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Abstract. Coughing is one of the major routes for the transmission of
respiratory diseases in indoor environments. Previous studies have shown
that coughing can form vortex ring structures. However, the conditions
under which cough-generated vortex rings form, as well as the influence of
boundary condition on the formation and flow characteristics of these vortex
rings, remain inadequately understood. This study investigates the effects of
three velocity profiles (real-cough, sinusoidal, and pulsation) and five outlet
shapes (real-mouth, circular, square, rectangular, and elliptical) on the flow
dynamics of cough jets. The results show that the penetration distance of
cough-generated vortex rings ranges from 0.56 to 0.68m in 0.5s. Separated
(or deviated) vortex rings show a power-law distribution in the cough jets: s
~ 2B (or s ~ t'?) during the initial stage and s ~ 13 (or s ~ #'°) during the
interrupted stage. Due to the differences between the power-law and existing
studies, short-distance infection risk assessment models require further
revision. Furthermore, the real-mouth, circular, and square have a relatively
minor effect on the formation of saturated vortex ring compared to velocity
profiles. The formation conditions for saturated vortex rings can be
determined by a dimensionless energy aim= 0.2 +0.06.

1 Introduction

Respiratory infections such as COVID-19 can spread through contact, droplets, and aerosols
[1]. Controlling droplet transmission is vital for public health and sustainable development.
Studies emphasize the role of short-range airborne transmission, especially since maintaining
1.8-4 m distance is challenging in daily life [2]. Coughing, a key respiratory event,
significantly contributes to short-range indoor transmission and has been widely studied [3].
While transmission depends on pathogen characteristics, fluid dynamics are crucial.
Research using LES [4], Schlieren imaging [5], and DNS [6] reveals that coughing generates
vortex rings that enhance droplet transport. Per Helmholtz theory, these rings are stable, resist
disturbances, and enable long-distance dispersion [7]4& ! 2) 5| FHJE. . Thus, cough
jet dynamics critically affect short-range disease spread. Understanding their flow behaviour
in the first few seconds is essential, as this stage governs exposure risks between nearby
individuals [8].
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A real cough flow rate can be described by a gamma probability distribution function,
with a duration ranging from 0.1 to 0.5 s and a peak velocity between 6 and 28 m/s [9]. Cough
jets generally exhibit two stages: a starting jet and an interrupted jet [10]. To simplify
modelling, many studies use idealized pulsating or sinusoidal profiles [11-13]. Real and
sinusoidal profiles often show better penetration than pulsatile ones under similar Reynolds
numbers (Re) [10]. Behera et al. [14] reported that real cough jets can travel ~1.1 m in 0.5s.
Several studies have shown that cough jets typically feature leading vortex rings followed by
trailing jets, which significantly influence droplet transport distances [15-16]. Droplets
smaller than 1 um are mostly entrained within these structures [4]. The separated vortex rings
move faster than the main puff body and play a dominant role in cough flow dynamics [17].
These rings, especially in male subjects, propagate faster than the puff and are influenced by
the cough velocity profile and outlet shape [17-18].

In computational studies, the mouth is typically simplified as a circular, rectangular, or
elliptical outlet [11]. As cough flow behaves like a starting jet [10], fluid mechanics suggests
that outlet geometry significantly affects vortex ring formation and evolution [19-20].
Additionally, the outlet geometry influences the formation number (), which marks the
transition from a single vortex ring to one followed by a trailing jet. In piston-cylinder setups,
F is about 4 [21], while rectangular outlets yield values between 1.5 and 2.3 depending on
aspect ratio [22]. Thus, investigating cough jet dynamics in relation to mouth shape is crucial
for accurately modelling airflow and understanding pathogen transmission.

In summary, both the mouth opening shape and the velocity profile of cough jets play
critical roles in determining flow penetration, droplet transport, and vortex ring structures.
However, most existing studies rely on simplified assumptions, such as pulsating velocity
profiles and circular outlets, without fully reflecting real cough dynamics. Moreover, there is
a lack of research on vortex ring formation numbers in human coughs and the factors
influencing vorticity strength under various boundary conditions. To address these gaps, this
study investigates the coupled effects of mouth shape and velocity profile on the temporal
evolution of cough jet dynamics using large eddy simulation (LES).

2 Introduction

The three-dimensional computational domain, with dimensions of 0.6 m x 0.6 m x 1.5 m, is
shown in Fig. 1(a). To assess the impact of mouth geometry, five inlet shapes were modelled:
real-mouth, circular, square, rectangular, and elliptical (Fig. 1(b)), each with an area of 4 cm?.

The equivalent diameter is calculated by D,gq2 =4X A?p. Large Eddy Simulation (LES) was

chosen for its balance between accuracy and computational cost. The WALE model [23] was
used for subgrid-scale turbulence, offering good performance in respiratory flow simulations
compared to the more expensive dynamic Smagorinsky model [24]. The pressure-velocity
coupling was handled using the SIMPLE solver. The spatial discretization of the momentum
equations employed the bounded central difference scheme, while pressure interpolation used
a second-order scheme. Temporal discretization was based on the bounded second-order
implicit scheme. An adaptive time step size was used to maintain a Courant number (CFL) =
0.9 for all grid settings. As a result, the time step varied throughout the entire calculation
process. During the cough jet exhalation phase, the time step was usually set to 1x10%°
seconds to accurately resolve the transient behaviour. To study aerosol transport, CO, was
used as a tracer gas, following previous studies [25-27], with a cough-emitted concentration
of 40000 ppm [28]. Tracer gas transport equations used bounded central differencing for
spatial discretization
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Fig. 1 (a) The three-dimensional geometric model for cough jets. The origin point is located at the
centre of the inlet; (b) Five mouth shapes for cough jets; (c) Real mouth-shaped fluid domain mesh.

Three distinct cough jet profiles are generated by varying the inlet velocity conditions:
real-cough, sinusoidal and pulsating programs, as shown in Fig. 2. The corresponding
Reynolds number (Re = U.D,q/v) is 7520. The duration of the cough jet is set to 0.2 s, with
an expiratory volume of 400 ml. The release direction of the cough jet is perpendicular to the
inlet plane. The temperature of the cough jet was not considered in this study for simplicity
based on previous studies foundation [29-30].
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Fig. 2 Three velocity profiles at the outlet in this study.

3 Results and discussion

3.1 Visualization of cough flow

The cough flows under different outlet shapes and velocity profiles are visualized using the
mass fraction distribution of air exhaled by coughing to observe the formation and
development process of vortex rings. The temporal evolution of cough jet with various outlet
shapes under the real-cough velocity profile is shown in Fig. 3. As can be seen in Fig. 3(a),
the velocity distribution and vortex structure of the cough jets are similar to those of vortex
rings produced using a piston/cylinder configuration. Therefore, cough jets can generate
leading vortex rings at the front of the cough cloud. These vortex rings can be clearly
observed in all mouth shapes, as shown in Fig. 3(a). For non-axisymmetric outlet shapes with
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longer major axes (R2 and R4), drastic axis switching can cause the vortex ring structure to
break up earlier. In other words, the formed vortex ring is broken by the jet source at t*=0.20,
as shown in Fig. 3(b). In contrast, the vortex rings formed in the other outlet configurations
gradually dissipate, with the real-mouth shape maintaining the most coherent structure over
time, as shown in Fig. 3(b) and (c). These vortex rings may contribute to the increased
complexity of cough transmission to some extent and may result in the spread of respiratory
pathogens over greater distances, which differs from the behaviour observed in traditional,
steady-state circular jets. The vortex ring travelled more than 26 times the equivalent
diameter D, (about 0.58 m) for a real-cough with a real-mouth, potentially impacting the
short-range transmission mode of respiratory droplets. As time goes on, the vortex ring
formed by the cough jet will gradually dissipate and transform into a “puff” shape.
Additionally, as shown in Fig. 3(b) and Fig. 3(c), the airflow distribution from the real-mouth
outlet exhibits greater asymmetry and complexity due to the irregular geometry of the mouth
opening. This observation is consistent with the findings of Wang et al. [31]. In comparison,
the circular, elliptical, rectangular, and square outlets exhibit more symmetric airflow
expansion with relatively weaker turbulent effects.
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Fig. 3 Visualizations of cough flow with different outlet shapes under the real-cough att = 0.02 s
(t* =t/t, = 0.10). (d i), (e i) and (fi) represent the minor axis plane (x = 0 m) for rectangular (R2 and
R4) and elliptical outlet shapes, respectively; (d ii), (e ii) and (f ii) represent the major axis plane (y =
0 m) for rectangular (R2 and R4) and elliptical outlet shapes, respectively. The subplot shows the vortex
ring velocity vector diagram.

Fig. 4 shows the temporal evolution of cough jets under different velocity profiles with
the real-mouth outlet shape. As shown in Fig. 4(a i), (b 1) and (c 1), vortex rings are formed
and develop in all three cases. In fact, any unsteady jet flow can generate vortex rings or
vortex-like flow structures due to the rolling-up of the shear layer, as shown in Fig. 3(a) and
Fig. 4. During the cough jet stage (t*< 1), the real-cough profile produces the longest
penetration distance, with vortex rings propagating the farthest. In contrast, the pulsating jet
exhibits the shortest penetration and the most rapid breakdown of vortex rings, as shown in
Fig. 4(aii), (b ii) and (c ii). This indicates that the real-cough velocity profile provides higher
momentum, enabling the jet to travel further. The total momentum of the real-cough jet and
sinusoidal jet is 64% and 23% higher than that of the pulsed jet, respectively. Additionally,
it is notable that the pulsating jet shows no residual airflow near the outlet, as shown in Fig.
4(a iii), (b iii), and (c iii). The probable reason is that, compared to pulsed jets, real cough
and sinusoidal jets have a relatively gentle change in velocity. The lower velocity is
insufficient to catch up with the trailing jet stream in front of it.

The formation and development of vortex rings produced by coughing are directly
influenced by the shape of the mouth. The irregular geometry of the real-mouth outlet leads
to asymmetry in the cough jet and enhances its radial diffusion. In addition, the velocity
profiles of the cough jet affect its penetration distance. The pulsed jet causes the leading
vortex rings to break up earlier (Fig. 4(c iii)). Furthermore, the vortex rings generated by the
real-mouth shape can travel distances exceeding 26 times the equivalent diameter D., (0.6
m), as shown in Fig. 6. The vortex rings generated by coughing change the flow trajectory of
conventional pulsed jets, affecting the motion and evaporation of droplets, and potentially
altering short-range respiratory diseases transmission risk.
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Fig. 4 Visualizations of cough flow with different velocity profiles using the ;eal-mouth outlet shape
(t* =t/t;). (ai), (aii) and (a iii) represent the real-cough velocity profile; (b i), (b ii) and (b iii)
represent the sinusoidal velocity profile; (c i), (c ii) and (c iii) represent the velocity profile of the
pulsation.

3.2 Cough jet penetration distance Formatting the title, authors and affiliations

Following the qualitative analysis of cough jet behaviour, more detailed quantitative
investigations were conducted. Fig. 5 shows the streamwise dimensionless penetration
distance (z/Deq) of the cough jet as a function of dimensionless time (t* = t/t.). The
penetration distance as the point at which the wavefront velocity drops to within the range of
0.05-0.10 m/s [5]. As shown in Fig. 5, when t* = 10 (t = 2 s), the penetration distance of
the cough jet reaches 35-45D,,, corresponding to 0.79m to 1.02m. During the first 0.4 s (t* =
2), the cough jet travels a relatively long distance, about 25-30D,, (0.56-0.68 m). However,
it took much longer to cover the remaining distance. Furthermore, during the starting jet stage
(t* < 1), the penetration distance is nearly identical across different outlet shapes, suggesting
that outlet geometry has minimal influence at this stage. This is because the cough jet is in
the self- preserving region of unsteady turbulence, which is consistent with previous studies
showing self-preserving behaviour at distances greater than 20 to 30 outlet diameters [32].
Within this region, the maximum streamwise penetration distance with time can be expressed
as Eq. (1), which is applicable to both situations in Fig. 5.
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Fig. 5 Dimensionless penetration distance when the velocity decreases to 0.05-0.1 my/s.
1\ B4
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Deq fe
where, 4, is the penetration distance when t* = 1. B, is a constant and is related to the
velocity programs.
In the interrupted jet stage (t* > 1), the outlet shape has a more significant impact on
penetration distance than the velocity profiles. The jet penetration distance of the real-mouth
is lower than that of other shapes. This is due to the irregular shape of the real-mouth, which
induces increased radial diffusion, as shown in Fig. 3. As can also be seen from Fig. 5, when
considering the social distance to prevent short-range droplet transmission, the outlet shape
can be simplified to a rectangle (R4) or an ellipse to build a model for real-cough jets; the
outlet can be simplified to a circle for sinusoidal cough jets; the outlet can be simplified to a
square for pulsating cough jets. Additionally, in this study, different from the previous studies,
the penetration distance as a function of time follows a scaling law of #'"? for the starting jet
stages and ¢* for the interrupted jet phase.

When t* < 1, mouth shape has little effect on jet penetration distance. The normalized
streamwise penetration distances (s) follows a self-similarity relation: s ~ t®51, consistent
with previous studies [9, 10, 33]. When t* > 1, the results with real-mouth show s ~ £%2°
for real-cough and sinusoidal profiles, and s ~ £%33 for pulsation profile. However, the
experimental results of Wang et al. [31], Bourouiba et al. [9] and Wei et al. [10] reported
exponents of 0.30 and 0.25, respectively. Wang et al. [33] indicated that the exponent for
circular outlets with real-cough-like profiles decreased from 0.33 to 0.27, aligning with this
study’s trends (Fig. 5). The discrepancies can be explained as follows: (1) This study defines
penetration distance as the projected front along the z-axis, not along the jet centerline [9];
(2) The real-mouth shape introduces radial diffusion and asymmetry, leading to faster decay
in real-cough and sinusoidal cases (Fig. 3, Fig. 5). In the case of pulsed jets, the leading
vortices are less affected by the irregular shape and can maintain their motion along the z-
axis rather than deflecting downwards, as shown in Fig. 4. (3) In fact, no two coughs that are
the same. The actual conditions of the individuals tested may differ from the parameters used
in the simulation; (4) Wei et al. [10] employed a piston-cylinder apparatus to generate the
cough jets, which can alter vortex ring formation. Therefore, the motions of the leading
vortex and trailing jet differs from that reported in previous research after the end of the
cough jet.

For circular impulse jets, the relationship follows s ~ t%67 (t* < 1), and s ~ t933 (¢* >
1), indicating faster penetration than other shapes, as shown in Fig. 5. This is attributed to
the clean separation of circular vortex rings from the trailing jet (Fig. 6). Compared to the
trailing jet, the separated vortex rings resulting self-contained structure move faster and can
travel large distances [15]. Additionally, Johnson [34] also experimentally demonstrated that
the distance travelled by the vortex ring as a function of time was s ~ t2/3 (t* < 1), which is
consistent with the present study.
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Fig. 6 Visualizations of cough flow with circular outlet shapes for the pulsation jet. (a) £'=1.0; (b) £'=
1.5.



E3S Web of Conferences 689, 06006 (2026)

ISHVAC 2025

3.3 Saturated vortex ring of the cough jet

As shown in Fig. 3 and Fig. 4, coughing jets generate vortex rings within the flow structure.
The vortex ring grows by absorbing the vorticity from the source and eventually reaches a
limiting value (i.e., the saturated vortex ring, as shown in Fig. 3). To further analyse the
conditions for saturated vortex ring formation in the human cough jet, this section discusses
the effect of the outlet shapes and velocity profiles on three key aspects: the total circulation,
formation number of vortex rings, and the streamwise position of these vortex rings (Related
concepts can reference the literature [21]). The method of Gharib et al. [21] is used to
determine the formation number (F). The formation number can be determined as the

dimensionless formation time (;—t) at which the total circulation of the discharged flow is
eq

equal to the circulation of the pinch-off vortex ring. The "formation time" refers to
subsequently corresponds to the dimensionless formation time. Fig. 7 shows the effect of
different outlet shapes and velocity profiles on the total circulation and circulation of the
vortex ring.

https://doi.org/10.1051/e3sconf/202668906006
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Fig. 7 Dimensionless circulation of vortex rings as a function of formation time (Ut/D,q). (a) x=0 plane.
The subplot is dimensionless circulation of vortex rings as a function of formation time
0 Ot u(t)dz/Deg); (b) Dimensionless circulation of vortex rings with different planes for real-mouth
outlet. U is the average velocity at which the continuous jet phase of the complete vortex ring can be
observed.

It can be observed from Fig. 7(a) that the outlet shapes have little effect on the formation
number of vortex rings compared to the velocity profiles. The dimensionless circulation of
the vortex ring is approximately 1.71 for pulsation jets, 2.46 for sinusoidal jets, and 2.73 for
real-cough jets, respectively. The range of formation numbers is 1.95+0.28 for pulsation,
5.55+0.20 for sinusoid, and 6.45+0.10 for real-cough, respectively. Fig. 7(b) shows the
dimensionless circulation of different cross sections as a function of formation time for real-
mouth. It can be observed that the formation number of vortex rings for different cross
sections is almost the same. Furthermore, the total circulation exhibits an almost linear
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increase with — for impulsive cough jets. However, the total circulation is correlated with
eq

the square of ;—t for sinusoidal and real-cough jets. In the initial stage of the jet, the total
eq
circulation increases slowly with ;]—t , resulting in higher formation numbers. Moreover, an
eq
interesting phenomenon was found when the definition of the formation time on the

fot u(t)dr

horizontal axis of Fig. 7(a) is changed to t;" = (where t is the physical time from

eq
the beginning of the cough jets), the total circulation is linearly related to the formation time
t.;", as shown in Fig. 7(a). The formation number becomes 3.54 and 3.75 for sinusoidal and
real-cough jets, respectively. Zhu et al. [35] found that when using t;* to determine the
formation number of the sinusoidal velocity program, the obtained value was 3.5. Therefore,
the formation number alone is insufficient as a criterion for determining whether saturated
vortex rings are formed. The determination of the formation number depends on the
definition of the formation time. Consequently, further analysis is needed to identify the
conditions for the formation of cough saturated vortex rings.
The three invariants (i.e., the kinetic energy E, circulation I', and impulse 1), which
characterize the properties of the vortex ring, can be calculated using Eq. (2-4) [36].

E :pn'J I [vZ +w? )ydzdy 1))
I =Ja)dzdy 3)
I =p7rf | wy’dzdy @

where, p is the fluid density, kg/m3; w is vorticity, s'; v and w is the fluid velocity, m/s.
The dimensionless energy oy gy is defined by Eq. (5) [21].

Ocough (l) = W ()

Fig. 8 shows the non-dimensional energy @cqy g, as a function of the two formation times.
When the dimensionless parameter @coygn (t) < @i, the vortex rings will either absorb
vorticity or not accept any new vorticity from source [21]. Therefore, a;;,, represents the
dimensionless energy corresponding to the saturated vortex ring (formation number). The
results indicate that the limiting value of the nondimensional energy for saturated vortex rings
falls within the range of 0.23+0.03 for the pulsatile and sinusoidal velocity programs.
However, in the real-cough, the value of a;;;,,, dropped to 0.14. The sinusoidal and real-cough
velocity programs show a rapid decay compared to the slow decay tendency of the pulsed jet.
Moreover, different definitions of formation times result in different formation numbers of
vortex rings. To determine the conditions for saturated vortex ring formation, the variation
of the dimensionless energy @,y Wwith different definitions of formation times is shown in
Fig. 8. The results show that the determination of a;;,, is independent of the definition of the
formation time and can be used as a basis for the identifying of the saturated cough vortex
ring.
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Fig. 8 Non-dimensional energy @, gh with formation time (Ut/ Deq). The subplot shows the variation
of the dimensionless energy with the formation time ( | Ot u(t)dr/Deg);

Compared to the formation number, which is defined based on the dimensionless
formation time, the dimensionless energy «;;,, is a more general parameter for determining
the formation of saturated vortex rings produced by coughing. The nondimensional energy
aim decreased to about 0.20+0.06 for three velocity profiles (Fig. 8), which is consistent
with the range of about 0.15-0.22 reported by Yu et al. [37]. Compared to the results (about
0.33) reported by Gharib et al. [21], the lower a;;;,, may also be partly attributed to the method
adopted for calculating the circulation of vortex rings [38]. The primary vortex contains a
large amount of non-rotating fluid, which influences the energy level, and the vortex ring
does not contact with the axis, as shown in Fig. 4. When calculating the circulation of the
leading vortex ring, only the rotational fluid was considered [38]. However, the
dimensionless energy oy gn, Which includes the irrotational fluids would increase the value
of the kinetic energy E. Additionally, the value of a;;,,, for the real cough jet is slightly lower
than that for the sinusoidal jet, with a decline from 0.24 to 0.14. This can be attributed to the
fact that the total impulse increases with increasing Ut/D,q [39]. Therefore, the real-cough
jet has a larger formation number compared to the sinusoidal jet.

4 Conclusion

This study investigates the propagation behavior of various cough jets under different outlet
shapes and velocity profiles, with a focus on their effects on penetration distance, entrainment
volume, and formation conditions for saturated vortex ring. The main conclusions are as
follows:

(1) Compared to outlet shapes, velocity profiles have a greater influence on penetration
distance and the emergence of separating vortex ring. The real-cough velocity profile is
adaptable to simplified outlet shapes. For the same Re and cough exhaust volume, vortex
rings for real-cough jets in the starting jet stage shows stronger penetration capability,
reaching 0.5-0.6 m, compared to sinusoidal and pulsating profiles.

(2) All unsteady jet flows can potentially generate vortex rings or vortex-like structures.
The short-distance propagation of cough jets can be divided into two stages: the vortex ring
propagation stage and the dispersive propagation stage. The vortex rings generated by cough
jets alter transient flow behaviour. For a circular opening with a pulsed cough jet, the
relationships between penetration distance and time are s ~ #* (£*<1) and s ~ '3 (*=1) for
the vortex ring propagation stage due to the vortex ring separation phenomenon. The irregular
outlet shape of real-mouth causes vortex rings to deviate from the main jet direction. The

10
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relationship between penetration distance and time is s ~ 2 (£<1) in the vortex ring
propagation stage, and s ~ ¢ (£=3) in the dispersive propagation stage for sinusoidal and
real-cough jets. These findings suggest that coughing should be modelled as a starting jet
rather than a steady jet.

(3) The leading vortex ring generated during a cough initially grows by absorbing

vorticity from the source and eventually reaches a saturation state, forming a saturated vortex
ring. The effect of different outlet shapes (real-mouth, circle and square) on the formation
number of vortex rings is negligible. The formation numbers determined by the formation
time defined by the average velocity are 1.95 for pulsating, 5.55 for sinusoidal, and 6.45 for
real-cough jets, respectively. The formation condition for the saturated vortex ring can be

determined by the dimensionless energy a;;,, = 0.20+0.06.
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