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Supporting Information Text
Methods: Numerical Simulations

Physics.

Physical Model. Three-dimensional numerical simulations are performed in an idealized situation of non-buoyant jets, where
temperature effects are neglected. The gas flows in a low-Mach regime where compressibility effects are negligible. To account
for turbulence, we use Large Eddy Simulations (LES) (1), which allows solving the large scales of the flow while modelling the
contributions of the unresolved small scales on the large scales. The unknowns are spatially filtered quantities. The fluid flow is
thus represented by the incompressible versions of the filtered continuity and Navier-Stokes equations:
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where u; is the filtered fluid velocity component in the ith direction, p the filtered pressure, ¢t the time, x; the spatial coordinate
in the ith direction, p the constant density and p the constant dynamic viscosity. 7:; = p(w;u; —u;u;) is the residual stress-tensor
coming from the subgrid-scale unresolved contribution, for which a closure needs to be provided. Here we use the so-called sigma
model (2) which has notably been built to yield zero extra dissipation in laminar flows, so that it is well adapted to situations
at moderate Reynolds numbers where transition to turbulence occurs (3, 4), which is the case here. The fluid considered is
assumed to represent air at constant ambient temperature. The kinematic viscosity is fixed at v = u/p = 1.5 x 107° m?/s.

Lagrangian tracers are used in the simulations to visualize the development of the jet. They are massless particles convected
at the local velocity of the flow. The position X; of each tracer evolves in time as

aXi(t)
ot

= u; (X, t). [3]

Computational Domain. A 2D slice of the computational domain is displayed in Fig. S1. The computational domain is a sphere of
diameter 3.0 m, in which a small sphere of diameter 15 cm is included to crudely represent a head. The head sphere center is
located at © = —0.075 m, y = z = 0. The jet issues from a channel of fixed cross section, an ellipse of semi-axes a, = 0.01 m
and a, = 0.015 m. The in-flow is located at the center of the sphere, 7.5 cm upstream of the mouth exit. The jet issues from
the mouth exit at x = 0 and is directed towards the positive values of x. The center of the sphere of the computational domain
(that of diameter 3 m) is located at x = 0.825 m, y = z = 0.

Boundary Conditions. The in-flow boundary condition located at x = —0.075 m is a uniform Dirichlet boundary condition
imposed to obtain the flow rate signals displayed in Fig. 4 of the paper, for the cases with an exhaled volume of 0.5 L per
breath (or cycle). The in-flow signals are split into an exhalation phase and an inhalation phase with different duration but
identical volume exhaled and inhaled. Depending on the case, the signals may be multiplied by a factor of 1.5 or 2.0 to yield
higher exhaled/inhaled volume per breath (0.75 L and 1.0 L. per breath, respectively). The signal is perfectly periodic along
time, with a period of 4.0 s for all cases. For all computed cases, the jets are initially in a laminar state and transition to
turbulence naturally, notably due to the modulation of the flow. At the in-flow, Lagrangian tracers are injected randomly over
the in-flow surface, with a fixed concentration along each simulation, the injection rate of tracers depending linearly on the gas
flow rate. The concentration is adjusted so that about 65 000 tracers per cycle are injected in each case.

Boundary conditions on the head surface are impermeable non-slipping walls imposed as a zero velocity Dirichlet boundary
condition. Finally, the far-field boundary condition is also a Dirichlet boundary condition on velocity, which varies along time
in order to exactly ensure mass conservation in the domain. In practice, the ratio of surface area between the far-field boundary
condition and the inlet is such that the velocity at the far field boundary condition is typically five orders of magnitude smaller
than that in the jet.

Numerics.

Flow Solver. The flow solver YALES2BIO (3-5) is used in the present work (https://imag.umontpellier.fr/~yales2bio/). The fluid
equations are discretized using a fourth-order finite-volume scheme, adapted to unstructured grids (6, 7). To solve the
incompressible filtered equations, the projection method introduced by Chorin (8) and modified by Kim & Moin (9), based
on the Helmholtz-Hodge decomposition, is used. The prediction step is advanced in time using a TFV4A 4th-order scheme
in time, which combines a 4th-order Runge-Kutta scheme with a Lax-Wendroff-like scheme also of the 4th-order (10). The
correction step involves a Poisson equation to calculate pressure. This equation is solved with the Deflated Preconditioned
Conjugate Gradient algorithm (11).

The time step is fixed thanks to a classical Courant—Friedrichs—Lewy (CFL) condition which limits the convective time step.
The CFL number is fixed to 0.9 in all simulations.

Regarding the advancement of the Lagrangian tracers, the fluid velocity is interpolated at the tracer location and a
third-order Runge-Kutta scheme is used to advance Eq. 3.
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Meshing. We use a tetrahedral mesh generated thanks to the open source meshing software Gmsh (https:/gmsh.info) (12). It
contains 17.7 million elements. Mesh resolution is 2 mm near the mouth and in the jet in the first 60 cm downstream of the
mouth exit then smoothly increased. More rapid grid coarsening is employed to save computational resources downstream of
z = 1.65 m. Mesh resolution in the far field is nowhere more than 3 cm (see Fig. S1). Some tests with a grid twice as fine in
each direction (142 million elements) have been performed to verify the independence of the results on the grid level (see next
section).

Simulations.

Simulations operating conditions. The simulations reported are all performed in the same computational domain, with the same
numerics. The differences between the simulations lie in the flow rate at the mouth exit, with different volumes per breath (in
and out) and different in-flow signals. Table S1 gathers the characteristics of the simulations presented in this study. Multicycle
simulations and 1-cycle simulations are presented. Multicycle simulations have been run for several cycles imposing the flow
rates of Fig. 4 of the main text in a periodic manner. They are denoted by B** C** P** ans S** depending on the signal used.
P** ans S** denote speaking signals. They correspond to signals extracted from Subtelny et al. (1966) of people pronouncing
‘Peter Piper picked a peck’ (P) and ‘Sing a song of six pence’ (S). B** and C** are more characteristic of breathing, but with
different ratios between exhalation and inhalation times (see Fig. 4). The numbers after the letter indicate the exhaled volume
per breath. For the simulation of the ‘Peter Piper picked a peck’ sentence for instance, the simulation P50 uses the in-flow
signal of Fig. 4C, with an exhaled volume per cycle of 0.5 L. Simulations at 0.75 L. and 1.0 L per cycle are referred to as
P75 and P100, and are obtained by multiplying the input flow rate signal of P50 by 1.5 and 2.0, respectively. Two 1-cycle
simulations have been performed, 1P75 and 1S50. They use the same in-flow signals as P75 and S50 during the first cycle
(first 4 seconds), then a zero in-flow during the rest of the simulations. Both the peak and the averaged Reynolds numbers are
reported. The averaged value is calculated during the exhalation only.

Table S1 also reports some characteristics of the simulation results: the jet semi-angle « used in the non-dimensional results
presented in the main text, the jet length after 1 cycle and the plume Reynolds number (the Reynolds number in the plume far
from the inflow, at z = 1 m). Some comments about reproducibility are necessary before presenting results.

Reproducibility of the results and grid convergence. This study presents numerical results of turbulent transient simulations. The
difficulty with such simulations is that any quantitative result should be established with ensemble averaging over a series of
simulations with slightly different initial or boundary conditions, with some random noise for instance, to generate different
samples of the same case. Here, we do not intend to present quantitative results in each case, but rather to identify the
major trends, reproducible from a simulation to another. Proof of the grid convergence would also be extremely expensive, as
ensemble averaging would be needed. Here we show that if the details of each simulation may differ, the major trends presented
in the paper are reproducible.
We use case S75 to do so. For this case, we compare three calculations:

e run S75 used in the main text

e S75i: the same run as S75 but with different initial conditions: the final solution of run 1P75 is used as an initial condition
for this run. The velocity in the jet region of the order of 1 cm/s in the initial condition (almost 2 orders of magnitude
lower as the typical velocity at the mouth exit).

e S75fine: a run over a fine grid. The fine grid is the same as the main grid with each edge length halved (final grid 142
million elements).

First, it has to be stressed that the three jets are different, as shown with the jet angles: o = 0.207 rad for S75 and o = 0.189 rad
for S75i and a = 0.233 rad for S75fine: due to turbulence, the details of the jet growth differ from one simulation to another,
even for the same grid. As a consequence, any data concerning a simulation case should only be considered as indicative, as
differences of the order of 10% are shown in this example.

However, non-dimensional results and trends are perfectly reproducible, as shown in Fig. S2A: for all three cases, it is shown
that after a few cycles, the jets length grows like t}/2, but also that the prefactor of that scaling is the same whatever the
initial conditions and the grid. Note that reproducibility is also shown between different runs (see Fig. 5E of the main text).
As another example, grid independence of the results has been verified for C50, as shown in Fig. S2B. As a conclusion, results
presented in the main text are reproducible and independent of the grid. However, numerical results specific to each case
presented in the SI (and in particular in the right columns of Table S1) are only relative to one realization of the turbulent
flows considered. If one is interested in specific results for each case, which is not the focus here, ensemble averaging should be
performed.

Definition of the jet semi-angle. The semi-angle « reported in Table S1 is the semi-angle of a cone supposed to fit the jet development.
Defining such a cone is actually not straightforward for statistical reasons: contrary to a steady round jet, the present jets are
not statistically invariant with time nor in the azimuthal direction. In order not to be sensitive to small vortices, it was decided
to define the fitting cone as the cone of radius 1.5 cm (the largest radius of the mouth opening) at z = 0 including 90% of
the Lagrangian tracers injected. This percentage has been chosen to approximately fit the bulk development of the jet when
looking at instantaneous fields of released particles. However, we have also verified that this definition is consistent with the
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velocity field, as shown in Fig. S3. We note that the cones fit closely the jets, although the development is not identical for all
cases. In particular, cases C75 and C100 seem to have a longer development region before a more conical growth. This is
particularly visible for C100 and may explain why case C100 seems to be slightly different from the other cases in Fig. 5E. The
use of an apparent origin, as classically done in turbulent jets, may improve this small discrepancy. Note finally that the value
of the prefactor in the law of jet growth depends on the threshold used for defining the cone angle, or more generally on the
way the cone angle is calculated.

Plume Reynolds numbers. The Reynolds number in the plume far from the inflow, which is a result of the calculations is also
reported (last column of Table S1). Plume Reynolds number are estimated at z = 1 m, based on the local cycle-averaged axial
velocity on the centerline and the radial extent of the jet. The radial extent of the jet is calculated over the plane z = 0 as
the location at which axial velocity is 1/100th of the centerline velocity. Plume Reynolds numbers should be considered as
indicative, as the cycle-averaged data is relatively noisy. However, Table S1 shows that plume Reynolds number are closer to
the average Reynolds numbers than to the peak Reynolds numbers: far-field plume characteristics primarily depend on the
averaged velocity rather than the details of the inflow signal.

Jet length and jet angles. Note that for a given mass flow rate, modulation of the in-flow signal (as in simulations P** and S**) is
associated to shorter jets, but with a wider spread as shown by the semi-angle « reported in Table S1. The length is calculated
only at the end of the cycles (t = 4.0 s, 8.0 s,...). Raw data of jet length along time are presented in Fig. S4. In the main text
the same data is used in a non-dimensional plot (Fig. 5E).
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Fig. S1. 2D cutting plane (z
T
mass conservation at all time.
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0) of the computational domain with typical grid. The computational domain is a sphere of diameter 3 m. The red cross marks the in-flow, at
—0.075 m. The head (small sphere) boundary conditions are solid walls. The external boundary conditions is a uniform velocity Dirichlet boundary condition that ensures
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Table S1. Table summarizing the characteristics of the numerical simulations. Columns left of the vertical bars are imposed parameters. The
in-flow signals are presented in Fig. 4 of the main text. The Reynolds numbers Re of the last two columns before the vertical bar are calculated
as Re = 2aQ/vS with a = 1.22 cm the equivalent radius of the in-flow section, Q) the flow rate (either the peak flow rate or the averaged flow
rate during exhalation) and S =~ 4.7 cm? the surface area of the in-flow section. The last four columns are results of calculations (right of
the vertical bar). Plume Reynolds number are calculated from the cycle-averaged axial velocity and the jet radial extent at - = 1 m. They are
averaged over the last 4 cycles for each simulation.

Run in-flow Volume per Exhal. Peak flow  Average flow Peak  Average Jet semi- Jet semi- Jet length (m)  Plume
ID signal breath (L) time (s) rate (L/s) rate (L/s) Re Re angle « (rad)  angle « (deg) after 1 cycle Re
B50 Fig. 4A 0.50 2.4 0.274 0.208 949 722 0.224 12.6 0.70 857
C50 Fig. 4B 0.50 2.8 0.235 0.179 814 619 0.179 10.1 0.73 1014
C75 Fig. 4B 0.75 2.8 0.353 0.268 1222 928 0.171 9.7 0.82 1062
C100 Fig. 4B 1.00 2.8 0.470 0.357 1629 1238 0.203 11.5 0.96 1740
P50 Fig. 4C 0.50 2.8 0.612 0.179 2121 619 0.270 15.1 0.64 807
P75 Fig. 4C 0.75 2.8 0.918 0.268 3181 928 0.232 13.1 0.83 1137
P100 Fig. 4C 1.00 2.8 1.224 0.357 4242 1238 0.242 13.6 0.90 1660
S50 Fig. 4D 0.50 2.8 0.538 0.179 1864 619 0.207 11.7 0.54 788
S75 Fig. 4D 0.75 2.8 0.807 0.268 2797 928 0.207 11.7 0.60 1542
S100 Fig. 4D 1.00 2.8 1.076 0.357 3729 1238 0.230 13.0 0.68 1602
Fig. 4C
1P75  ift<4s 0.75 2.8 0.918 0.268 3181 928 0.232 13.1 0.83 -
then 0
Fig. 4D
1S50 ift<4s 0.50 2.8 0.538 0.179 1864 619 0.207 11.7 0.54 -
then 0
6 of 10 Manouk Abkarian, Simon Mendez, Nan Xue, Fan Yang & Howard A. Stone
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Fig. S2. Reproducibility and grid convergence: evolution of the non-dimensional jet length L /a as a function of 2vot/(ac) (see Eq. 2 of the main text), with a ~ 1.22 cm the
equivalent radius of the mouth exit and v the average axial speed during exhalation. The power law is plotted as a guide for the eyes to assess the evolution of L with time. It
is the same as in Fig. 5E. A.: case S75 with vy ~ 0.568 m/s in the three simulations reported. Results from simulation S75 are compared with the same simulation except for
initial conditions, S75i. Results from a fine grid calculation are also reported: S75fine is performed in the exact same conditions as S75 albeit with a grid twice as fine in all
directions. B: case C50 with vo =~ 0.379 m/s in the two simulations reported. Results from simulation C50 are compared with C50fine, performed with a grid twice as fine in

all directions.
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Fig. S3. Cycle-averaged axial velocity field for cases C75 (A), S75 (B), C100 (C) and S100 (D) over the 2D cutting plane z = 0. Solid lines mark the cone obtained using the
definition with Lagrangian tracers (90% of the injected tracers are included in the cone. The lines stop at z = 1.5 m. Velocity is made non-dimensional using Q /S (see
Table S1) as the characteristic velocity for each case. The color map is the same for all 4 cases. Cycle-averaged data are themselves averaged over the last 4 cycles of each

run.
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Fig. S4. Jet lengths L(t) (based on the definition that 90% of injected tracers are upstream of the jet length L at time t) as a function of time for the different simulations listed

in Table S1. A.. Multicycle simulations. B. Comparison of 1 cycle simulations 1P75 and 1S50 with corresponding multicycle simulations P75 and S50.
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Movie S1. (Upper panel) Bright field high-speed movie of a speaker calmly breathing twice with a slightly
open mouth (1 cm X 2 cm), in direction of a laser sheet with a fog surrounding the head. (Lower Panel)
Associated velocity magnitude field obtained by correlation image velocimetry.

Movie S2. (Upper panel) Bright field high-speed movie of a speaker blowing strongly in direction of a
laser sheet with a fog surrounding the head. (Lower Panel) Associated velocity magnitude field obtained by
correlation image velocimetry.

Movie S3. (Upper panel) Bright field high-speed movie of a speaker saying the sentence ‘We will beat the
corona virus’ in direction of a laser sheet with a fog surrounding the head. (Lower Panel) Associated velocity
magnitude field obtained by correlation image velocimetry.

Movie S4. (Upper panel) Bright field high-speed movie of a speaker saying the sentence ‘Sing a song of
six pence’ in direction of a laser sheet with a fog surrounding the head. (Lower Panel) Associated velocity
magnitude field obtained by correlation image velocimetry.

Movie S5. (Upper panel) Bright field high-speed movie of a speaker saying the sentence ‘Peter Piper picked
a peck’ in direction of a laser sheet with a fog surrounding the head. (Middle Panel) Associated velocity
magnitude field obtained by correlation image velocimetry. (Lower Panel) Associated vorticity field.
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