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ABSTRACT

The fluid dynamics of expiratory events are complex, and understanding how indoor air conditions affect this and the spread of exhaled
material is crucial to the prevention of large-scale spread of diseases. It is known that thermal stratification can trap contaminants in the
lower levels of a room; however, there is a lack of studies that investigate the influence of vertical temperature gradients on the transport of
expiratory particles at room scale. To this effect, we used Eulerian–Lagrangian large-eddy simulations to investigate the effect of thermal strat-
ification on the transport of polydispersed expiratory particles during speaking in two different sized rooms. Cases with increasing tempera-
ture gradient were compared to an isothermal base case, and the influence of stratification on the exhalation jet and the particles suspended
within is analyzed. The particle volume fraction was computed to quantify the spatiotemporal evolution of different particle size categories.
Our results show that thermal stratification leads to an increased concentration of aerosols in the breathing zone and extends their forward
reach. Aerosols up to a size threshold between 12 and 20 lm are locked up at different heights by stratification—beyond this threshold, they
fall out continuously. In all cases, aerosols <20 lm traveled up to 4m from the source, showing that physical distancing guidelines alone may
be inadequate for controlling cross-infection risk for long-term exposures. Particles >60 lm are unaffected by stratification and do not follow
a ballistic trajectory, falling out within 0.5m of the infectious individual in all cases.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0163971

I. INTRODUCTION

The COVID-19 pandemic caused by the SARS-CoV-2 virus
highlighted the importance of indoor air quality on the exposure to and
transmission of respiratory diseases in indoor spaces. During an expira-
tory event, a multiphase (gas and liquid particles) buoyant turbulent
cloud is released in which particles of various sizes are suspended.
These expiratory particles exhibit different physical behaviors based on
their size; larger particles are mostly unaffected by the cloud, while
smaller particles remain suspended within it for long periods of time
and follow air currents.1–3 This turbulent cloud therefore extends the
distance that particles suspended within it can travel from the infectious
person. Many factors affect the behavior of expiratory particles, and it
has been suggested that the distinction between aerosol and droplet
particles should be made based on their physical behavior instead of the
5lm cutoff point, which from a physics perspective has been shown to
be incorrect.3,4 In this paper, we do not assume a priori the size cutoff
between aerosol and droplet behavior. We use the term aerosol to
describe any particle that remains suspended in the air and follows air

currents, and the term droplet is to describe any particle that falls out of
the exhalation jet quickly and is therefore removed from the air.

Despite calls earlier in the pandemic to recognize airborne trans-
mission of SARS-CoV-2,5 initial guidance to reduce its spread focused
on preventative measures against droplet transmission. The belief that
only droplets were responsible for transmission at close range does not
take into consideration that both small and large expiratory particles
are most concentrated close to the source.3,4,6 Therefore, exposure to
aerosols also occurs in this region via the airborne route and evidence
has shown that this can be the dominant route for pathogen transmis-
sion close to the infected individual.7,8 Airborne transmission was first
given attention in the long range to explain how people could become
infected without having direct or close contact with each other.9 Since
the pandemic started, there have been many studies pointing toward
airborne transmission being the dominant route in the transmission of
SARS-CoV-29–14 and advice to reduce its spread began to be updated
to include the importance of ventilation in indoor spaces to tackle the
build-up of pathogens in the air.
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Understanding of the modes and mechanisms of respiratory
pathogen transmission and the factors affecting them is crucial to the
prevention of large-scale spread of disease. The fluid dynamics of expi-
ratory events are complex, and the spatiotemporal variations and tur-
bulent mixing of expiratory particles need to be captured well to reflect
reality. Computational fluid dynamics (CFD) has been used in the past
to predict expiratory particle transport, including studies based on the
Lattice Boltzmann method applied to expiratory particles or ventila-
tion15–18 as an alternative to the standard Navier–Stokes CFD solvers.
Most studies rely on Reynolds-averaged Navier–Stokes (RANS) mod-
els,19–27 which are not ideal to predict turbulent mixing due to reliance
on isotropic turbulence closures and focus on the mean flow field. In
the RANS approach, all turbulent length scales are modeled, not
resolved, and only mean flow features can be obtained.28 In the
unsteady RANS (URANS) method, an unsteady term is added to the
momentum equation; however, URANS still cannot capture the inter-
nally induced fluctuations of the flow field,28 which are important in
the transport of pollutants. In contrast, the large-eddy simulation
(LES) approach directly resolves the larger energy-containing eddies,
while eddies with a length scale smaller than the computational mesh
are modeled using a sub-grid scale (SGS) model.29 LES results are
unsteady; therefore, the fluctuations in the flow field are resolved,
which allows the transient features and process of turbulent mixing
and fluctuations to be captured. This is an important driver of particle
and pollutant dispersion; therefore, LES is able to produce more accu-
rate results for dispersion and concentration distribution fields when
compared to RANS or URANS,28,30 although this method does require
more computational resources and time. Wang and Chen31 compared
RANS, LES, and detached-eddy simulation (DES) models for indoor
air flows and found that some RANS models showed good perfor-
mance for simple cases but were not good for more complex flows
such as those with a source of heat in the room, while LES was shown
to be the most stable and accurate. Several studies used high-resolution
CFD such as LES32–37 and direct numerical simulations (DNS)38–41 to
investigate the dispersion of exhaled material from expiratory flows.
Since DNS is the most computationally demanding, studies that
employed this method have mostly investigated the details of the fluid
dynamics of short expiratory events such as coughs,38,41 or very short
conversations,40 and do not simulate the mid/long term development
of flow patterns and particle dispersion at room scale. LES studies such
as those by Vuorinen et al.32 and Auvinen et al.34 investigated particle
dispersion in large spaces; however, both studies opted to use only two
monodisperse particle size bins for aerosols.

CFD studies investigating particle dispersion in indoor spaces
mostly use the Eulerian–Lagrangian (E–L) approach along with the
RANS method (e.g., see Table I in Pallares and Fabregat42). In the E–L
method, each individual particle is tracked separately and the motion
is computed using Newton’s second law. This approach allows for the
detailed analysis of particle dispersion pattern and behavior based on
particle diameter. In contrast, the Eulerian–Eulerian approach consid-
ers the particles as another continuum, and the relevant governing
equations are solved to give information on the concentration field.43

This method cannot track individual particles; therefore, it may be
unsuitable when a polydisperse particle size distribution is used where
the behavior based on particle diameter needs to be examined in more
detail. Previous LES studies that used the E–L approach, used the par-
ticles as tracers,33 included only small particles,37 or when using a

polydispersed particle size distribution, they do not look at dispersion
at room scale.35 While the LES study by Pendar and P�ascoa44 looked
at room scale and used polydispersed particles, they did not consider
the smallest aerosols (the minimum particle diameter in their study
was 40lm).

The effect of temperature on the spread of exhaled material has
been investigated in the past both experimentally and numeri-
cally.20,21,45–50 Usually, this is done in the context of modeling the
effects of displacement ventilation (DV) on the dispersion of contami-
nants in indoor spaces. DV works on the principle of thermal stratifi-
cation whereby cooler low velocity air is introduced near the floor
level, spreads across it, and is entrained into the rising convective
boundary layer flows generated near the heat sources,51 creating a ver-
tical temperature gradient. The entrained contaminants rise upwards
and are extracted at the ceiling, creating a zone of clean air in the occu-
pation region, while a contaminated zone is located near the ceiling.52

It is known that a vertical temperature gradient can lead to the lock-up
phenomenon whereby contaminants become trapped below the
warmer contaminated ceiling level.52 The strength of the temperature
gradient determines the lock-up height; therefore, it is an important
factor for infection risk considerations in indoor spaces with DV. Liu
et al.46 investigated experimentally the effect of thermal stratification
on expiratory particle dispersion in a water tank, using three different
sizes of glass bead particles to represent small, medium, and large expi-
ratory particles. They found that the largest particles are unaffected by
thermal stratification, while the smallest particles follow the flow pas-
sively and their upward movement is trapped by thermal stratification,
leading to their horizontal reach being extended. The experimental
studies by Lai and Wong49,50 on aerosol transport in a scaled chamber
with thermal manikins also showed that compared to mixing ventila-
tion, thermal stratification leads to a higher concentration of particles
in the breathing zone. Nielsen et al.45 studied experimentally the influ-
ence of a temperature gradient in DV on the risk of infection between
two individuals, using a tracer gas to represent the exhaled material.
Their work also showed the lock-up effect and trapping of exhaled
material, demonstrating that there is a significant increase in direct
exposure to exhaled contaminants compared to a fully mixed case, in
particular when the distance between the source and susceptible indi-
viduals is less than 80 cm.

Numerical studies investigating the effect of temperature on the
dispersion of exhaled material have mostly used RANS. Foat et al.20

looked at the effect of isothermal temperatures of 16, 20, and 28 �C
and found no clear correlation between temperature and exposure to
the exhaled material; however, the study did not consider thermal
stratification effects (the thermal plume from the manikin used in the
study did not have considerable effect due to the strength of the
mechanical ventilation). Pei et al.47 used Eulerian–Eulerian RANS to
investigate the effect of ventilation strategies on the transport of 1 and
10lm aerosol particles between two seated thermal manikins and
found that thermal stratification effects in DV increase the distance
these particles can travel. An increase in exposure to exhaled material
in the breathing zone within the 2m physical distance was also
observed when compared to mixing ventilation. Furthermore, the
study showed that the exhalation jet produced during speaking can
penetrate the thermal plume of the susceptible individual. This study
did not use a polydispersed particle size distribution; therefore, the
combined effect of temperature gradient and particle sizes was not
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investigated. The study by Liu et al.21 included some numerical model-
ing of displacement ventilation effects, but it was not the primary focus
of their work and only 100lm particles or tracer gas was used in their
DV simulations. Liu et al.48 applied Eulerian–Lagrangian LES to study
the role of airflow on aerosol transport that led to a COVID-19 out-
break in a restaurant in Guangzhou, China. They simulated heat effects
from the food on the table and human bodies and used their results to
produce a spatial risk of infection with good agreement in regard to
the reported infections. The aerosols used in their study were based on
data from Shao et al.;24 therefore, a majority of the particles were 5
<lm. Li et al.9 also simulated airflows in the same restaurant with 5lm
sized particles using RANS, with their findings supporting the role of
inadequate ventilation in airborne transmission of SARS-CoV-2.

In the studies mentioned above (experimental and numerical),
thermal stratification was introduced either via thermal manikins or
other heat sources. That is, the effects were “local” and did not respond
to preexisting stratification throughout the room. Furthermore, the
tracking of polydispersed particles experimentally at room scale is
challenging, while numerical studies often simplify particle size distri-
butions that may not necessarily be representative of the particle size
distributions emitted from humans during expiratory activities. This
may lead to assumptions being made a priori about which particles
may be important. To the best of our knowledge, there are no current
studies that have investigated thermal stratification effects whereby a
vertical temperature gradient is imposed throughout the whole domain
to study its effect on the exhalation jet and the polydispersed particles
suspended within it at room scale. The question of whether vertical
temperature gradients acceptable from thermal comfort perspective (e.
g., see M€ohlenkamp et al.53) are acceptable from a cross-infection
point of view remains to be explored.

In this paper, we use an in-house Eulerian–Lagrangian LES solver
to investigate the effect of thermal stratification on the transport of pol-
ydispersed expiratory particles emitted during speaking at room scale.
We analyze the effect of increasing temperature gradient within what
is acceptable from a thermal comfort perspective and compare the
results to an isothermal case at a room temperature of 20 �C.
Furthermore, the effect of room size is investigated by running the
same set of simulations on a smaller domain. We compute the spatio-
temporal evolution of particle volume fraction to quantify the effect of
thermal stratification on the reach of different particle size categories
within the room. The evolution in the time of aerosol concentration
within the breathing zone is also quantified. The aim of this work is to
investigate to what extent thermal stratification affects airborne cross-
infection and which temperature gradient leads to lock-up of particles
at the breathing height. Furthermore, we aim to study the impact of
thermal stratification on different sized particles under realistic expira-
tory conditions at room scale.

This paper is organized as follows. The governing equations for
the continuous and dispersed phases and details of simulation setup
are presented in Sec. II. The mesh sensitivity analysis and validation
are presented in Secs. III and IV. The results and discussion are pre-
sented in Sec. V, and concluding remarks are provided in Sec. VI.

II. GOVERNING EQUATIONS AND NUMERICAL
FRAMEWORK

An expiratory event is a multiphase flow problem composed of a
turbulent buoyant jet release (the carrier phase) in which particles of
various sizes are suspended (the dispersed phase). In the present work,

a finite-difference Eulerian–Lagrangian point-particle large-eddy simu-
lation in-house code MultiFlow3D is used to solve the equations of 3D
fluid motion.54–59 The continuous phase (air, reference q¼ 1.2 kg/m3)
is modeled in a Eulerian framework on a staggered grid, while the dis-
persed phase (liquid particles, qp¼ 1000 kg/m3) is resolved by a
Lagrangian particle tracking algorithm54 where the spatiotemporal
tracking of every particle is performed.

A. Continuous phase

The airflow is governed by the incompressible three-dimensional
space-filtered mass, momentum, and energy conservation equations.
Using Einstein notation,

@uj
@xj

¼ 0; (1)

@ui
@t

þ@uiuj
@xj

¼� 1
qref

@p
@xj

þ2�
@ Sijð Þ
@xj

�@sij
@xj

þniþSbþSmþSIBM ; (2)

@T
@t

þuj
@T
@xj

¼ a
@2T
@xj@xj

þST ; (3)

for i¼ 1, 2, 3, where ui is the velocity component in the i direction, qref
is the reference density, p is pressure, t is time, � is the kinematic vis-
cosity ¼ 1:51� 10�5 m2/s, Sij is the strain rate tensor, and ni is the
contribution of the particles to the flow of air. The unresolved turbu-
lence is accounted for by the Reynolds stress tensor term, sij, where the
Smagorinsky sub-grid scale model is used to calculate it, with
Smagorinsky constant set to 0.1. The source term Sb accounts for the
buoyancy effects (acting in the vertical i¼ 3 direction) produced by
the relatively small differences in the fluid’s density due to changes in
temperature using the Boussinesq approximation, with
Sb ¼ bgðTi � ToÞ, where b is the coefficient of thermal expansion set
to 0.003 47K–1, g is the gravity acceleration vector, Ti is the instanta-
neous temperature at any point in the 3D space, and To is the reference
temperature set to 20 �C. The source term Sm represents the momen-
tum produced by the breath, which is defined as the breath flow rate
divided by the mouth’s area. The source term SIBM represents the force
distribution function used in the immersed boundary method, which
was used for simulating the fluid–solid interaction between the human
body and the continuous phase. More detail on this can be found in
Peskin.60 The term a in Eq. (3) represents the thermal diffusivity, while
ST represents the source term for the temperature at the mouth.
Second-order central differencing schemes are used for discretization
of both the diffusive and convective terms in the equations presented
above, while a two-step Runge–Kutta algorithm is used for time discre-
tization. The code is based on a predictor–corrector fractional step
method with the solution of the Poisson pressure equation using a
multi-grid method as the corrector.

B. Dispersed phase

The movement of expiratory particles is simulated using a
Lagrangian particle tracking algorithm,54 where each particle is repre-
sented by a volumeless Lagrangian point that is tracked in space and
time. Interaction between particles as well as evaporation and humidity
effects are not considered in the present study. The latter imply that
our particles will not vary in size, which will allow us to isolate the
effect of thermal stratification on expiratory particles depending on
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their size, irrespective of other environmental conditions. On the
assumption that the particles are rigid and spherical, their motion is
represented by Newton’s second law as follows:

mp
@up;i
@t

¼ Fp;i; (4)

where mp and up;i are the particle mass and particle velocity compo-
nent in the i direction, respectively. Fp;i is the sum of the interfacial
forces acting on the particle in the i direction with the following forces
considered:61

Fp;i ¼ FG;i þ FS;i þ FA;i þ FD;i þ FL;i; (5)

where FG;i; FS;i; FA;i; FD;i; FL;i are the gravity/buoyancy, fluid stress,
added mass, drag, and lift forces, respectively, acting on the particle in
the i direction and are approximated by semi-empirical formulas. Note
that FG;i acts in the vertical direction only (i.e., i¼ 3). Details of the
individual formulations for each of the forces can be found in Fraga
et al.54 and are not repeated here for brevity. The general equation rep-
resenting the motion of particles is given by

@up;i
@t

¼� 1�cp
cp þ CA

gþ 1þCA

cp þ CA

Dui
Dt

þ3
4

CD

dpðcp þ CAÞ jup;i�uijðup;i�uiÞ

� CL

cp þ CA
ðup;i�uiÞ �xi; (6)

where CA is an empirical coefficient set to 0.5 for a sphere,61 g is the
acceleration due to gravity, ui is the fluid velocity (i.e., air in this case)
at the particle’s geometric center location, ðup;i�uiÞ is the slip velocity
(i.e., the difference between the particle and air velocity), dp is the parti-
cle diameter,xi is the fluid vorticity, and CL¼ 0.53 is the lift coefficient
for a sphere. The density ratio between the two phases is represented
by cp ¼ qp=q, where the particle density, qp, has a constant value,
while the air density, q, varies linearly with air temperature. Note that
this is a general equation, and the first term of Eq. (6) is only present
in the i¼ 3 direction calculation. CD is the drag coefficient dependent
on the local Reynolds number and is calculated from the standard
drag curve as follows:62

CD ¼
24=Rep forRep<1;

24=Rep
� �

1þ 0:5Re0:687p

� �
for 1 � Rep � 800;

0:44 forRep>800:

8><
>:

(7)

From the Stokes number calculation, St ¼ qpd
2
p=18lsF , where sF

is some time characteristic of the flow63 and is taken as 0.1 s during
speech,33 and St� 3� 10�3 and 3� 10�5 for a 10 and 1lm particle,
respectively. Therefore, based on the St calculations, particles with
dp< 10lm are treated as passive in the present simulations [i.e., Eq. (6)
is used to calculate the particle velocity when dp � 10lm, while par-
ticles with dp smaller than this are assigned the Eulerian velocity at that
particle location]. The above equations of motion for the expiratory
particles are solved using a two-way coupling approach, whereby the
particles interact back and forth with the surrounding flow field. The
accumulated particle volume fraction,/p, in a given computational cell
is computed in each time step to track the path of the particles and the
evolution of their concentration throughout the domain as follows:

/p ¼ /t�1
p þ

X
8n2cell

Vpn

Vcell
; (8)

where /p is the current time step particle volume fraction, /t�1
p is the

previous time step particle volume fraction, Vpn is the volume of the
particle n in the cell, and Vcell is the volume of the computational cell.
Based on the analysis of particle motion in a test run, separate fractions
/p;small; /p;medium; /p;large were also computed. The smallest particles
remain airborne much longer than larger particles and follow a differ-
ent trajectory; therefore, to track and visualize only their path more
clearly, the following intervals were considered separately:

/p;small : 1 � dp � 20 lm;

/p;medium : 20< dp � 87:5 lm;

/p;large : 87:5< dp � 375 lm:

C. Particle size distribution and breath cycle

The particle size distribution was adapted from Duguid64 to
match a particle count of 195 particles/second65 as shown in Fig. 1. In
Duguid’s64 work, the particles were classified within size intervals; in
the present simulations, the class mark of each interval is used as the
particle diameter assigned to a specific particle count. The particles are
released in the horizontal direction at a rate of 195 per second from
the subject’s mouth along with the exhalation jet from a height z¼ 1.7
m, and once they reach the limits of the domain, they are removed.
The mouth is modeled as a 1.34 cm wide square, giving a 1.8 cm2

mouth area,66 and the particles are initially distributed randomly
across this area. Since a majority of the exhalation comes from the
mouth during speaking,66 this is the most significant source of
momentum; therefore, the nasal jet is not considered in the present
work. Based on Abkarian et al.,33 one breath cycle is assumed to last
for 5 s, with 4 s spent exhaling continuously and 1 s inhaling—during
the 1 s inhalation period, the release of particles and the exhalation jet
are paused. This breathing cycle repeats throughout the whole simula-
tion time. The exhalation flow rate and temperature used in all cases
are 0.5 l/s and 34 �C, respectively.33,67

D. Computational domain

Figure 2 shows the domain setup where an infected individual is
speaking for 180 s—the exhalation jet and particles are released into an
undisturbed environment. A uniform computational grid is used in all

FIG. 1. Particle size distribution during speaking used in the simulations.
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cases, with time step dt¼ 0.0005 s. Three different grid resolutions
were tested. The immersed boundary method60 was used to represent
the body, which is composed of Lagrangian markers defining its sur-
face where a no-slip boundary condition is imposed. The effect of the
body thermal plume was not considered in the present work. Six cases
in total are presented, investigating the effect of temperature gradients
and room size on particle dispersion as described in Table I where case
letters S and L denote the small and large room geometries, respec-
tively, and the number after the letter indicates the value of the temper-
ature gradient. As with any transient turbulent flow, if these
experiments were performed physically, each realization would pro-
duce a slightly different result due to the chaotic nature of turbulence;
in our computational setup, we have complete control over the exact
initial conditions; hence, our deterministic model will produce a
unique solution that should be understood as the ensemble-average of
all the physical tests with slightly different initial conditions.
Regardless, our analysis is not based on the fate of an individual parti-
cle but the collective and consistent behavior of thousands of particles
across the flow field.

When the temperate gradient dT/dz is set to 0, a uniform room
temperature of 20 �C is adopted. When thermal stratification is

considered, a linear increase in the room temperature with height is
implemented. There are two relative stratification strengths: the weaker
case considers a temperature of 20 �C at the floor that increases at a
rate of 1K per meter, while the stronger case elevates the gradient to
2K/m. The boundary conditions for all walls are set to no-slip. Note
that particles in all figures are scaled up for visual purposes only and
do not represent the “true” particle size in relation to the domain.

III. MESH SENSITIVITY ANALYSIS

Amajor challenge simulating dispersed flows is to reach a level of
discretization that is compatible with the larger computational domain
while capturing the individual motion at the particle scale. In the cur-
rent case, the difference in characteristic scales between the continuous
and dispersed phases is so extreme that we assume that all particle-
scale motion is subgrid. The ability of the chosen grid resolution to
capture the relevant flow features adequately is investigated by testing
3 different uniform mesh resolutions for the L0 base case. The mesh
resolution is doubled each time with the fine, medium, and coarse
mesh sizes being equal to 6.25, 12.5, and 25mm, respectively. The sen-
sitivity parameters are the average streamwise velocity and tempera-
ture and the accumulated small particle volume fraction. Figure 3
shows the jet profile color-coded by the average streamwise velocity
for the different mesh resolutions. The slice is located in the middle of
the Y plane, and the effect of the jet profile on particle dispersion can

FIG. 2. Isometric view of the domain setup for large room cases and the position of
the infectious individual.

TABLE I. Case details.

Casea dT/dz (K/m) Room size (L � W � H) in m

S0 0
S1 1 3.5� 2.5� 2.6
S2 2
L0 0
L1 1 5.25� 3.75� 2.6
L2 2

aS¼ small room, L¼ large room.

FIG. 3. Jet profile color-coded by time-averaged streamwise velocity, and particle
dispersion after 180 s for (a) fine, (b) medium, and (c) coarse mesh resolutions
for L0.
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be seen by the instantaneous particle distribution at t¼ 180 s. The
shape of the breathing jet is much wider in the coarse mesh [Fig. 3(c)]
than in the fine and medium meshes [Figs. 3(a) and 3(b), respectively].
Furthermore, the curvature of the exhalation jet is less clearly defined
and occurs further downstream compared to Figs. 3(a) and 3(b). All
particles are overdispersed as a result in the coarse mesh resolution.
Figure 4 shows the variation of the three sensitivity parameters in the
streamwise direction, starting at the breathing jet release point (x¼ 1.2
m). Given the mouth’s size compared to the total volume of the room,
the near-field of the jet at the mouth is under-resolved, particularly
for the medium and coarse meshes. This is a necessary compromise
given the computational requirements of these simulations, acceptable
as long as they do not compromise the momentum and energy inputs
at the release points.32 The first �1.5m from the point of release
defines two regions: (1) inertia dominated and (2) buoyancy domi-
nated. This region is crucial to capture the general path of the jet,
which affects particle dispersion. The results in Fig. 4 show that both
the fine and medium mesh resolutions produce similar results, while
the coarse mesh overpredicts the average streamwise velocity and tem-
perature. This can be attributed to an excess of dissipation induced by
the SGS model on energy-containing scales due to the low mesh reso-
lution. This will result in an underprediction of the turbulent kinetic
energy, leading to overprediction of the kinetic energy; hence, the
higher mean flow is seen in Fig. 4(a). As the coarse mesh overpredicts
the average streamwise velocity and temperature, it leads to the under-
prediction of /p;small . This is because as the breathing jet becomes over-
dispersed, the small particles suspended within it follow its path as
seen in Fig. 3(c). Based on Figs. 3 and 4, the coarse mesh is insufficient
to capture the relevant scales of the exhaled jet, while the fine and

medium mesh resolutions show convergence. Based on this, the
medium mesh resolution (12.5mm) is chosen as it provides very simi-
lar results to the fine mesh while being computationally less intensive.

IV. MODEL VALIDATION

The numerical model’s ability to correctly predict the exhalation
jet’s trajectory is compared against the model developed by Zhou
et al.,68 which has been validated against the results from full-scale
experiments carried out by Qian et al.69 The non-dimensional theoret-
ical buoyant jet dispersion model considers the centerline trajectory of
a buoyant jet released continuously into a thermally uniform and ther-
mally stratified environment. The computational domains are
2� 1.5� 3 m for the isothermal case and 5� 1.5� 1.2 m for the strat-
ified run; in both cases, the domain was chosen to be sufficiently large
to ensure that none of the walls affect the jet trajectory and impact the
results. The mesh resolution and inlet shape replicate those of the prin-
cipal room simulations with particles. For the thermally stratified cases,
the vertical temperature gradient was considered to be linear, while in
the thermally uniform cases, the ambient air temperature was set to
21 �C. The exhaled air in all cases was at 34 �C. The ambient air in all
cases was treated as still, and no other sources of heat apart from the
exhalation jet were considered so that only the trajectory of the exhaled
flow could be studied. Cases 15 (temperature gradient, dT/dz¼ 2 �C/m)
and 6 (uniform temperature) from Zhou et al.68 were replicated in our
numerical simulations, which ran for 120 s and are shown in Figs. 5 and
6, respectively. A passive tracer entrained in the jet is used to visualize its
trajectory and compare it to predictions by Zhou et al.68 The slice in the
numerical simulations is shown in the middle of the Y plane and is

FIG. 4. Horizontal profiles extracted within the center of the breathing jet of (a) average streamwise velocity, (b) average temperature, and (c) small particle volume fraction for
different mesh resolutions using L0 case.

FIG. 5. Comparison of the jet’s trajectory
in numerical simulations with the predicted
jet centerline trajectory from Zhou et al.68

(solid white line) for case 15. The lock-up
height from the theoretical model is
marked by the dashed line.
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colored by the time-averaged normalized passive tracer S=Smax , where
Smax is the maximum value of S.

In both cases, the jet’s trajectory visualized by the passive tracer
shows a good agreement with the centerline predictions by the theoret-
ical model presented in Zhou et al.68 The thermal length, lm, is the
point at which the jet trajectory will curve upwards, and Zhou et al.68

calculated lm to be 0.2m for cases 6 and 15. Figures 5 and 6 show that
our numerical model predicts this well, as the jet’s curvature in both
numerical simulations also occurs 0.2m away from the point of
release. In the stratified case, the oscillating trajectory and the lock-up
height predicted by Zhou et al.68 fall within the bounds of the oscillat-
ing passive tracer contour. This shows that our model can predict well
the buoyancy effects associated with the release of warm exhaled air
into both thermally uniform and thermally stratified ambient air.

V. RESULTS AND DISCUSSION
A. Exhalation jet behavior

During any expiratory activity, the released exhalation jet will be
buoyant due to its warmer temperature (34 �C in present cases) com-
pared to ambient room air. Figure 7 shows how the varying tempera-
ture gradient of ambient air affects the trajectory of this exhalation jet,
visualized by the average streamwise velocity for L cases. In all 3 cases,
there is an inertia-dominated region where the jet moves forward in
the streamwise direction due to its momentum, before an upward cur-
vature is seen at the point where the buoyancy and average momen-
tum of the jet become comparable, in agreement with the observations
by Bourouiba et al.1 In our cases, this point is found approximately

80 cm from the speaker. The effect of thermal stratification on the jet’s
trajectory becomes apparent once it begins to curve upwards.

When the jet is released into a uniform temperature environment
[Fig. 7(a)], there is a high net temperature difference with the ambient
air. Past the inflection point, the jet will continue to rise rapidly
upwards as the buoyancy effects are strong—the rising effect will be
arrested by the ceiling or in the case of a very high ceiling environment
until the temperature of the jet and ambient air become comparable.
In a thermally stratified environment, the net temperature difference
between the jet and ambient air will be slightly lower. Past the inflec-
tion point, the jet will rise up to some maximum height (�2.4m for L1
and 2.2m for L2, respectively) before coming back down and oscillat-
ing about the lock-up height [�2.1m for L1 and 1.9m for L2 as seen
in Figs. 7(b) and 7(c), respectively]. This is due to the air entrained in
the jet dispersing and cooling down to a similar temperature to that of
the surrounding ambient air, at which point it will start to float back
down, trying to reach equilibrium and leading to the oscillations seen
in Figs. 7(b) and 7(c) as the process repeats. The behavior of the jet is
consistent with predictions by Liu et al.70 and experimental studies by
Liu et al.46

Based on the exhalation jet trajectory, the following conclusions
can be drawn: (1) thermal stratification has no effect on the jet’s trajec-
tory in the very near-field zone of the infectious individual (approxi-
mately first 80 cm for the conditions presented here) as momentum
dominates in this zone; (2) the lock-up height gets closer to the breath-
ing height as ambient air temperature gradient increases, and the

FIG. 6. Comparison of the jet’s trajectory in numerical simulations with the predicted
jet centerline trajectory from Zhou et al.68 (solid white line) for case 6.

FIG. 7. Comparison of breathing jet behavior released into ambient air subjected to
increasing temperature gradient colored by the time-averaged streamwise velocity.
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oscillations of the jet become less defined; (3) thermal stratification
effects become important once the jet begins to curve upwards as
buoyancy effects start to dominate; and (4) the point at which the jet
bends upwards in all 3 cases occurs at approximately the same point;
therefore, it can be inferred that it depends on the jet’s initial momen-
tum. Increasing thermal stratification overall does not affect the point
at which the curvature of the jet begins but only the rate of this curva-
ture, i.e., how far and steeply this jet will initially travel upwards. It
should be noted that the exhaled jet temperature varies from person to
person;67 therefore, the jet trajectory in the buoyancy dominated
region described in this section may vary to some extent, with the ini-
tial jet temperature being slightly higher or lower than the 34 �C used
in this study.67

B. Particle transport and suspension within
the exhalation jet

Figure 8 shows the instantaneous streamwise velocity field within
the half-width plane at t¼ 180 s for cases L0 (a), L1 (b), and L2 (c).
The exhalation jet entrains particles ranging from 1.5 to 375lm, and
for clarity and visual purposes, particles larger than 100lm are not
shown. To better visualize the effect of thermal stratification on aerosol
lock-up, a focused view emphasizing the distribution of smaller par-
ticles (dp < 30lm) is presented on the right column. The smallest par-
ticles (dark blue) remain suspended in the jet and reach all the way to
the end of the room, showing that long range aerosol transmission is
possible in all three cases. In the isothermal case L0, most of them
remain just above the breathing zone at a height of � 2m as they are
carried upwards by the buoyant exhalation jet and accumulate near
the ceiling. They reenter the breathing zone only when the jet reaches
the end of the room and begins a recirculating pattern, dragging the
smallest aerosols with it. In contrast, in the presence of stratification
[Figs. 8(b) and 8(c)], the smallest aerosols no longer accumulate by the
ceiling and instead are found closer to the breathing zone as the tem-
perature gradient is increased. While 12lm particles in L0 case stay
airborne along with the smallest aerosols, in cases L1 and L2 a large
portion of these particles detach from the jet and accumulate around
the z¼ 1.6 and z¼ 1.5 m heights, respectively, just below the breathing
zone as shown in the focused view of Figs. 8(b) and 8(c). This indicates
that thermal stratification can trap aerosols at different heights
depending on their diameter up to some size threshold. Our results
show that the threshold exists between the 12 and 20lm aerosol size
interval whereby their behavior changes from locked-up by stratifica-
tion to a continuous fallout from the jet.

There is a notable difference in the reach of the medium aerosols
(dp� 20–30lm, light blue) between L0 [Fig. 8(a)] and L1 and L2 cases
[Figs. 8(b) and 8(c)], whereby thermal stratification extends their reach
by almost a further meter compared to L0 case. This is due to the strat-
ification limiting the upward movement of the exhalation jet, forcing it
to continue propagating forward, driven by cyclic turbulent puffs. In
all three cases, these particles initially remain suspended within the jet
before they begin to fall out continuously; hence, their presence along
most of the room height is shown in Fig. 8. In the thermally stratified
cases, particularly L1, the downward jet oscillation [at x � 3:2 m mark
in Fig. 8(b)] drags these particles down and not as many are present in
the subsequent upward oscillation. These medium aerosols are too
“heavy” in comparison to the dark blue aerosols to be re-entrained
into the jet once they have detached; hence, in both stratified cases, we

see that the majority of the 20–30lm particles reach a distance that
coincides with the end of the first downward oscillation (x� 3:8 m).
After this point, only some particles in this size range remain in the jet
and are able to travel a further meter. In the isothermal case L0, the
reach of medium aerosols coincides with the point at which the jet’s
trajectory is arrested by the ceiling. The velocity reduces slightly as the
jet adjusts its path, so the bulk of the suspended particles reaches the x
�3 m point. Like in the stratified cases, some particles do remain sus-
pended past this point and are also able to travel a further meter.

The larger aerosols (dp� 30–45lm, green) are carried up to a
maximum distance of approximately 1.4m away from the infectious
person. In the thermally stratified cases, the majority of these particles
are concentrated near the x� 1.8–2m mark (i.e., 0.6–0.8 m away from
the speaker). For L0 [Fig. 8(a)], these larger aerosols are not concen-
trated around a particular horizontal distance from the speaker and a
more continuous detachment from the upward moving jet is observed.
The droplets (yellow and red) in all cases are too heavy and fall out
very quickly from the jet, reaching only 20–50 cm away from the
speaker. This behavior is consistent with findings by Cortellessa et al.8

who showed that large droplets only contribute to the risk of infection
at distances well below 0.6m from a speaking person. One of our key
findings is that droplets do not follow a ballistic trajectory.

The main conclusions drawn here are: (1) thermal stratification
constrains the upward movement of the exhaled material, with this
effect becoming stronger as temperature gradient increases; (2) stratifi-
cation increases the horizontal reach of medium aerosols
(dp � 20–30lm) and leads to an increased concentration of smaller
aerosols closer to the breathing height; (3) larger particles (dp > 60lm)
are unaffected by stratification effects, do not follow a ballistic trajec-
tory, and fall out within 0.5m of the infected individual; (4) small aero-
sols (dp < 20lm) can travel up to 4m away from the infectious source
for the given conditions presented in our simulations; and (5) aerosols
up to 12–20lm can be locked-up at different heights by thermal strati-
fication—beyond this size, they continuously fall out of the jet. Since
particle evaporation or growth is not included in the present work, the
particle size distribution does not change with time. One major pur-
pose of this work is to simulate the impact of particle size on their
spread under different conditions. Keeping their size constant provides
a more clear picture of the different particle behaviors, allowing us to
group them without a priori assumptions. Including evaporation
would not affect how far a particle of a given size may travel, yet it
affects the number of particles of that size that we see over time. For
example, had evaporation effects been included and assuming a
low humidity scenario, some larger aerosols may have evaporated
down to a size small enough that would allow them to stay airborne
for longer.

C. Particle dispersion pattern

Figure 9 shows 3D and top-down views of the instantaneous par-
ticle dispersion for all six cases at t¼ 180 s. The majority of the disper-
sion is parallel to the exhalation jet as ventilation effects are not
considered in the present work. Particle transport is driven by the
exhalation jet and buoyancy as there are no other sources of air move-
ment. Room size does not have a critical impact on aerosol dispersion
patterns, besides constraining them. Large room simulations exhibit
very clearly the lock-up of the smallest fractions discussed in Fig. 8.
This is not as evident in the small room cases as the jet hits the wall at
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a closer distance from the point of release. The recirculation leads to a
bigger dispersion of the smallest particles throughout as the airflow
returns toward the speaking person. The recirculation becomes more
pronounced with increasing stratification, as can be appreciated in the
top-down view for cases S1 and S2. Recirculation in the larger room

cases also occurs, yet is weaker in comparison to the small room cases
since the velocity of the jet would have decayed along a longer distance
from the speaker before impacting the wall. The top-down figures for
all six cases illustrate a clear difference in the dispersion pattern
between thermally stratified and isothermal cases. In L0 and S0 cases,

FIG. 8. Influence of thermal stratification on particle dispersion at 180 s for (a) L0, (b) L1, and (c) L2. The continuous phase is color-coded by the instantaneous streamwise
velocity; particles are colored by size. Right column: focused view of particles <30 l m.
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FIG. 9. Instantaneous particle dispersion at 180 s for large room (left) and small room (right) at temperature gradients (a) 0, (b)1, and (c) 2 K/m.
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since the jet continues rising upwards due to its buoyancy, it reaches
the ceiling and spreads out across it. In cases with thermal stratifica-
tion, the particles are concentrated around the centerline of the exhala-
tion jet before they spread out laterally as the jet decays to its
surroundings.

For the stratified cases shown in Figs. 9(b) and 9(c), when the
room size/geometry does not heavily influence the exhalation jet flow,
the dispersion pattern takes a cone-like appearance that becomes wider
as the distance from the speaker increases. This is due to buoyancy
effects: closer to the source, the temperature and velocity of the jet are
higher as little ambient air has been entrained into it; therefore, the
particles travel forward with it. As the jet continues moving forward, it
entrains more ambient air and its temperature and buoyancy reduce,
and its velocity decays to the surroundings. This leads to the lateral
spreading of the jet and the smallest particles suspended within it as
the distance from the speaker increases.

The main conclusions drawn here are that (1) a smaller room
constrains the flow structures and enhances recirculation, bringing
more particles back toward the subject; (2) the enhanced recirculation
breaks to an extent the stratification layers in small rooms; and (3) as
the temperature gradient increases, expiratory particles follow the jet
centerline more closely before they disperse laterally. Based on these
results, to reduce the risk of infection during a face to face conversation
where masks are not worn, a person should stand to the side of the
speaker to avoid inhaling the highest concentration of aerosols.

D. Concentration of aerosols in the near-field breathing
zone

Figure 10 defines the two zones proposed to quantify the effect of
thermal stratification on the evolution over time of aerosol concentra-
tion /p;small in the breathing zone. Each zone covers a 1:575� 1:25 m2

area in the horizontal XY plane and has a height of 0.325m. Volume
fractions representing larger particles are not shown here since the
focus is on particles that are trapped in the exhaled jet.

Figure 11 shows the integral values of /p;small in the breathing
and upper zones for L0, L1, and L2 cases over 180 s. In the breathing
zone [Fig. 11(a)], the small aerosol concentration is the same in all
three cases during the first 15 s as the exhalation process is established
and particles accumulate. Beyond this point, the concentrations
diverge, with L2 case showing the steepest and highest growth, fol-
lowed by L1 and L0. This was expected, as the higher ambient air

temperature gradient arrests the exhalation jet’s upward trajectory,
making it move forward within the breathing zone instead. In contrast,
the jet in L0 continues its upward trajectory into the “upper zone,”
entraining the aerosols. At t¼ 180 s, the concentration of smallest
aerosols in the breathing zone has increased by 10% and 27% for cases
L1 and L2, respectively, in comparison with L0.

In the “upper” zone [Fig. 11(b), z¼ 1.95–2.275 m], the concentra-
tion of smallest aerosols is significantly lower in case L2 compared to
that in L0 and L1 cases. This is due to the forward movement of the jet
in a relatively “straight” line described earlier for the stratified cases
(e.g., see Fig. 8). At 180 s, the concentration of smallest aerosols in the
upper zone relative to case L0 is up to 12% and 65% lower for cases L1
and L2, respectively. High aerosol concentrations are present in this
zone for both cases L0 and L1 since the lock-up height of L1 was
�2.1m as identified in Sec. VA. An interesting trend in the upperFIG. 10. Layout of the zones under consideration for aerosol build-up analysis.

FIG. 11. Evolution over time of the small aerosol volume fraction
(1 � dp � 20 lm) for (a) breathing zone and (b) upper zone as shown in Fig. 10
for L0, L1, and L2.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 103304 (2023); doi: 10.1063/5.0163971 35, 103304-11

VC Author(s) 2023

 05 O
ctober 2023 10:32:36

pubs.aip.org/aip/phf


zone is the similar increase in /p;small for L0 and L1 before the cross-
over at t¼ 145 s where they begin to diverge, with L0 rising higher
than L1. This is perhaps due to the continued fallout of some particles
closer to the 20lm size threshold in L0, which make their way back
from near the ceiling into the upper zone. In this zone, the effect of
thermal stratification is less pronounced unless it is particularly strong
as in case L2. Over longer time, the effect of weaker stratification may
show a further reducing trend as indicated by the divergence between
L0 and L1 in Fig. 11(b).

E. Particles reach over time

Figure 12 quantifies the reach of all three particle volume frac-
tions—computed as described by Eq. (8)—at two time instants: 60 s
[Fig. 12(a)] and 180 s [Fig. 12(b)]. The accumulated value of each frac-
tion was computed in eight different vertical slices extracted in the YZ

plane in increments of 0.5m from the speaker, which cover the whole
width and height of the room for L2 case. Stratification affects the
height at which particles are found—since we are integrating along the
whole vertical direction, the choice of case for this analysis is not as sig-
nificant. Integration of /p;small; /p;medium, and /p;large at each slice was
performed to obtain the respective particle volume fraction at the
selected distance from the speaker. The concentrations were normal-
ized by the volume fraction computed at x¼ 0.5 m and t¼ 180 s.
Overall, droplets (/p;large, red) are only present 0.5m away from the
speaker and do not reach the 1m mark irrespective of time, demon-
strating the inability of droplets to remain airborne due to their size.
Medium particles (/p;medium, green) can be found 2m away from the
speaker at 60 s and, in a very small amount, 2.5m away from the
speaker at 180 s. The small aerosol fraction (/p;small, blue) reaches 3m
away from the speaker during the first minute within the simulation
and 4m within 3min. While to the best of our knowledge, the exact
concentration needed for infection is not yet known, the results in Fig.
12 show that aerosol particles, in particular, can travel large distances
from the speaker and pose an infection risk both in close and far range
of an infectious individual, while droplets do not travel very far. As ear-
lier results indicate, e.g., Sec. VB, two people would have to stand very
close together for particles in this size range to pose an infection risk
assuming that both the infectious and susceptible individuals are
standing face-to-face.

The small aerosol fraction (/p;small , blue) exhibits a rather smooth
distribution with maxima at x¼ 1.5 m after 1min of simulation time
and x¼ 2 m after 3min [Figs. 12(a) and 12(b), respectively]. It is
important to note that this is not an instantaneous concentration of
particles—that would always be highest at the source. The variable
/p;small is accumulative; hence, the presence of a particle can be
recorded several times if it recirculates or lingers, increasing the risk of
infection. Between 60 and 180 s, the smallest aerosols have traveled a
further meter. More importantly, Fig. 12(b) shows that in the 120 s
time difference between both figures, /p;small has increased significantly
at all locations due to particles with dp � 20 lm remaining airborne
and accumulating as the person continues to speak. Interestingly, the
reach of medium sized particles is largely unaffected by time as in both
Figs. 12(a) and 12(b), they can be found 2m away from the speaker—
at t¼ 180 s, there is a very small amount present at x¼ 2.5 m.

VI. CONCLUSIONS

This work introduces a large-eddy simulation model coupled
with a Eulerian–Lagrangian algorithm that computes the transport of
realistic polydispersed expiratory particles released within an exhala-
tion jet. The effect of thermal stratification on the behavior of the
exhaled flow at room scale has been investigated. Our research consid-
ered three temperature gradients and two different room sizes to fur-
ther analyze their effects on the particle dispersion pattern. Expiratory
particles of different sizes were tracked individually in space and time,
which allowed us to quantify their reach and analyze how their size
interacted with the flow structures under different strengths of stratifi-
cation. Particle volume fraction was tracked in space and time
throughout the simulations and used to (1) quantify the accumulation
of smallest aerosols in the near-field zone of the speaker and (2) illus-
trate how far from the speaker different sized categories of particles
travel. The solver’s ability to predict the exhalation jet’s trajectory in
isothermal and thermally stratified conditions has been validated
against the non-dimensional theoretical buoyant jet dispersion model

FIG. 12. Reach of differently sized particles at (a) 60 and (b) 180 s. The
/p;small; /p;medium, and /p;large values in both figures were normalized by the
respective fraction value found at x¼ 0.5 m and t¼ 180 s.
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developed by Zhou et al.68 The numerical results show a good agree-
ment with the predicted jet centerline trajectory. The mesh sensitivity
analysis shows that the mesh resolution used in our simulations pro-
vides reliable results and does not overpredict the particle dispersion
pattern.

The main findings of our study are as follows:

• thermal stratification effects become important after the jet
begins its curvature—before this point, momentum dominates
regardless of stratification effects;

• thermal stratification constrains the upward movement of the
exhaled material, leading to an increase in the concentration of
small aerosols at the breathing height, with this effect becoming
stronger as temperature gradient increases;

• there exists a threshold between 12 and 20 lm aerosols whereby
their behavior changes from locked-up by stratification to a con-
tinuous fall out from the exhalation jet;

• small aerosols can travel up to 4 m away from the speaker in all
cases within 3 min, and their concentration increases
significantly;

• medium aerosols are entrained in the exhalation cloud but detach
due to their inertia gradually; their reach is within approximately
2 m downwards of the speaker and they do not accumulate;

• larger particles (dp > 60 lm) do not follow a ballistic trajectory,
are unaffected by stratification, and their reach is within 0.5 m
downwards of the speaker;

• in small rooms, walls act as barriers that induce a recirculating
airflow, bringing exhaled material back toward the speaking per-
son and increase dispersion in the room.

Our work has not considered ventilation effects, yet it has
highlighted how critical this might be to mitigate infection risks. When
strong thermal stratification occurs, the small aerosols can be trapped
in an oscillating current at breathing height, increasing their concen-
tration significantly, up to 27% when comparing our non-stratified
and heavily stratified cases. Extraction of air from the upper layers of
the room might not be effective due to the lock-up effect. This is an
element of risk that can be addressed via a correct ventilation strategy
that breaks the stratification layers. Our work shows that vertical tem-
perature gradients acceptable from thermal comfort perspective may
be unacceptable from a cross-infection perspective due to the lock-up
effects discussed earlier.
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