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Abstract—Large eddy simulations (LES) are performed to in-
vestigate the characteristics of freely evolving and colliding jets,
representative of human exhalation, at Reynolds numbers Re = 700
and 1400. The study examines the effects of three mouth shapes with
aspect ratios (AR = 1, 2, 4) and two colliding momentum ratios (M
= 1, 2). The axial and lateral extent of the flows is quantified and
validated against experimental data, with implications for pathogen
transport in unshielded conversations. The LES results capture key
characteristics of starting and transitioning circular/elliptic jets, pro-
viding valuable insight into the formation and evolution of vortical
structures carrying the exhaled pathogens. The colliding flow inter-
actions are strongly influenced by whether the collision is symmetric
(M = 1) or asymmetric (M = 2). Symmetric collisions lead to lateral
flow redirection, forming a stagnation plane or “blocking effect” at
the center of the domain, which reduces pathogen transmission. In
contrast, asymmetric collisions result in a weaker blocking effect, as
the stronger jet overpowers the weaker one leading to an increased
risk of exposure for the weaker speaker.
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I. INTRODUCTION

Respiratory infections caused by various viruses/pathogens
have led to moderate to severe illnesses across a significant
portion of the global population, resulting in high mortality
rates among individuals with underlying medical conditions
such as cardiovascular disease, diabetes, chronic respiratory
disease, and cancer. Given the airborne nature of host-to-
host transmission [1], [2], it is essential to explore the in-
teraction between fluid flow and pathogen transport [3]. This
becomes particularly crucial when infected and susceptible
individuals are in close proximity, where their breathing pat-
terns dominate the transmission of pathogen-laden respiratory
droplets. The interaction of exhaled air streams with ambient
airflow, particularly in poorly ventilated indoor spaces [4],
[5], plays a significant role in preventing or facilitating the
spread of airborne pathogens. Notably, super-spreading events

often occur in such environments [6]–[8]. The present study
focuses on understanding the fundamental fluid mechanics
of respiratory transmission, with particular attention given to
breathing patterns resembling starting or transitioning jets.

Jet flows, with dynamics similar to those of speech-related
exhalation, emerge when a shear layer develops due to the
instability at the interface between high-velocity and low-
velocity fluid regions. This instability, known as the Kelvin-
Helmholtz (KH) instability, initially evolves linearly before
transitioning into a nonlinear state, forming vortical struc-
tures that influence the shear and rotation zones of the flow
[9]. When the fluid is expelled through circular openings,
axisymmetric shear layers or round jets are generated [10]–
[13]. The formation of KH vortex rings [14], [15], alongside
viscous diffusion and small/large-scale entrainment, governs
the spatiotemporal evolution of round jets [16], [17].

In the context of speech-related airflow, a round jet can
represent the airflow pattern produced when pronouncing the
letter ”O”. Pronouncing other sounds, such as ”E”, reshape the
mouth into a non-circular opening (e.g., square, rectangular,
elliptical, or diamond-shaped), leading to non-circular jet-like
exhalation [18]–[21], with more complex three-dimensional
dynamics [22]–[25]. Due to differences in their penetration
rates and lateral spreading, non-circular jets interact with am-
bient air differently than round jets [26], altering mixing char-
acteristics [27]–[30]. This effect is particularly pronounced
in the near-field region, where azimuthal perturbations in the
asymmetric vortex rings enhance self-induced distortions [31]–
[36]. However, farther downstream, non-circular jets often
transition into more symmetric shapes [37], [38].

Several experimental and numerical studies have investi-
gated the dynamics of human exhalation in the context of tran-
sitioning jet-like flows and puffs [39]–[43]. Others focus on
speech signals that contain plosive sounds and quantify their
characteristics, describing them as a train of puffs propelling
each other further downstream over time [44]. Various studies
also introduce particles into their simulations and determine



the probability of inhalation for a susceptible speaker [45]–
[47] to provide insights into airborne transmission mecha-
nisms, the influence of mouth shape, flow structures, and
ambient interactions on respiratory aerosol dispersion.

In this study, large eddy simulations (LES) are conducted
and validated against existing experimental data [45] to better
understand the dynamics of starting jet-like breathing patterns.
To achieve this, the study simulates the different aspect ratio
(AR) freely evolving jet flows for round jets (AR = 1) and
elliptical jets (AR = 2, 4). These cases are used to investigate
the evolution of breathing flows corresponding to different
mouth shapes during exhalation. Additionally, four other simu-
lations are performed to analyze the head-on collision of two
exhaled air streams originating from different mouth shapes
and momentum ratios. By examining these seven cases, the
study aims to provide insights into the velocity and vorticity
[48], [49] dynamics of jet-like breathing flows. At this stage,
the analysis is focused on a single-phase flow assumption,
where airborne pathogens are assumed to faithfully follow
the air stream without significantly affecting the fluid motion.
Future work will extend this study to multiphase simulations,
incorporating respiratory droplets of varying sizes and their
interactions with the exhaled airflow.

II. COMPUTATIONAL METHODOLOGY

Large eddy simulations (LES) are performed in COMSOL
Multiphysics 6.2 using the LES Smagorinsky (spf) interface
[50]. The governing equations consist of the continuity equa-
tion for mass conservation (1),

ρ∇ · (u+ u′) = 0 (1)

and the filtered Navier-Stokes equation for momentum (2):

ρ
∂(u+ u′)

∂t
+∇ ·

(
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(
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)
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Here, u and u′, represent the resolved and sub-grid scale
components of the velocity field, respectively. Similarly, p
and p′ represent the resolved and unresolved components
of pressure, respectively. The subgrid-scale stress tensor, K,
which is responsible for modeling the effects of unresolved
turbulence, contains a tuning parameter for the turbulent
viscosity called the Smagorinsky parameter, Cs [51]. In this
work Cs = 0.1, which is the default value. Due to the nature
of the LES, the study is both three-dimensional and time-
dependent, employing a second-order (P2+P2) discretization
of fluids for both velocity and pressure [52]. The Generalized-
Alpha implicit time-stepping scheme with the Algebraic Multi-
grid (AMG) method is applied as a solver. The equations are
spatially discretized using the Finite Element Method (FEM).

A. Computational Domain and Boundary Conditions

The computational domains for the present LES simulations
are modeled to resemble the experimental setup of Giri et al
[45] for validation purposes. The single jet (free flow) case

and the colliding cases, respectively have the dimensions (Lx×
Ly×Lz) of (0.25m×0.096m×0.096m) and (0.25m×0.3m×
0.3m). A multi-cone meshing approach shown in Figure 1 is
employed to enhance meshing efficiency and capture the flow
physics accurately (See more details in Tables I and II). Air
is the working fluid, with a dynamic viscosity µ = 1.85 ×
10−5 kg/(m·s), at a temperature 20◦C. Transient exhalations
are issued into the domain through the circular (aspect ratios
AR= 1) inlet representing the mouth with a diameter of 0.0064
m, flushed at (0,0,0), and (0.25,0,0) for the colliding cases.
Two other elliptic inlets (with AR=2, 4) are generated with
equivalent circular diameter. A top hat velocity profile (3) is
assigned to the inlet(s):
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Where, V (y, z) represents the jet inlet velocity distribution,

and Vcl is the jet centerline velocity, calculated as 1.66
m/s. The parameters y and z denote the spatial coordinates
perpendicular to the jet axis, while a and b represent the semi-
major and semi-minor axes of an elliptic inlet, respectively. For
the circular nozzle, these values are equal, a = b = 0.0032 m.
The equivalent diameter of the inlet is given as Deq = 2

√
ab =

0.0064 m. The momentum thickness θ = 0.00064 is specified
as 10% of the equivalent diameter. Synthetic turbulence of
10% is also applied at the inlet(s). The four lateral faces of
the domain are assigned as outlets, while no-slip conditions
are enforced on both the inlet face and the opposite wall.

TABLE. I: Cone Dimensions in Figure 1a

Cone Smaller
Diameter
(m)

Larger
Diameter
(m)

Length
(m)

Smallest 0.0064 0.0128 0.032
2nd Smallest 0.0128 0.0256 0.0768
2nd Largest 0.0192 0.0384 0.16

Largest 0.0256 0.0512 0.25

TABLE. II: Cone Dimensions in Figure 1b

Cone Smaller
Diameter
(m)

Larger
Diameter
(m)

Length
(m)

Smallest 0.0064 0.0128 0.032
2nd Smallest 0.0128 0.0256 0.064
2nd Largest 0.0192 0.0384 0.096

Largest 0.0256 0.2 0.125

B. LES mesh specifications

The multi-cone tetrahedral meshing approach ensures accu-
rately resolved flow structures and computational efficiency.
The refined elements in critical regions are gradually coars-
ened following the growth of the vortical structures farther
downstream. The mesh independence study in Figure 2 con-
firms sufficient grid refinement, with a total of 3,788,065 and



Figure. 1: Computational domain and mesh for (a) free and
(b) colliding exhalation

TABLE. III: Mesh Statistics for each cone in Figure 1a

Cone Minimum
Element Size
(m)

Maximum
Element Size
(m)

Smallest 0.000083 0.0005
2nd Smallest 0.0005 0.000884
2nd Largest 0.000884 0.00111

Largest 0.00142 0.002036

2,444,004 mesh elements, respectively, presented in Figures
1a and 1b, with detailed statistics given in Table 3 and Table
4. For computational considerations, the colliding cases are
refined within the collision zone, and more high-resolution
simulations are ongoing. The minimum grid size to the min-
imum Kolmogorov length scale ratio (∆min

ηmin
) is estimated to

vary from 10.85 to 15.34, which is sufficient to resolve the
majority of micro-scales scales contributing to dissipation.

TABLE. IV: Mesh Statistics for each cone in Figure 1b

Cone Minimum
Element Size
(m)

Maximum
Element Size
(m)

Smallest 0.00014525 0.000875
2nd Smallest 0.000875 0.001547
2nd Largest 0.001547 0.002485

Largest 0.002485 0.003563

Figure. 2: Mesh Independence

III. RESULTS AND DISCUSSIONS
A. Validation of the simulations

Comparing the present LES with the experiments by Giri et
al. [45] in Figures 3-5, shows reasonable agreement of axial
penetration and lateral width of the free exhalation jet in (ZX)
and (XY) planes, while instantaneous lateral contractions and
expansions lead to local deviations.

Figure. 3: Axial Penetration of the Free Exhalation: Present
LES vs. Experiments from Giri et al [45]

B. Freely evolving jet-like exhalation

The free exhalation in Figure 6 penetrates linearly at a con-
stant initial velocity until vortex formation, entrainment, and
ambient resistance decelerate the tip, leading to an asymptotic
penetration. This transition from momentum-driven motion to
vortex-dominated deceleration explains the observed evolution
of the simulated free exhalation flows that resemble starting jet
flows. It can also be seen that the evolution of the stream flow
is affected by the shape of the mouth when the aspect ratio of
the opening is varied (AR = 1,2,4). In particular, jet penetration
is slower with increased AR, due to self-induced deformations,



Figure. 4: Lateral (ZX) Width of the Free Exhalation: Present
LES vs. Experiments from Giri et al [45]

Figure. 5: Lateral (XY) Width of the Free Exhalation: Present
LES vs. Experiments from Giri et al [45]

axis-switching, and stronger lateral demonstrated by the lateral
width profiles in Figures 7 and 8.

The freely exhaled jet penetrations and the lateral widths
are visualized in Figure 9 using the vorticity magnitudes in
the (ZX) and (XY) planes, revealing shear layer formation
in the near-field regions. A leading vortex ring is formed
and followed by the trailing shear layer, which becomes
unstable due to the Kelvin-Helmholtz (KH) instability. With
downstream distance, the jets evolve laterally due to viscous
diffusion small/large-scale entrainment. Unlike the circular
case, the non-circular exhalation jets undergo different growth
rates in the two orthogonal mid-planes. The axis-switching is
initiated by the curvature-induced deformations of the non-
circular vortex rings in the near-field and continues until the
cross-section becomes rather symmetric farther downstream.
The free jet-like breathing from different mouth shapes can
affect the streamwise and spanwise spread of the flow and,

Figure. 6: Axial Spread of Free Exhalation (M=1,2,4)

Figure. 7: Lateral Spread (ZX) of Free Exhalation (M=1,2,4)

Figure. 8: Lateral Spread (XY) of Free Exhalation (M=1,2,4)



correspondingly, the pathogen transport.

C. Colliding exhalation jets

Figure 10 exhibits the iso-surfaces of vorticity magnitude
colored by pressure in colliding exhalation jets. In contrast to
the freely evolving breath where only the infectious person
breathes/speaks and the susceptible individual exhales negli-
gibly, both speakers generate a jet-like flow for the colliding
cases. When both individuals exhale, pathogen transport is
governed by symmetric (M = 1) or asymmetric (M = 2)
collision of the breathing streams. In a symmetric collision,
where exhalation jets have a momentum ratio M=1, impinging
jets lead to vortex break-down and lateral flow redirection.
As a result, a stagnation zone is formed causing a “blocking
effect” in the mid-plane of the domain. This will result in
a reduced risk of exposure for the susceptible person. In
asymmetric exhalation, the infectious jet has a momentum
twice (M=2) that of the susceptible person. Therefore, a
weaker blocking effect shifts the stagnation zone closer to the
susceptible person leading to increased risk of exposure.

IV. CONCLUSIONS

Fluid physics of freely evolving and colliding exhalation are
studied using Large eddy simulations (LES). Freely exhaled
jets from the infectious person evolve unboundedly towards
the susceptible person breathing/speaking negligibly, hence
increasing the risk of exposure. The circular/elliptic mouth
shapes of different aspect ratios (AR=1,2,4), alter the stream-
wise/spanwise spread of the exhaled jets due to self-induced
deformations. When both individuals speak, transmission dy-
namics are significantly affected by the exhaled momentum
ratios. In colliding cases, laterally redirected vortical structures
create a stagnation region, where a “blocking effect” reduces
the exposure to infectious pathogens. These findings suggest
that higher infectious-to-susceptible exhalation momentum ra-
tios increase the exposure risk for the weaker speaker.
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