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A B S T R A C T

Propagation of respiratory particles, potentially containing viable viruses, plays a significant
role in the transmission of respiratory diseases (e.g., COVID-19) from infected people. Particles
are produced in the upper respiratory system and exit the mouth during expiratory events
such as sneezing, coughing, talking, and singing. The importance of considering speaking and
singing as vectors of particle transmission has been recognized by researchers. Recently, in
a companion paper, dynamics of expiratory flow during fricative utterances were explored,
and significant variations of airflow jet trajectories were reported. This study focuses on
respiratory particle propagation during fricative productions and the effect of airflow variations
on particle transport and dispersion as a function of particle size. The commercial ANSYS-Fluent
computational fluid dynamics (CFD) software was employed to quantify the fluid flow and
particle dispersion from a two-dimensional mouth model of sustained fricative [f] utterance as
well as a horizontal jet flow model. The fluid velocity field and particle distributions estimated
from the mouth model were compared with those of the horizontal jet flow model. The
significant effects of the airflow jet trajectory variations on the pattern of particle transport and
dispersion during fricative utterances were studied. Distinct differences between the estimations
of the horizontal jet model for particle propagation with those of the mouth model were
observed. The importance of considering the vocal tract geometry and the failure of a horizontal
jet model to properly estimate the expiratory airflow and respiratory particle propagation during
the production of fricative utterances were emphasized.

. Introduction

The transmission of viral expiratory particles and aerosols emitted from infected individuals has been recognized as one of the
rimary modes of transmission of the COVID-19 virus from one person to another (Jayaweera, Perera, Gunawardana, & Manatunge,
020). The devastating epidemics caused by viral respiratory diseases (e.g., COVID-19, MERS-CoV, Measles, influenza) highlight
he need to advance knowledge regarding the spread of particles expirated during human expiratory activities to plan an effective
esponse to reduce infection.
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Nomenclature

𝐶c Stokes–Cunningham slip correction factor
𝐶D Particle drag coefficient
𝑑p Particle diameter
𝑑𝑡 Time step
𝑔 Acceleration of gravity
�⃗�(𝑡) Vector Gaussian random number with zero mean and unit variance
ℎ Tooth gap height
𝑗 The standard unit direction in the 𝑦-direction
𝑘b Boltzmann constant
𝑚p Particle mass
𝑛(𝑡) Brownian force per unit mass
𝑁t Total number of instances
𝑁pt Total number of particle counts in all bins during the whole expiration at 0.50 s
𝑝 Static pressure
𝑝s Subglottal pressure
𝑅𝑒p Particle Reynolds number
𝑆 Particle to fluid density ratio
𝑆0 Spectral density of Gaussian
𝑡 Time
𝑇 Absolute temperature
𝑣 Fluid velocity
𝑣p Particle velocity
𝜆 Gas molecular mean free path
𝜇 Fluid dynamic viscosity
𝜌 Fluid density
𝜌p Particle density
̄̄𝜏 Stress tensor
𝜏p Particle relaxation time
𝜈 Fluid kinematic viscosity

Respiratory particles are generated during breathing, speaking, singing, sneezing, and coughing. Until recently, the role of
peaking in generating and transmitting respiratory particles was largely neglected, as coughing and sneezing were deemed more
ominant (Stadnytskyi, Bax, Bax, & Anfinrud, 2020). However, recent investigations affirmed that the aerosol generation by speech
s comparable to that of coughing (Asadi et al., 2020; Johnson et al., 2011; Lindsley et al., 2012; Yan et al., 2018). In addition, the
ize distribution of speech particles is relatively similar to those of coughing and singing (Chao et al., 2009; Duguid, 1946; Johnson
t al., 2011). Therefore, it is essential to assess the risk of speech generated respiratory particles to be incorporated in guidelines
nd recommendations provided for respiratory pandemics.

To quantify the risk of particle propagation during speech, it is required to know the airflow velocity field expired during
peech. Accordingly, in companion papers, physical (Ahmed et al., 2021) and numerical (Mofakham et al., 2022) experiments were
erformed to evaluate the distributions of airflow fluid velocity trajectories expelled during sustained consonant fricative productions
nd the influence of the speech loudness and changes in vocal tract geometry on the airflow dynamics. In these studies the unsteady
ature of the flow was measured and simulated. Both studies showed significant unsteadiness in the magnitude and direction of the
low velocity. The flow simulations were 2D while the experiments were 3D, but both led to the conclusion that the flow direction
s highly unsteady and time-varying. However, the propagation of respiratory particles has not been directly assessed.

Aside from a few exceptions (Abkarian, Mendez, Xue, Yang, & Stone, 2020), the unsteady behavior of expiratory flow is typically
verlooked in most studies (Liu, Qian, Luo, & Zheng, 2021; Singhal, Ravichandran, Govindarajan, & Diwan, 2021; Yang, Pahlavan,
endez, Abkarian, & Stone, 2020), and a steady, horizontal jet exiting from a simplified vocal tract geometry is employed to estimate

xpiratory airflow and respiratory particle propagation during expiratory activities.
Because the significance of unsteady and dynamic expiratory airflow trajectories on particle transport during speech has not been

ully investigated, this investigation is devoted to identifying how the previously identified unsteady expiratory airflow dynamics
nfluence particle propagation. In addition, the validity of the simplified horizontal jet flow approach will also be explored. This is
n important distinction as running speech produces a wide range of phonemes that are anticipated to lead to complex and variable
ehavior. Fricatives, which are produced by an airflow restriction in the mouth, produce the highest airflow velocity, with complex
ynamics (Pont, Guasch, Baiges, Codina, & Van Hirtum, 2019; Yoshinaga, Nozaki, & Wada, 2019). Among different fricatives, the
2
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Fig. 1. (a) Silhouette of the vocal tract geometry of fricative [f] utterance. The inset shows a zoomed-in view of the mouth geometry, with the wall-normal gap
between the lower lip and the upper tooth defined as ℎ. (b) The geometry of the horizontal jet model with a vertical opening. The inset shows a zoomed-in
view of the opening with a height equal to the tooth gap (ℎ).

fricative utterance [f] produced by a labiodental occlusion was chosen to be explored in this investigation, because it is representative
of the upper limit on the airflow velocity and volumetric flow rate at the mouth that is produced during speech (Wang & Li, 2019).
Other fricatives that arise from occlusions at different locations in the vocal tract (e.g., palatal fricative [s]) are likely to create
different flow dynamics due to the altered mouth and lip geometry. Accordingly, propagation of expiratory particles during the
production of [f] was simulated using a two-dimensional realistic vocal tract model. Results are contrasted with a two-dimensional
horizontal jet flow model. The airflow simulations were conducted by direct numerical simulation of the full 2D Navier–Stokes
and continuity equations (with no need to use a turbulence model). It is acknowledged that discrepancies may exist between the
two-dimensional simulation results reported in this investigation and the actual three-dimensional flow fields (Anderson, Green, &
Fels, 2009). However, two-dimensional simulation results are still valid to highlight the influence of the vocal tract geometry on
the expiratory flow and the effects of the airflow jet trajectory variations on the propagation of respiratory particles as well as the
differences between predictions of a horizontal jet flow and a mouth model.

2. Methods

2.1. Model geometries

Fig. 1.a displays a two-dimensional generalized vocal tract geometry during a sustained fricative [f] production. It was drawn to
represent magnetic resonance imaging (MRI) data from a speech dataset of multiple subjects obtained at the mid-sagittal plane of
the upper respiratory system of speakers (Mofakham et al., 2022; Narayanan et al., 2014). The representation captures the primary
features occurring during the fricative [f] production, including the positioning of the tongue relative to the teeth and the gap
between them. The most important feature from a flow perspective is the labiodental constriction created by positioning the lower
lip against the upper teeth during [f] utterance. This is shown in the inset of Fig. 1.a.

To produce an average cross-sectional area of 0.20 cm2 at the constriction (Narayanan, Alwan, & Haker, 1995), a height of
0.8 mm for the minimum gap size between the lower lip and upper tooth was implemented (Mofakham et al., 2022). The Reynolds
number at the constriction was around 1700 based on the gap height and the maximum velocity. To find the optimum grid size of
the mouth model, four different grids with maximum cell sizes of 40, 20, 10, and 5 μm at the constriction region were generated.
The velocity profiles at the constriction region produced by the different computational grids were compared and it was found that
the results of the computational grid with 10 μm was approximately identical to those at 5 μm. Therefore, the computational grid
with a maximum cell size of 10 μm at the constriction was picked as the optimum grid.

Fig. 1.b shows the geometry of the horizontal jet model, which is a simplified version of the mouth model where the vocal tract
geometry was omitted and only a vertical opening with a size equal to the tooth gap height (ℎ = 0.8 mm) of the mouth model was
assumed as shown in the inset of Fig. 1.b. In this model, a horizontal airflow jet exits from the vertical opening and spreads into the
computational domain. The computational grid of the horizontal jet model was generated with a structure and resolution similar to
that of the mouth model to keep the level of accuracy the same between the models.

2.2. Numerical procedure

2.2.1. Flow simulation
To quantify the unsteady expiratory flow field of the two-dimensional mouth model for [f] and the two-dimensional horizontal

jet flow, the unsteady viscous flow model of the ANSYS-Fluent CFD software was used to solve the two-dimensional continuity and
the Navier–Stokes equations given as

∇ ⋅ 𝑣 = 0, (1)
3
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(𝜌𝑣) + ∇ ⋅ (𝜌𝑣 ⊗ 𝑣) = −∇⃗𝑝 + 𝜇∇2𝑣 + 𝜌𝑔, (2)

here 𝑡, 𝑣, 𝜌, 𝜇, 𝑝, and 𝑔 are the time, the fluid velocity, fluid density, fluid dynamic viscosity, fluid static pressure, and acceleration
f gravity, respectively.

The simulations were performed with a time step of 10 μs for a duration of 0.50 s starting from a quiescent state, selected based
n the mean fricative duration reported in the literature (Lass, 2012; Oller, 1973), while the residual criterion of the continuity,
and 𝑦 components of the Navier–Stokes equations was set to 10−5. A pressure inlet boundary condition was used to impose a

onstant pressure of 600 Pa (Titze & Martin, 1998) at the vocal tract inlet section, located below the opening between the vocal
olds (glottis), which is representative of the driving pressure produced during speech at normal loudness. From the simulation
esults an average velocity magnitude of 28.2 m/s was computed at the constriction region between the tooth and the lower lip.
herefore, for the jet model, an inlet velocity boundary condition with a horizontal velocity of 28.2 m/s was assumed for the inlet.

Additional information on the vocal tract geometry, the grid size, more details on the numerical procedure, and the verifi-
ation and validation of the numerical approach may be found in a companion paper on the airflow dynamics during fricative
tterances (Mofakham et al., 2022).

.2.2. Lagrangian particle tracking
The discrete phase model (DPM) of the ANSYS-Fluent software, where particles were assumed as point particles, was used to

uantify the trajectories of 0.1, 1, 5, 10, 20, and 50 μm particles with a density of 1030 kg∕m3 (Johnson et al., 2011; Leal, Smyth,
Ghosh, 2017). The particles were introduced with an injection rate of 5 × 105 particles/s from the tooth gap region of the mouth

model and the jet model inlet. By the end of the simulations, at 0.50 s, 25 × 104 particles of a given size were emitted in the
computational domain of both models. The trap particle boundary condition was imposed on the vocal tract boundary of the mouth
model, and the escape boundary condition was assumed for the boundaries of the external flow domain of both mouth and jet
models. It was assumed that the volume fraction of particles was sufficiently small so that the interactions between particles as
well as the influence of particles on the flow field were ignored and the simulations were performed under the one-way coupling
assumption. The velocity of the particles at each time step was evaluated by the particle equation of motion, including the drag,
gravity, and Brownian forces, given as

𝑑𝑣p
𝑑𝑡

= 1
𝜏p

𝐶D𝑅𝑒p
24

(𝑣 − 𝑣p) + 𝑔 + 𝑛(𝑡), (3)

where 𝑣p is the particle velocity, 𝑔, the acceleration of gravity is equal to −9.81 𝑗 [m∕s2], and 𝑛(𝑡) is the Brownian force per unit
mass, (Li & Ahmadi, 1993) given by

𝑛(𝑡) = �⃗�(𝑡)(
𝜋𝑆0
𝑑𝑡

)0.5. (4)

Here 𝑆0 is given by

𝑆0 =
2𝑘𝑏𝑇
𝜏p𝜋𝑚p

, (5)

where 𝑘𝑏 is the Boltzmann constant equal to 1.38 × 10−23 J/K. In Eq. (3), 𝑅𝑒p is the particle Reynolds number given by

𝑅𝑒p ≡
𝜌𝑑p|𝑣p − 𝑣|

𝜇
, (6)

and, 𝜏p is the particle relaxation time defined by

𝜏p =
𝑆𝑑2p𝐶𝑐

18𝜈
, (7)

where 𝑑p is the particle diameter and 𝐶c is the Cunningham slip correction factor given as

𝐶𝑐 = 1 + 2𝜆
𝑑p

(1.257 + 0.4𝑒−(1.1𝑑p∕2𝜆)). (8)

Here the gas mean free path, 𝜆, was assumed 0.07 μm for air at room temperature. In Eq. (3), the drag coefficient (𝐶D) for particles
arger than one micron is estimated by the drag model proposed for smooth spherical particles by Morsi and Alexander (1972) given
s

𝐶𝐷 = 𝑎1 +
𝑎2
𝑅𝑒p

+
𝑎3
𝑅𝑒2p

, (9)

where coefficients 𝑎𝑖 are constant defined over different ranges of 𝑅𝑒p. However, assuming the Stokes regime (Ounis, Ahmadi, &
McLaughlin, 1991), the drag coefficient of submicron particles is defined by

𝐶𝐷 = 24 . (10)
4
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Fig. 2. Time variation of the volumetric flow rate of the mouth and horizontal jet model.

3. Results and discussion

3.1. Expiratory flow field

Fig. 2 displays the time variation of the volumetric flow rate of the mouth model for the utterance [f] and the horizontal jet
model. In less than 0.05 s, the mouth model reaches its quasi-steady value of about 600 mL/s, which is about 2–4 times greater than
the usual flow rate in speech. The quasi-steady value of the mouth model matches the steady flow rate of the horizontal jet model.
Video A in the supplementary shows the fluid velocity contours of the mouth and the horizontal jet model versus time. Although
Fig. 2 shows the volumetric flow rates appear to stabilize, Video A reveals the flow at the exit of the mouth, and the horizontal
jet model is highly unstable. The direction of airflow changes rapidly, causing significant fluctuations in fluid propagation. The
unsteadiness is particularly more pronounced in the mouth model, producing noticeable differences compared to the fluid flow in
the horizontal jet model.

By exploring the expiratory fluid velocities it is revealed that during fricative [f] productions, an airflow jet is produced at the
constriction that exits into the surroundings from the space between lips. As a result of the Coandă effect (Coanda, 1936), the jet
tends to attach to either the upper or lower lip producing expiratory flow that is propagated with positive or negative angles relative
to the horizontal. As noted before, the jet is unstable and small variations in volume flow rate (i.e., loudness), shape of the vocal
tract, or interactions with the vortical flow structures cause the jet to oscillate between the lips (Ahmed et al., 2021; Mofakham
et al., 2022).

To clarify the evolution of the airflow jet trajectories over the 0.50 s of the [f] production, the instantaneous angle of the airflow
jet was determined by finding the angle of a linear line anchored to the middle of the tooth opening and fitted to the locations of
the maximum instantaneous fluid velocity over 0 to 3 cm from the tooth as illustrated in Fig. 3.

The variation of the jet angle versus time is plotted in Fig. 4.a which illustrates that the jet trajectory angles span approximately
between ±75◦. As seen from this figure, initially the jet is attached to the upper lip, propagating predominately in the positive
direction, but at approximately 0.19 s, the jet migrates towards the lower lip, producing trajectories with more negative orientations.
The bimodal distribution of jet angles is also noticeable in Fig. 4.b, where the normalized number of occurrences of jet trajectories
with angles distributed in bins with a width of 5◦ is illustrated. Upward oriented trajectories are distributed around +35◦ and
downward oriented trajectories are distributed around −15◦, while the mean value is almost horizontal with an angle of +1.61◦.
The abrupt changes in the jet angle are due to far-field disturbance interacting with the near-field jet, similarly observed in the
physical measurements (Ahmed et al., 2021). As seen in supplementary Video A, on some occasions, far-field vortical structures
cause disruptions at the mouth and jet exit leading to abrupt changes in the estimated jet angles. These occurrences show that in
real work scenarios, external flow disturbances may cause even greater variability in the flow direction. The corresponding time
history and histogram distributions of the airflow jet trajectory angle expelled from the horizontal jet model are illustrated in Fig. 4c
and d, respectively. Fig. 4c indicates the airflow jet trajectories produced by the jet model are predominately horizontal, but as a
result of vortices that are shed and spread earlier into the surrounding, they oscillate roughly between ±40◦ with a mean value of
−1.33◦. Fig. 4.d displays a narrow unimodal distribution for the jet angle variations ranging from −40◦ to +40◦ with the maximum

◦

5

value in the horizontal direction (e.g., 0 ).
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Fig. 3. An example of how the jet angle was computed at the mouth exit, where the dashed line represents the horizontal, and the solid line shows the
best-fitted line to the locations of the maximum instantaneous fluid velocity over 0 to 3 cm from the tooth.

Fig. 4. The time history of angle variations of airflow jet trajectory spreading from (a) the mouth and (c) the horizontal jet model, over the simulation time of
0.50 s. Histograms of the airflow jet trajectory angle distributions normalized by the total number of occurrences are also shown for (b) the mouth and (d) the
horizontal jet model.

3.2. Respiratory particle propagation

The evolution of the trajectory of particles with diameters of 0.1, 1, 5, 10, 20, and 50 μm were evaluated during 0.50 s of sustained
fricative production in the mouth and jet models. The particles were continuously injected throughout the 0.50 s simulation time.

Video B in the supplementary material presents the propagation of 0.1, 1, 20, and 50 μm particles through the horizontal jet
and mouth models. A snapshot of distributions of 0.1, 1, 20, and 50 μm particles from the mouth model at 0.25 and 0.50 s are also
illustrated in Fig. 5.a and b, respectively. The corresponding instantaneous airflow velocity contours at 0.25 and 0.50 s are illustrated
in Fig. 5.c and d, respectively, where for better visualization, the velocity contours larger than 10 m/s are shown by the red color.
To clarify the details at the mouth exit a zoomed in view of the region near the mouth exit is shown in the figures. In Video B and
Fig. 5.a and b, the distributions of 0.1 and 1 μm particles are almost identical. This reveals that the Brownian excitation for 0.1
μm particles are small resulting in negligible differences in the trajectories. Comparing the distributions of 0.1 and 1 μm particles,
6
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Fig. 5. The instantaneous velocity contours at (a) 0.25 and (b) 0.50 s and a snapshot of distribution of particles with diameters of 0.1, 1, 20, and 50 μm at (c)
0.25 and (d) 0.50 s propagated from the mouth model. The insets show a zoomed in view near the mouth exit.

shown in Fig. 5.a and b, with the airflow velocity contours, shown in Fig. 5.c and d, confirms that these particles follow the flow and
end up in the same locations as the vortex cores that shed from the exiting jet. However, for larger particles, due to the increased
relaxation times (response time), the tendency of the particles to follow the airflow trajectories reduces. Consequently, as seen in
Video B and illustrated in Fig. 5, larger particles (e.g., 20 and 50 μm) only follow the larger vortical structures. The insets in 5.a
and b clearly show a ballistic motion of 50 μm particles.

In addition, Fig. 5 shows larger particles accumulate in the outer regions of the vortices, which highlights the influence of the
centrifugal force on larger particles. Distributions of the 50 μm particles are roughly similar to those of 20 μm except that, as a result
of their larger inertia, they are less dispersed. The influence of the centrifugal force is more pronounced for 50 μm such that they
are aggregated at a greater distance from the center of the vortices. The number of injected particles is the same for all sizes, and
after 0.50 s of emission, 250,000 particles of each size are introduced into the domain.

The particle distributions of 0.1, 1, 20, and 50 μm resulting from the horizontal jet model at 0.25 and 0.50 s are illustrated
in Fig. 6.a and b, respectively. The associated instantaneous airflow velocity contours are shown in Fig. 6.c and d, respectively,
where the red color contours represent velocities larger than 10 m/s. Similar to what was seen in the mouth model (Fig. 5), in the
horizontal jet model (Fig. 6), the smaller particles (0.1 and 1 μm) follow both small and large size airflow vortices, but the larger
particles (20 and 50 μm) are mainly carried by the larger vortical structures. The comparison of Fig. 6.c and d with Fig. 5.c and
d, also clarifies that the airflow trajectories produced by the horizontal jet are remarkably different than the mouth trajectories
resulting in significant different particle transmission patterns. Fig. 5.a illustrates that particles for the mouth model propagate to
higher heights relative to the mouth outlet and spread to the upper boundary of the computational domain at 𝑦 = 24.4 cm. This is due
to the positive angle of the airflow jet trajectories during the initial 0.19 s of expiration, as discussed in Section 3.1. However, from
0.25 to 0.50 s, migration of the jet towards the lower lip produces increasingly negative airflow jet trajectories and subsequently
lower particle trajectories. In addition, particles that were ejected upward during the initial 0.25 s are also advected towards the
lower heights in the computational domain during this time. Consequently, at 0.50 s particles spread downward to 𝑦 = −35 cm
relative to the mouth outlet as seen in Fig. 5.b. In contrast, Fig. 6.a reveals that at 0.25s, particles expelled by the horizontal jet
are spread symmetrically spanning approximately between ±15 cm in the 𝑦-direction. At 0.50 s, shown in Fig. 6.b, the horizontal
jet produces particle distributions ranging from −15 and +24 cm in the 𝑦-direction, while a random vortex structure carries some
particles to regions as low as −40 cm below the mouth exit. Fig. 5.a and b reveal particles are propagated in the horizontal direction
up to 30 and 50 cm away from the mouth exit at 0.25 and 0.50 s of expiration, respectively. In contrast, the horizontal jet model
propagates particles 40 and 70 cm, as shown in Fig. 6.a and d, respectively.

Because particles are strongly influenced by the high-velocity airflow structures, and the relatively short simulation time of 0.50
s, the influence of gravity on the large particles (e.g., 50 μm) is not observed in Figs. 5 and 6.

Snapshots of particle distribution display only instantaneous particle positions evolving in time as a result of their interactions
with vortices and velocity fluctuations. To gain a sense of the particle concentration at any location, the cumulative particle
7
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Fig. 6. The instantaneous velocity contours at (a) 0.25 and (b) 0.50 s and a snapshot of distribution of particles with diameters of 0.1, 1, 20, and 50 μm at (c)
0.25 and (d) 0.50 s propagated from the horizontal jet model.

Fig. 7. The contours of cumulative normalized concentration of particles with diameters of 1 and 50 μm at 0.50 s emitted from the (a)–(b) mouth and (c)–(d)
jet models in a duration of 0.50 s expiratory flow.

concentrations throughout the 0.50 s of expiration normalized by the maximum cumulative concentration is shown in Fig. 7.a
and b for 1 and 50 μm particles at 0.50 s emitted from the mouth model.

Fig. 7.a presents the cumulative 1 μm particle concentrations at 0.50 s for the mouth model, showing they spread over 30 cm in
the 𝑥-direction. Due to the time variation of the expiratory airflow trajectories, particles also spread between +25 cm to −35 cm in
8
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Fig. 8. The normalized histogram of cumulative number count as a function of particle horizontal position with diameters of 1 and 50 μm emitted from the
(a)–(b) mouth and (c)–(d) horizontal jet models during 0.25 s (filled bars) and 0.50 s (unfilled bars) of expiratory flow.

the 𝑦-direction. However, Fig. 7.b shows that the 50 μm particles are emitted from the mouth model with a ballistic-like trajectory
as a result of the high velocity at the tooth gap region from where they are expelled. The ballistic-like motion of 50 μm particles
at the mouth exit is also seen in insets of Fig. 5.c and d. The 50 μm particles spread in the vertical direction only by large-scale
vortical flow structures so that small concentrations are seen beyond ±10 cm in the 𝑦-direction.

The corresponding cumulative normalized concentration contours of 1 and 50 μm particles propagated from the horizontal jet
are presented in Fig. 7.c and d, respectively. Fig. 7.c illustrates a roughly symmetric concentration distribution for 1 μm particles
emitted by the horizontal jet model. This figure shows particles are predominately propagated up to 45 cm in the 𝑥-direction and
between ±15 cm in the 𝑦-direction. On the other hand, Fig. 7.d shows the 50 μm particles are emitted from the jet primarily in the
horizontal direction and penetrate up to approximately 18 cm, before losing their initial momentum. Thereafter, as a result of large
vortical structures in the flow, they are distributed up to approximately 47 cm and ±13 cm in the 𝑥- and 𝑦-directions, respectively.

The comparison between Fig. 7.a and c as well as Fig. 7.b and d identify significant differences between the mouth model and the
jet model. Fig. 7 clarifies that the horizontal jet model predicts larger and smaller particle penetrations in the 𝑥- and 𝑦-directions,
respectively, compared to the mouth estimations. The wide variations in the airflow trajectories expired from the mouth model,
shown in Fig. 4.a, cause broader spreading of particles in the 𝑦-direction leading to smaller penetration in the 𝑥-direction. In contrast,
the airflow trajectory produced by the jet model, shown in Fig. 4.b, is predominately horizontal producing a stationary horizontal
jet flow that leads to increased horizontal penetration and reduced vertical spreading of the particles.

To further clarify the differences between the predictions of the mouth model with those of the jet model, particles are counted
in bins with a width of 0.5 cm during 0.50 s of expiration and normalized by 𝑁pt , which is the total number of counts in all bins
during the whole expiration at 0.50 s. The time evolution of normalized histograms of cumulative number count as a function of
particle horizontal position are evaluated at times 𝑡 = 0.25 s and 0.50 s. Fig. 8.a and b illustrate the histograms of 1 and 50 μm
particles obtained from the mouth model. Fig. 8.c and d show the corresponding histograms of 1 and 50 μm particles evaluated by
the jet model. The histograms shown in Fig. 8 present the particle distributions at 0.25 s (filled bars) and at 0.50 s (unfilled bars).

Fig. 8.a and b show that over the 0.50 s of simulation the particles emitted from the mouth model penetrate less than 40 cm from
the mouth exit. The center of mass values of histograms Fig. 8.a and b are at 9.65 and 8.64 cm, respectively. Fig. 8.c and d, show
that the particles propagated by the horizontal jet flow model are propagated over a larger distance, up to approximately 70 cm.
Based on the center of mass of the histograms shown in Fig. 8.c and d, the average horizontal penetration is 21.3 and 24.5 cm
for the 1 and 50 μm particles emitted from the jet model, respectively. Fig. 8.a and c show that the highest concentration of 1 μm
9
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particles in the mouth and jet flow models occur at about 2.5 and 3.5 cm, respectively. However, the highest concentration of 50
μm particles in the mouth and jet models are approximately at 6.5 and 15.5 cm as shown in Fig. 8.b and d, respectively.

Fig. 8 confirms that particles appear more frequently at larger distances in the expiratory jet flow model compared to the particles
ropagated by the mouth model. The difference between the jet trajectory angle variations of the mouth expiratory flow with those
f the horizontal jet flow model, shown in Fig. 4, leads to the differences between the horizontal penetration distance of particles.
ig. 4.b shows that the jet model produces predominately stationary horizontal airflow trajectories leading to increased horizontal
enetration and reduced vertical spreading of the particles. However, it is known from prior works (Abkarian et al., 2020; Ahmed
t al., 2021; Han et al., 2021; Liu et al., 2021; Singhal et al., 2021; Yang et al., 2020) that the general flow behavior at the mouth
xit during speaking is highly transient with variable airflow jet trajectories. Therefore, it is concluded that a jet model producing
redominately horizontal airflow trajectories is probably not a good representation of the flow and particle transport dynamics.

.3. Limitations

There are some limitations associated with this study. Namely, two-dimensional simulations were conducted, which are a
implification of the three-dimensional human vocal tract geometry. A flat wall was assumed on the side where the exit of the mouth
as positioned instead of a human face and neck geometry. This definitely affects the far-field behavior of the flow, however, the
oint of this study was to investigate the effect of flow unsteadiness on penetration distance which is primarily determined by the
low in the vicinity of the lips. In addition, the dynamic articulation of the oral cavity, teeth, and lips were neglected and the
nfluences of particles on the airflow and the interactions between particles were ignored which adds some inaccuracies for larger
ize particles (e.g., 20 and 50 μm). However, the focus of this work was to specifically investigate how variability in the expiratory
et trajectory influences the propagation of respiratory particles. Expiratory jet variability is a key behavior observed in clinical
easures of expiratory flows (Ahmed et al., 2021) that is captured by two-dimensional models (Mofakham et al., 2022). As such,
espite their geometric simplification, 2D models accurately capture the flow dynamics of interest. However, the current study only
xplored one fricative utterance ([f]), which was chosen based on the high exit velocity and flow rate observed for this oral posture.
s such, it serves as a limiting case. Nevertheless, prior work (Ahmed et al., 2021) has identified that different fricative utterances
an produce drastically varying flow trajectories. Therefore, the results presented herein should not be generalized for all consonant
r fricative utterances. This also highlights the need for ongoing studies that consider the dynamic nature of the expiratory jet that
ccurs during running speech.

. Conclusions

The dispersion and penetration of respiratory particles generated by the expiratory flow during a 0.50 s sustained fricative
tterance were investigated using a two-dimensional mouth and horizontal jet model.

Exploring the airflow expired from the mouth model highlighted the significant influence of the Coandă effect on the expired
irflow direction leading to wide variations of jet trajectory angle spanning between ±75◦ in the mouth model. In contrast, the jet
odel produced trajectories that were largely horizontal, with significantly less spreading in the vertical direction. These differences
ighlight the importance of the exit boundary conditions (e.g., the lips) in accurately capturing the flow dynamics.

The comparison of large and small respiratory particle distributions revealed drastic differences between the mouth and jet model
redictions. The horizontal jet model predicts significantly higher particle penetration in the horizontal direction and less dispersion
n the vertical direction in comparison to that of the mouth model.

The failure of the horizontal jet model to accurately estimate respiratory particle propagation during fricative utterance
roductions showed the remarkable influence of the jet trajectory angle variations of the mouth model on the dispersion and
enetration of respiratory particle and the need for including the vocal tract geometry in expiratory air and respiratory particle
imulations.
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