber, B = 3p,/ (pa +2pd) is the density ratio of the droplet to air, and
Fr~!signifies the relative strength of gravity to inertia (51).

While the Lagrangian transport model is applicable for droplets
of various sizes (inertia) and gravitational settling speeds, the focus
of the present study is on the transmission due to individuals breath-
ing normally (nonlabored). Prolonged exposure to asymptomatic
individuals can still lead to a high load of infectious particles due to
extended durations of interaction, over several wait-walk cycles. The
droplet sizes released by individuals in the case of normal breathing
lie in the range of 0.5 of 5 pm (52-55). In this size range, the aerosols
are nearly tracers of the air flow; and their Stokesian settling speeds
are very low compared to the air flow speeds (51). For instance, a
5-pm droplet has St ~ 0.001 and Fr > 1 since their settling velocity,
v, < u. This necessitates the condition that x4 ~ u, i.e., the droplets
nearly follow the turbulent air flow patterns (56).

In Fig. 5 (A and B), we show how the trajectory of particles for two
cases at T, = 35° and 28°C. The particle transport behavior depends
crucially on the ambient temperature: A relatively small change in T,
(~4°C) results in significantly different particle trajectories (U varies

(5)

from 0 to 0.59). The effect is quantified in Fig. 5C, which shows the
mean vertical displacement for the same two ambient temperature
cases presented in Fig. 5 (A and B). Whether the particles end up
near the zero line or not depends on both the walking speed and the
temperature gradient. Next, we show the mean squared displacement
(MSD) in the horizontal direction (Fig. 5) for ambient temperatures
T, in the range of 22° to 35°C, resulting in a Gr variation of [0 to
2.5] x 10”. Note that the time axis is normalized with the period of
line movements (¥ = t /7). Despite the large variation in Gr, the scal-
ing and transition times of the MSDs are not affected significantly.
We observe a clear ballistic range (~¢2) that extends up to 7 ~ 1074,
followed by a gradual approach to diffusive scaling (~t), suggesting
that the line kinematics dominate the dispersion scaling. Upon fur-
ther inspection, this transition timescale of ballistic-to-diffusive scal-
ing coincides with the walking timescale 7. The vertical dispersion
plateaus around ¥ ~ 3, as the dispersion distance approaches the size
(height) of the room. The variations caused by buoyancy are still evi-
dent when the MSDs are plotted on a linear scale (see insets). Ambient
temperature has opposing effects on horizontal and vertical disper-
sion of particles (see top and bottom insets)—whereas a higher ambi-
ent temperature increases vertical dispersion, it suppresses horizontal
dispersion. This can be rationalized by returning to the Lagrangian
trajectories of the particles shown in Fig. 5 (A and B). In the absence
of buoyancy, the particles are pulled downward by the underlying
downwash current while also being carried forward (horizontally) by
the mean drift around the walkers. However, when the ambient tem-
perature is increased, the horizontal dispersion is suppressed due to
the lifting of plumes above the height of the currents created by the
walkers. We note that the particle transport discussed here is for
small aerosolized droplets (<10 pm), where the droplet Stokes num-
ber and Froude number are sufficiently small that we can safely ig-
nore gravitational settling and inertial clustering of the particles
(50, 51) for the timescales of interest. Moreover, during regular
breathing of individuals in the line, the fraction of large droplets is
relatively low, unlike the case of violent respiratory expulsions such as
a sneeze or a cough (5, 57).

A T.—3C c °° — D - ' . —
a t/m | T, — 35°C % 100] Horizontal MSD /,— Ambient temperature (°C)
— T, =28°C 10%F = . 35 28.5 22 =
0 05 1 3
_ 0.4} ‘
s =
_g « =
o2} N
S o
|
[
> 0
c =
< =
2
-0.2
Ambient temperature (°C) 0
)
35 28.5 22 t/m
-0.4 L L
0 1 1072 107" 10°
t/Tl t/’]’l

Fig. 5. Lagrangian trajectories and dispersion of particles, obtained from DNS. Plot (A) and (B) correspond to the nonbuoyant case and the buoyant case, respec-
tively, with the particles released from the sides of the cylinder, during one period after release. The colors red to gray represent the time after release. The mean vertical
dispersion of tracers is shown for the nonbuoyant (blue) and buoyant (green) cases is shown in (C). MSD of the Lagrangian tracer particles released from the sides of the
cylinders for different net buoyancy conditions are summarized in (D). The upper curves are the horizontal MSD, and the lower lines are the vertical MSD of the tracers on

alog-log scale. Insets show the same on data on a linear scale.
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We have also examined the effect of the human body thermal
plume on the transport. In particular, the strength of the body ther-
mal plume current is low (58-61) compared to the kinematically
induced air currents such as the “downwash,” and the human body
thermal plume is restricted to a small distance (~1 cm) from the skin
surface (62, 63). Although the overhead region of the cylinders is
significantly modified by the body thermal plume (62, 63), the body
plume itself does not significantly affect the transport of the breath
plume as the latter is released below head height [see also the Sup-
plementary Materials showing DNS]. The downwash current per-
sists, and the flow and transport within the region between the
cylinders are similar even for the conditions with a large tempera-
ture gradient.

This study has provided a glimpse into the complex flow patterns
created by periodic start-stop motions mimicking the kinematics of
everyday interactions in waiting lines around us, from a grocery
store or cafe to airports or a voting center. We have revealed the ex-
istence of fluid dynamical counter-currents that arise from the com-
peting roles of shear (walking) and buoyancy (thermal gradients
between the breath plume and ambient) in a traditional waiting line,
by using a combination of laboratory experiments and DNS. The
large-scale transport patterns were found to be comparable for
human-shaped models and for idealized, cylindrical models having
the same equivalent diameter. These counter-currents can cause sig-
nificant variations in the infection risks for individuals waiting in
the line. While faster-moving waiting lines strengthen the down-
ward current (downwash), a low ambient temperature increases the
buoyancy-induced upward draft of the breath plume. The ratio of
the walking speed, U,,,, of individuals to the free-fall velocity scale,
Uy, of the breath plume determines the conditions of elevated risks.
This is set up when the breath plume is very effectively counteracted
by the wake downwash, causing the aerosols to linger in the air at an
infectious height and at minimal dilution levels for extended time
(Fig. 4B). Depending on the walking speed of individuals in the line,
infection risks may be heightened at intermediate ambient tempera-
tures (22° to 30°C), which fall within the human comfort range (64).
However, the risks may be reduced in both hotter (>32°C) and cold-
er (£22°C) ambients, which can have important implications across
climatic zones (tropical to temperate climate biomes).

The findings presented here highlight the stark contrast to the
transmission mechanisms in static social interactions, where flows
generated by the kinematics of individuals are absent. We modeled
the breath plume dynamics under the combined influence of the
downwash and the thermal gradient and obtain an expression for
the vertical position of the breath plume after one walking/waiting
cycleasY — Y, = (K\/ BAT —vy Um>’|:1. The Lagrangian statistics of
the dispersion of particles show that the horizontal dispersion
(MSDy,) is enhanced (suppressed) at lower (higher) ambient tem-
peratures, while for the vertical MSD, the temperature dependence
is reversed.

Additional influences from human body thermal plume were
noticeable in the overhead regions of the walkers. However, the
transport of the breath plume aerosols was not significantly modi-
fied by the presence of the body thermal plume due to its minimal
spatial overlap with the body thermal plume (62, 63). In the present
work, effects of radiation heat transport were not considered. Since
the body temperature is moderate, thermal radiation effects are ex-
pected to be less prominent (40, 58, 62) compared to the effects of
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the kinematic (downwash) and thermal currents. The conclusions
drawn in the present study rely on the average walking speed and
the discontinuous motion in the line, which are crucial in creating
the periodic downwash current. Since the walking speed, ambient
temperature, and the wait-walk time period ratio are all variables,
the problem in itself presents a rich complexity in outcomes, which
might account for some of the variability in infection patterns re-
corded in literature (32, 65).

It is to be recognized that the full scope of cross-infection risks in
a waiting line is truly multivariate, with biological (66, 67), environ-
mental, and behavioral factors (65, 68-71). The present work has
addressed the specific effects of line kinematics and temperature in
a simplified waiting line setting, assuming a poorly ventilated in-
door space. Variations in ventilation, humidity, and airflow condi-
tions can affect the fluid dynamics of the transport and have an
influence on the risks of transmission (17, 72, 73). However, indoor
waiting lines with poor ventilation and moderate to high indoor
temperatures are common in many developing countries, especially
in tropical and equatorial regions of South Asia, sub-Saharan Africa,
and Central America (74-77). Our observations indicate that even
in a poorly ventilated settings, if the temperature is maintained
“above a certain range” or “below a range,” the risk may be lowered
as the breath plume would be either driven downward or upward
and prevented from lingering at head height, which might suggest a
plausible mitigation strategy. There are, to be sure, uncertainties in
our analysis approaches, and these insights should not be extended
to the case of continuously moving (walking or running) lines, i.e., a
reduced frequency f* =1, /7 — 1, in which case the shear-driven
circulation is expected to take a different form from what we report
here. This is outside the scope of the present work. Future efforts at
mitigation could be targeted at new, modified line arrangements
where individuals are not positioned behind each other or by de-
signing lines in which either of the two identified counter-currents
is selectively suppressed, allowing for aerosols to be either pulled up
or pushed down. Ventilation approaches specifically aimed for the
removal of plumes could also be effective measures to reduce the
cross-infection risks in waiting lines.

MATERIALS AND METHODS

The experimental setup made use of an Arduino microcontroller and
a stepper motor controller to mimic the periodic movements in wait-
ing line with precise control over walking and waiting cycles. The
measurement section was located at the center of a 1.8 m-by-0.46 m-
by-0.46 m water tank with a 80/20 aluminum framing. The conveyor
belt was attached to two 3D printed pulleys and was driven by the
stepper motor, which connected to the pulley to mimic the periodic
motion of the waiting. A high-torque (12 Nm) Nema-34 stepper mo-
tor drove the periodic motion of the system via the Arduino micro-
controller along with DM556 stepper motor driver. The program was
coded in Arduino Integrated Development Environment, and Accel-
Stepper library is used in the program. We mounted the system on a
Teflon-coated, double-U channel system to minimize vibrations of the
belt in an accelerating-decelerating system while simultaneously visu-
alizing passive scalar transport and tracking the fluid motion. The 3D
printed cylindrical dummies are glued to the conveyor belt to mimic
people walking and waiting in a line (or queue). 3D printing was used
to print dummies of a cylindrical shape whose diameter will be deter-
mined by matching the nondimensional parameter A* of an actual
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waiting line. Further, ensuring dynamic similarity, we designed the
dummies to be around 2.5 cm in diameter and 11 cm in height for
water as the working fluid. Two Photron Nova S-9 high speed cameras
were used in the imaging experiments, one for the side view and the
other one for the top view images for dye visualization and PIV.

The simulations were conducted on a 256-by-1024-by-512 grid,
on domain sizes of 9.3D_ in the walking direction (horizontal), 5.3D,
in the transverse direction (horizontal), and 8.8D_ in the vertical di-
rection, which accommodate three cylinders between the periodic
domains. The domain size was determined to be sufficiently large
that further increase in domain extent did not change the flow pat-
terns significantly. The grid size was set to be uniform in the hori-
zontal and vertical directions, with a clustered arrangement near the
boundaries of the cylinders and walls. The average cell size was
0.02D. in the horizontal direction and ranges between 0.015D. and
0.03D. in the vertical direction. Time-stepping was performed with
a fractional time step method using a Courant number of 1.4, which

was below the stability limit of \/5 . Grid convergence tests were per-
formed to ensure that the numerical dissipation of energy was less
than 1%, which in the past has been a good indicator for the conver-
gence of the numerical method.

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S10

Legends for movies S1 to S4

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S4
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