

View

Online


Export
Citation

RESEARCH ARTICLE |  FEBRUARY 15 2023

Numerical investigation of airborne transmission in low-
ceiling rooms under displacement ventilation 
Special Collection: Flow and the Virus

Changchang Wang (王畅畅)  ; Jiarong Hong (洪家荣)  

Physics of Fluids 35, 023321 (2023)
https://doi.org/10.1063/5.0137354

Articles You May Be Interested In

Numerical investigation of airborne infection risk in an elevator cabin under different ventilation designs

Physics of Fluids (June 2023)

Effect of natural ventilation on aerosol transmission and infection risk in a minibus

Physics of Fluids (November 2024)

Airborne transmission of COVID-19 and mitigation using box fan air cleaners in a poorly ventilated
classroom

Physics of Fluids (May 2021)

 14 January 2025 02:06:31

https://pubs.aip.org/aip/pof/article/35/2/023321/2868214/Numerical-investigation-of-airborne-transmission
https://pubs.aip.org/aip/pof/article/35/2/023321/2868214/Numerical-investigation-of-airborne-transmission?pdfCoverIconEvent=cite
https://pubs.aip.org/pof/collection/1527/Flow-and-the-Virus
javascript:;
https://orcid.org/0000-0002-4893-9231
javascript:;
https://orcid.org/0000-0001-7860-2181
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0137354&domain=pdf&date_stamp=2023-02-15
https://doi.org/10.1063/5.0137354
https://pubs.aip.org/aip/pof/article/35/6/063318/2895953/Numerical-investigation-of-airborne-infection-risk
https://pubs.aip.org/aip/pof/article/36/11/115116/3318812/Effect-of-natural-ventilation-on-aerosol
https://pubs.aip.org/aip/pof/article/33/5/057107/1077304/Airborne-transmission-of-COVID-19-and-mitigation
https://e-11492.adzerk.net/r?e=&s=2y0Y4r6YpgkmD-4-1Hzf4QE-JGI


Numerical investigation of airborne transmission
in low-ceiling rooms under displacement
ventilation

Cite as: Phys. Fluids 35, 023321 (2023); doi: 10.1063/5.0137354
Submitted: 2 December 2022 . Accepted: 28 January 2023 .
Published Online: 15 February 2023

ChangchangWang (王畅畅),1 and Jiarong Hong (洪家荣)2,a)

AFFILIATIONS
1Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon,
Hong Kong, China
2Department of Mechanical Engineering and St. Anthony Falls Laboratory, University of Minnesota, Minneapolis,
Minnesota 55455, USA

Note: This paper is part of the special topic, Flow and the Virus.
a)Author to whom correspondence should be addressed: jhong@umn.edu

ABSTRACT

This study employs computational fluid dynamics (CFD) simulations to evaluate the risk of airborne transmission of COVID-19 in low-
ceiling rooms, such as elevator cabins, under mechanical displacement ventilation. The simulations take into account the effects of the
human body’s thermal environment and respiratory jet dynamics on the transmission of pathogens. The results of the study are used to
propose a potential mitigation strategy based on ventilation thermal control to reduce the risk of airborne transmission in these types of
enclosed indoor spaces. Our findings demonstrate that as the ventilation rate (Qv) increases, the efficiency of removing airborne particles (ep)
initially increases rapidly, reaches a plateau (ep,c) at a critical ventilation rate (Qc), and subsequently increases at a slower rate beyond Qc. The
Qc for low-ceiling rooms is lower compared to high-ceiling rooms due to the increased interaction between the thermal plume generated by
the occupants or infectors and the ventilation. Further analysis of the flow and temperature fields reveals that ep is closely linked to the
thermal stratification fields, as characterized by the thermal interface height and temperature gradient. When Qv < Qc, hT,20.7 < him (him is
the height of infector’s mouth) and aerosol particles are injected into the upper warm layer. As Qv increases, the hti also increases following
the 3/5 law, which helps displace the particles out of the room, resulting in a rapid increase of ep. However, when Qv > Qc, hT,20.7 > him and
aerosol particles are injected into the lower cool layer. The hti deviates from 3/5 law and increases at a much slower rate, causing an aerosol
particle lockup effect and the ep to plateau. In addition, as the Qc increases, the local flow recirculation above the infector head is also
enhanced, which leads to the trapping of more particles in that area, contributing to the slower increase in ep. The simulations also indicate
that the location of infector relative to ventilation inlet/outlet affects Qc and ep,c with higher Qc and lower ep,c observed when infector is in a
corner due to potential formation of a local hot spot of high infection risk when infector is near the ventilation inlet. In conclusion, based on
the simulations, we propose a potential ventilation thermal control strategy, by adjusting the ventilation temperature, to reduce the risk of
airborne transmission in low-ceiling rooms. Our findings indicate that the thermal environment plays a critical role in the transmission of
airborne diseases in confined spaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0137354

I. INTRODUCTION

Airborne transmission is a major transmission pathway that
leads to the rapid spread of COVID-19 (SARS-CoV-2 virus),1–4 partic-
ularly in confined crowded indoor spaces. As shown in the liter-
ature,5–7 room ventilation plays a crucial role in reducing airborne
infection risk and has been employed as one of the most efficient mea-
sures to mitigate the infection risk during the current pandemic.8,9

Ventilation has two main modes,5,6,10–12 i.e., mixing ventilation (MV)

and displacement ventilation (DV). For mixing ventilation, the air is
circulated throughout the spaces, resulting in a relatively uniform dis-
tribution of temperature and particulate matter.10 For displacement
ventilation, the air is displaced from the bottom to the top of the
room, establishing an internal stratification of temperature and partic-
ulate matter.6,13 The displacement ventilation mode is usually consid-
ered to be better than mixing ventilation in terms of reducing the risk
of airborne transmission but may yield lockup phenomena, i.e., the
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trapping and accumulation of respiratory contaminants between the
stratified air layers.14–17 The effect of such lockup phenomena on air-
borne transmission is particularly strong for low-ceiling rooms
(<2.45m),18 which have been shown to be associated with higher
infection risk. Specifically, even before the COVID-19 pandemic, a
study of institutional transmission of airborne infections in eight hos-
pitals in Lima, Peru, showed that stuffy, low-ceiling rooms could
increase the risk of nosocomial airborne disease transmission com-
pared with large open-windowed, high-ceilinged rooms.19 In the noso-
comial COVID break reported at United Christian Hospital, Hong
Kong,20 the low-ceiling height was also suggested as one of the con-
tributing factors. In addition to hospitals, a large number of airborne
transmissions have been shown to occur in low-ceiling and confined
spaces with poor ventilation,21 such as cafeterias,22 aircraft cabins,23

enclosed buses,24 and elevator cabins.25 Therefore, an in-depth under-
standing of the lockup phenomena and associated airborne transmis-
sion in low-ceiling rooms under displacement ventilation is urgently
needed.

Investigation of the effects of thermally stratified lockup phenom-
ena on airborne transmission by exhaled aerosol particles/droplets
under displacement ventilation in indoor environments26 has been
conducted using full-scale experiments and theoretical analysis as well
as numerical simulations. To date, full-scale experimental studies are
generally conducted using model rooms,13,27,28 hospital wards,16 and
airborne infection isolation rooms (AIIRs)29 that are equipped with
life-sized breathing thermal manikins inside. For example, Bj�rn and
Nielsen13 used photoacoustic spectroscopy to investigate airborne
transmission in a model room with a ceiling height of 2.50m. Their
study provided measurements of the vertical contaminant distribution
under various heat source intensities and indicated that contaminants
exhaled by a breathing manikin could be locked in a thermally strati-
fied layer if the vertical temperature gradient was sufficiently large
(above 0.4–0.5 �C/m), resulting in locally high contaminant concentra-
tions. In another full-scale test model room with a high ceiling
(2.70m), Nielsen et al.27 studied the cross-infection risk between two
breathing thermal manikins and found that the exposure increases
with decreasing distance between people, with the highest exposure
value possibly being up to 12 times in a face-to-face position. In a full-
scale hospital ward (ceiling height 2.50m) with two bed-lying mani-
kins equipped with different ventilation systems, Qian et al.16 found
that compared with mixing and downward ventilation, exhaled gas-
eous or fine particles could be effectively removed with the assistance
of a body plume when facing upward, while exhaled droplet nuclei
could accumulate due to thermal stratification lockup effects when fac-
ing sideward. Recently, Jurelionis et al.28 experimentally investigated
aerosol particle dispersion and removal in a full-scale test chamber
with high ceilings of 2.80m and revealed that with increasing ventila-
tion rates, the particle removal efficiency increases in displacement
ventilation and is higher than that in mixing ventilation. However, the
maximum ventilation rate examined is only 4 ACH (air change rate
per hour) in their studies, which is significantly less than the recom-
mended 9 ACH for the free of airborne infection.9 Berlanga et al.29

experimentally investigated airborne transmission in a full-scale air-
borne infection isolation room with high ceilings of 2.80m, showing
that although “lockup” phenomena could cause a high contaminant
concentration zone, the zone influenced by the thermal convective
layer around health worker (HW) shows relatively low exposure.

Overall, these experimental studies all suggest a close relationship
between airborne transmission in displacement ventilation and ther-
mal stratification lockup behavior; nevertheless, the underlying physi-
cal process involved is not fully understood. In addition, the
aforementioned studies are primarily conducted in indoor environ-
ments with relatively high ceilings; as a result, the mechanism underly-
ing airborne transmission is still unknown for spaces with low ceilings
that are frequently used in daily life (i.e., elevator cabins and cafete-
rias), where the flow interaction between a thermal plume generated
by a heat source and ventilation may be stronger. Several theoretical
studies have been performed on the dispersion of airborne respiratory
contaminants in indoor environments.30–32 Zhou et al.17 developed a
theoretical buoyant jet dispersion model in a thermally stratified envi-
ronment and found a power law relation between the lockup height
and temperature gradient. Although the knowledge of airborne trans-
mission in displacement ventilation is still limited, the lockup effect
and its physics in both nature and mechanical displacement ventila-
tion without considering airborne transmission have been extensively
studied. Sandberg and Lindstrom33 first discussed the stable stratified
interface in natural displacement ventilation with a buoyancy source
in an enclosure. Linden et al.34 theoretically investigated this phenom-
enon and established the relationship between the interface height (h)
and effective area of the openings. This work further highlighted the
importance of the types and configurations of heat or buoyancy sour-
ces on stratification. Subsequently, Cooper and Linden35 further
extended the work of flow and stratification with one single source of
buoyancy to that with two heat sources, showing that the height of
multiple layers created by multiple sources depends on the height and
strength ratio of the two heat sources. For mechanical displacement
ventilation driven by mechanical extraction or wind, Hunt and
Linden36–38 established the widely used formula for quantifying the
interface height (h) as a function of the total ventilation rate (Q) and
the buoyancy flux (B) generated by heat sources. This formula could
provide some fundamental guidance for developing optimal ventila-
tion control to reduce the risk of airborne infection. However, these
analytical studies involve substantial simplifications, and the imple-
mentation of their findings in a realistic indoor environment requires
substantial empirical correction.

Compared with experimental and theoretical studies, computa-
tional fluid dynamics (CFD) studies can provide full physical details of
flow fields and particle transport (i.e., field distributions of pressure,
temperature, velocity, and concentrations of contaminants or particle
trajectories). With the advancement in computational power, the CFD
method has been extensively utilized to predict and design ventilation
flows to prevent airborne transmission in buildings.39–45 For example,
Zhao and Chao39 used the discrete trajectory model to study airborne
transmission in a full-scale room and found that a displacement-
ventilated room has a larger number of escaped particles and a higher
average particle concentration due to its lower deposition rate than the
mixing room. However, in this work, no internal source of buoyancy
(i.e., occupant) is studied. Gao et al.42 investigated the dispersion of
exhaled droplets (0.1–10lm in diameter) in an office room with a ceil-
ing height of 2.70m and demonstrated the importance of contaminant
release location (mouth or nose) on the lockup layer of droplets under
displacement ventilation. However, the influence of the ceiling height
and ventilation rate on this trapped layer is not examined. Since the
beginning of the COVID-19 pandemic, numerous studies have been
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conducted using CFD tools to assess the risk of airborne infection and
the effectiveness of risk mitigation strategies in various indoor envi-
ronments, i.e., face masks46–48 and ventilation, including public envi-
ronments (i.e., restaurants,49 grocery stores,50,51 classrooms43,51,52) and
public transportation (passenger car,53 urban bus,54 car parking,55 air-
craft cabin,23 elevator cabin,25,51,56 and subway57). In particular, using
a Eulerian–Lagrangian simulation model, Ren et al.58 found a local
high deposition region in a prefabricated COVID-19 double-patient
ward with a ceiling height of 2.60m and suggested that outlet(s)
should be installed inside the landing area of large particles and close
to the polluted source(s). Most recently, using direct numerical simula-
tion in a model room (3m� 3 m) with a ceiling height of 3m, Yang
et al.59 suggested that owing to the lockup effects, increasing the venti-
lation rate does not further reduce the concentrations of pollutants
above the critical ventilation rate and proposed an energy balance
model to explain this phenomenon. However, the interaction between
the occupant and thermal stratification interface is only moderately
strong in this work since the ceiling is sufficiently high and the occu-
pant is totally situated in the lower cool zone below the interface
height.

Motivated by the above-mentioned knowledge gap, in the present
work, we conducted systematic studies of airborne transmission in a
displacement ventilated low ceiling room (2.44m) using computa-
tional fluid dynamics (CFD) tools based on a Eulerian–Lagrangian
approach, in particular the thermal lockup effects on particle disper-
sion. The objective of this work is to (1) use CFD tools to systemati-
cally investigate the flow fields (i.e., thermal stratification) of

displacement ventilation under various ventilation rates and how that
affects the particle removal efficiency (risk levels) in a low-ceiling
room with occupants; (2) quantify the physical mechanism of interac-
tion between ventilation flow and buoyancy flows under various venti-
lation rates and occupant locations and its influence on the critical
ventilation rate where the risk of infection is minimum (i.e., particle
removal efficiency reaches its local maximum); (3) propose a new mit-
igation strategy to reduce the risk level of airborne infection, allowing
us to be able to minimize the airborne transmission risk and keep low-
ceiling rooms safe. The paper is structured as follows: Sec. II provides
a description of the numerical methods, the geometry of the test model
room, the exhaled aerosol particle injection model, and case designs.
Section IIIA reports the results of flow fields and particle removal effi-
ciency with varying ventilation rates and occupant locations. Section
III B reports the results of the influence of ventilation temperature on
particle removal efficiency and the corresponding thermal interface
height (hti) and proposes a ventilation strategy for ventilation design in
terms of reducing the risk of airborne transmission. Section IV pro-
vides a summary and discussion of the results.

II. METHODS
A. A test model room with low-ceiling
and the spatial mesh

A three-dimensional (3D) numerical model of a small room with
low-ceiling (2.44m) was developed for the present study; i.e., a model
of an elevator car is one type of low-ceiling room. The model room
has overall dimensions of 2.03� 1.65� 2.44 (m3) (L�W�H), as

FIG. 1. Schematics of (a) the computational domain with one standing asymptomatic occupant inside a model room and the corresponding ventilation and respiratory flow set-
tings, and top views showing (b) center-located occupant and (c) corner-located occupant settings. (Note that the red block represents the location and dimensions of the
asymptomatic occupant).
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shown in detail in Fig. 1. The model is designed to yield the same
dimensions as a typical elevator cabin with an asymptomatic occupant
placed inside. The occupant is represented as a rectangular block with
dimensions of 0.28� 0.16� 1.8 (m3) (L�W�H) and stands on the
floor facing the front wall (i.e., elevator door), as shown in Fig. 1. A
previous study showed that the thermal interface height generated by
the body plume of a real body shape agrees well with that of a simpli-
fied buoyance source in a model room with displacement ventilation,59

so we consider this simplification to be sufficient for the scope of the
current study. The height of the mouth is 1.60m above the floor, and
the mouth opening is 3.14 cm2, with a diameter of 10mm. The total body
surface area is 1.63m2. The simplified cuboid human body model is
adopted from the models used in numerical simulations of the dispersion
of human exhaled droplets under different ventilation methods in a class-
room.60 A structured mesh is used with near-wall refinement, as shown
in Fig. 2. The mesh consists of 3.2� 106 mesh cells with a maximum
mesh size of�15mm and minimum of�1mm. Fine meshes of�1mm
are used near the body surface, walls, ceiling, and floor to ensure the max-
imum yþ < 1 during the simulation. The mesh near the mouth of the
asymptomatic person is further refined to approximately 1mm to capture
the breathing jet dynamics. To verify that the computations are suffi-
ciently independent from themesh, the results obtained for one case using
the current mesh for one occupant case with 3.2� 106 were compared
against those obtained using a much finer mesh with 3.6� 106 mesh with

a maximum mesh size of �10mm while keeping the minimum mesh
size the same as presented in the Appendix. The differences observed do
not suggest the need for additional refinement of the base mesh.

B. Numerical simulations

The present study uses the open source finite volume computa-
tional fluid dynamics code, OpenFOAM-6, reactingParcelFoam, to sim-
ulate the transient airflow and aerosol transport in the
Eulerian–Lagrangian framework where the Lagrangian tracking calcula-
tion is coupled together with the flow solver. The transient airflow is cal-
culated by solving the compressible Navier–Stokes equations, including
mass conservation, momentum conservation, and energy conservation
equations of the carrier phase, along with the species equation using
Eulerian descriptions. The transmission of respiratory aerosols contain-
ing the viruses is tracked by solving the advection equation of the dis-
crete phase using the Lagrangian approach. One-way coupling is used
to consider the interactions between aerosols and the carrier phase; i.e.,
the air flow is not affected by the motion of the aerosols, which is valid
when the volume fraction is less than 10�6 in particle-laden turbulent
flows61 and is also adopted in a coughing jet study,62 where particle con-
centration is shown to be higher than that of normal breathing.

The governing equations of the carrier phase (airflow) are given
by the following equations:

FIG. 2. A sample of computational meshes used for the present study including (a) 3D meshes and (b) the side view (slice 1) and (c) top view (slice 2) at the corresponding
planes marked in (a) for the case corresponding to a center-located occupant.
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@q
@t

þr � qUð Þ ¼ _Sm; (1)

@qU
@t

þr � qUUð Þ ¼ �rpþr � sþ qgþ _Su; (2)

@qh
@t

þr � qUhð Þ þ @qK
@t

r � qKUð Þ

¼ r aeffrh
� �þ qU � gþ @p

@t
þ _Sh; (3)

where q is the fluid density, U represents the velocity, g¼ 9.81 m/s2 is
the gravity acceleration, p is the pressure, h ¼ hs þ

P
i ciDh

k
f

(hs¼ cpT is the sensible enthalpy, ci and Dhf
k are the molar fraction

and the standard enthalpy of formation of species i, respectively) is
the enthalpy, K:kuk2/2 is the kinetic energy per unit mass, and

aeff ¼ l
Pr þ q�t

Prt
¼ Kp

qcp
þ q�t

Prt
(Kp is the thermal conductivity, cp is the

specific heat at constant pressure, Pr is the Prandtl number, Prt is the
turbulent Prandtl number, l is the laminar dynamic viscosity, and �t
is the turbulent eddy viscosity) is the effective thermal diffusivity. In
the above equations, _Sm, _Su; and _Sh are the mass, momentum, and
energy source terms generated by the aerosols, respectively. It is noted
that the dynamics at the aerosol scale, such as breakup and evapora-
tion, are not considered in this work, assuming aerosols have already
reduced to the minimum size (mode of aerosol size is 1.7lm),51 and
these aerosol-induced terms are zero during the simulation. In
OpenFOAM, the pressure gradient and gravity force terms are rear-
ranged numerically as �rpþ qg ¼ �rprgh � g � rð Þrq, where
prgh ¼ p� qg � r and r is the position vector from the wall. s is the
stress tensor given by

s ¼ leff rU þ rUð ÞT � 2
3
r Uð Þ

� �
; (4)

where leff¼ l þ lt is the effective viscosity and lt¼q�t. The turbu-
lent viscosity, �t, is modeled using k-x shear stress transport (SST),63

which has been used in normal respiration as previously described.23,25

In the simulation, the relative humidity (RH) is 40% in the air. The
carrier phase, which consists of two species (i.e., H2O and air), is mod-
eled by their mass fraction Yk (gaseous) and is calculated from the
equation of species in the flow fields:

@qYk

@t
þr � qYkuð Þ ¼ r qDkrYkð Þ þ _xk ; (5)

where Dk is a diffusion coefficient of the k species and _xk is a source
term describing the generation of a species, and this term is zero
assuming no species generation during the simulation. In the simula-
tion, the Crank–Nicolson scheme with a bending coefficient of 0.9 was
used for the time deviation term. The second-order upwind scheme is
used for convective terms, and the Gauss-linear second-order
approach is used for the diffusion terms. The pressure–velocity cou-
pling is solved by the Pressure-Implicit with Splitting of Operator
(PISO) algorithm.64 Discretized equations are solved with the geomet-
ric algebraic multigrid (GAMG) method in conjunction with the
Gauss–Seidel solver. The minimum residuals for the convergence of
pressure and velocity were 10�8 and 10�12, respectively. Virus-laden
particles are injected through normal breathing activities. The particle
size distribution falls in the range of 0.5, 50lm with a mean diameter
of 1.7lm following the Weibull distribution.51 The aerosol trajectories

are solved via a Lagrangian approach. Aerosol particles are assumed to
be spherical and pure liquid. Rotation and particle–particle interac-
tions were ignored according to the experimental data that the particle
number density is too low for collision.51 The translational motion of
each particle is governed by the force balance equation, i.e., the
Maxey–Riley equation.65 Aerosol velocity ui,P and position xi,P are
obtained from the solution of the force balance equation given by

d~x i;p
@t

¼~ui;p þ~ui;p;t; (6)

mi;p
d~ui;p

@t
¼ FD

i þ FL
i þ FBM

i þ FG
i ; (7)

where i is the particle ID, up is the particle velocity, up,t is the stochastic
velocity due to turbulence, mp is the particle mass, FD represents the
drag force,66 FL is the Saffman’s lift force,67 FG is the gravitational
force, and FBM is the Brownian motion-induced force.68 Other forces,
such as virtual mass and Basset forces, are normally not relevant
because of the high liquid/air density ratio. The perturbation velocity
up,t is calculated based on the stochastic dispersion model of Ref. 69,
where the fluctuation in the direction i is calculated as

ui;p;t ¼ r

ffiffiffiffiffi
2k
3

r
(8)

with r � N(0,1) following the standard normal distribution and k is
the turbulence kinematic energy obtained from the simulation data.
The heat transfer between aerosols and airflow is calculated with the
Ranz–Marshall model,70 and the heat transfer coefficient is as follows:

C� Repð Þ ¼ 2þ 0:6Re0:5p Pr0:33; (9)

where Pr is the Prandtl number of the gas. The drag force based on the
rigid sphere assumption is calculated according to the following equation:

FD ¼ 1
8
qgCDpd

2
p ~up �~uf
�� �� ~uf �~up

� �
; (10)

where dp is the particle diameter,~uf is the carrier phase velocity, and
CD is the drag coefficient, which is determined by the following
equation:66

CD ¼
0:424; Rep � 1000;

24:0
Rep

1þ 1
6
Re

2
3
p

� �
; Rep < 1000;

8><
>: (11)

where Rep ¼ q ~uf�~upj jdp
l is the particle Reynolds number. The

Saffman’s lift force is defined as follows:67

FL ¼ mi;p
2Ks�

1
2dij

qp
qf

dp dlkdklð Þ14
~uf �~up
� �

; (12)

where Ks¼ 2.594 is the constant coefficient of Suffman’s lift force and
dij is the deformation rate tensor defined as dij ¼ 1

2 ui;j þ uj;ið Þ. The
Brownian motion-induced force is modeled as a Gaussian white noise
process given by68

FBL ¼ mi;pGi

ffiffiffiffiffiffiffi
pS0
Dt

r
; (13)

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 023321 (2023); doi: 10.1063/5.0137354 35, 023321-5

Published under an exclusive license by AIP Publishing

 14 January 2025 02:06:31

https://scitation.org/journal/phf


where Gi are the zero-mean, unit variance independent Gaussian ran-
dom numbers, Dt is the time step used in the simulation, and

S0 ¼ 216�kBT

p2qd5p
qp
qf

� 	2 ; (14)

where kB¼ 1.38� 10�23 J/K is the Stefan–Boltzmann constant. The
amplitudes of the Brownian force components are evaluated at each
time step. The last term is the gravity force, which is dependent on the
density ratio between liquid and aerosol particles given by

FG ¼ mi;pg 1� qf
qp

� �
: (15)

For particle–wall interactions, since the particles are small enough to
stick on the surfaces, the stick boundary condition is used for the par-
ticles over all the solid surfaces. An escape boundary condition is
employed for the outlet of the ventilation system. A reflection bound-
ary condition is for the inlet of the ventilation system and the mouth
of the asymptomatic occupant.

C. Study designs

Table I summarizes all the simulation cases presented in the cur-
rent study, including (i) cases to study the effects on ventilation rate at
the center (location 1, case 1–case 8) and at the corner (location 2, case
9–case 16) and (ii) cases to evaluate the effect of ventilation temperature
on the particle removal efficiency of ventilation system at location 1
(case T1 and case T3) and at location 2 (case T2 and case T4).
Specifically, for ventilation rate effect cases, the low-ceiling model room

is equipped with a displacement ventilation system (DV), as shown in
Fig. 1. The inlet of the ventilation system is located at the sidewalls, 0.6
m from the floor, and in the center of the width direction and the outlet
at the ceiling. The inlet and outlet dimensions of DV are 1.6� 0.8 and
0.4� 0.4 m2, respectively. A pressure boundary condition is applied to
the outlet, while a constant velocity boundary condition is used for the
inlet. A no-slip boundary condition is applied to the solid walls. The
temperature inside the model room is set as 20 �C, and adiabatic
boundary conditions are used to model the room sidewalls, floor, and
ceiling, which means that there is no heat transfer through the solid
walls to or from the outside, and the occupant is the only heat source in
the room. The surface of the manikin is set to 31 �C,71 and the respira-
tory flow is set to 33 �C.72 For cases in the study of ventilation rate
effects, the heating or cooling effect of the ventilation system is not con-
sidered, so the temperature from the inlet of the ventilation system is
the same as that from room temperature. An asymptomatic occupant,
referred to as the infector hereafter, stands at locations 1 and 2. The
infector is the only heat source driving a thermal buoyancy flow in the
model room. The breathing activities are modeled by applying a time-
varying injection profile at the infector’s mouth to mimic human
breathing, and the flow rate of the respiratory flow is 0.20 l/s based on
experimental data51 for all the simulation cases, and particles are
injected at 44 particles per breathing cycle, as shown in Fig. 3. The tran-
sient simulations are conducted over a 3-min duration for particle injec-
tion, representing an infector standing in the space for 3 min.
Consequently, for each case, a total 3-min simulation is conducted. It
should be noted that to ensure the statistical convergence of particle tra-
jectories, the particle number used is ten times from normal breathing
activities and thus 440 particles per breathing cycle.

TABLE I. A summary of the simulation cases and their corresponding ventilation and infector locations in the present study. DV—displacement ventilation.

Investigation Case No.
Ventilation

type Source
Ambient

temperature (�C)
Ventilation

temperature (�C)
Ventilation rate
(Qv, ACH) Capacity

Effect on
ventilation rate

Case 1 DV Location 1 20 20 3 1
Case 2 DV Location 1 20 20 5 1
Case 3 DV Location 1 20 20 7 1
Case 4 DV Location 1 20 20 9 1
Case 5 DV Location 1 20 20 12 1
Case 6 DV Location 1 20 20 15 1
Case 7 DV Location 1 20 20 18 1
Case 8 DV Location 1 20 20 21 1
Case 9 DV Location 2 20 20 3 1
Case 10 DV Location 2 20 20 5 1
Case 11 DV Location 2 20 20 7 1
Case 12 DV Location 2 20 20 9 1
Case 13 DV Location 2 20 20 12 1
Case 14 DV Location 2 20 20 15 1
Case 15 DV Location 2 20 20 18 1
Case 16 DV Location 2 20 20 21 1

Effect on
ventilation
temperature

Case T1 DV Location 1 20 19 9 1
Case T2 DV Location 2 20 21 12 1
Case T3 DV Location 1 20 19 9 1
Case T4 DV Location 2 20 21 12 1
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To study the effects on the ventilation rate, the ventilation is gradu-
ally increased to achieve an increase in the effective air change from 3
ACH to 21 ACH. Specifically, the range of the ventilation rate is simulated
from 6.81 to 47.68 l/s corresponding to ACH from 3 to 21. To evaluate
the ventilation temperature effect (heating or cooling effect), four addi-
tional cases (case T1–case T4) corresponding to two infector locations
with lower and higher ventilation temperatures than the ambient tempera-
ture are included. Two infector locations (i.e., locations 1 and 2) and two
ventilation temperature settings are simulated in a total of four cases.

III. RESULTS
A. Effects of ventilation rate on the particle removal
efficiency and flow fields

The particle removal efficiency and flow fields in a wide range of
ventilation rates for various infector locations inside a low-ceiling test

model room (i.e., elevator cabin) are examined, where the continuous
phase is calculated using the Eulerian method and the particle trajecto-
ries are determined using Lagrangian tracking. Figure 4 presents the
variation of particle removal efficiency (ep), i.e., the ratio of particles
that are escaped from ventilation outlets to total particles injected
inside the room, under different ventilation rates. This particle
removal efficiency has been commonly used to evaluate the perfor-
mance of ventilation for mitigating airborne transmission.17,28,73,74 We
find that for both center- and corner-located infector cases, with
increasing Qv from 3 ACH to 21 ACH, ep first increases sharply and
then plateaus. Moreover, the center location shows a significantly
higher plateaued value of particle removal efficiency (ep,c) and a lower
plateaued value of ventilation rate compared to those of the corner
location. Specifically, for the center-located infector, with increasing
Qv from 3 ACH to 9 ACH, ep increases sharply from 45.0% to 72.2%
and then plateaus at approximately Qv¼ 9 ACH. With further
increasing Qv from 9 ACH to 21 ACH, ep keeps increasing but with a
much lower rate and rises from 72.2% up to approximately 80.0%. For
the corner-located infector, with increasing Qv from 3 ACH to 12
ACH, ep increases from 7.8% to 46.6% and then plateaus at approxi-
mately 12 ACH. With further increasing Qv from 12 ACH to 21 ACH,
ep remains almost at a constant value different from that at the center-
located infector and rises slightly from 46.6% to 53.0%. It is worth not-
ing that the critical ventilation rate (Qc), i.e., the ventilation rate where
the particle removal efficiency starts to plateau, as indicated by the
black shadow region for the center-located infector (approximately
72.2% at Qv¼ 9 ACH), is lower than that for the corner-located infec-
tor, as shown by the red shadow region (approximately 46.6% at
Qv¼ 12 ACH). Correspondingly, Qc at the corner-located infector is
larger than that at the center-located infector. There exists a shift of Qc

from Qv¼ 9 ACH at the center-located infector to Qv¼ 12 ACH at
the corner-located infector. These trends observed in Fig. 4 in terms of
ep with increasing Qv and the corresponding Qc will be explained later
when we examine the flow fields in detail. To further investigate the
particle fates under different ventilation rates and infector locations,
the variation of particle deposition on walls (including floor, ceiling,
and all four sidewalls) under different ventilation rates is examined. It
is worth noting that the maximum particle deposition percentage is

FIG. 3. (a) The body model for an asymptomatic occupant and the mouth height and the evolution of (b) the exhalation flow velocity and (c) the number of respiratory particles
during the 3-min simulation. A breathing cycle of a total of 4 s (TB) with 2-s exhalation (A) and 2-s inhalation (B).

FIG. 4. Variation of particle removal efficiency (ep) under different ventilation rates
(Qv) for center- and corner-located infectors.
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less than 2.0% for all ventilation rates and infector locations, indicating
that the majority of particles (microns in size) in the current low-
ceiling room either remain suspended or are removed out from the
room by the ventilation system after 3min of simulation. Moreover,
with increasing Qv from 3 ACH to 21 ACH, the percentage of particle
deposition on the wall increases slightly, i.e., from 0.5% to 1.8% at the
center-located infector and from 0.3% to 1.5% at the corner-located
infector, respectively, due to enhanced turbulent wall flux associated
with increasing wall shear stress/friction velocity.75

To elucidate the physical mechanism underlying the effects of Qv

on ep (i.e., ep,c), we examine the particle dispersion and flow fields for
several cases (case 1, case 3, case 4, case 5, case 6, case 8, case 9, case
11, case 12, case 13, case 14, and case 16) where ventilation rates below,
near, and above Qc are studied. In Fig. 5, the particle dispersion inside
the model room (top row) and the corresponding mean temperature
(middle row) and horizontal velocity (Ux, bottom row) distributions
on the x-y plane crossing the middle of the infector are presented for
the center-located infector for Qv¼ 3 ACH, 7 ACH, 9 ACH, 12 ACH,
15 ACH, and 21 ACH. The mean flow fields are determined as the
3-min time-averaged values. The upper warm layer is represented by
the blue temperature isosurface of T¼ 20.7 �C located at the infector
mouth height atQc, which is 0.7 �C larger than the ambient room tem-
perature, i.e., T¼ 20.0, and 10.3 and 12.3 �C less than the infector
body and respiratory flow temperature, respectively. Here, the height
of the temperature isosurface of T¼ 20.7 �C is marked by hT,20.7, and
the height of the infector mouth is marked by him. Generally, with
increasing Qv, the upper warm layer moves toward the room ceiling
along with increasing thermal stratified field, which is driven by the
enhanced ventilation flows from the ventilation inlet, and the corre-
sponding number of suspended particles decreases, as illustrated in
Figs. 5(b)–5(g). Specifically, below Qc¼ 9 ACH, with increasing Qv

from 3 ACH to 9 ACH, the upper warm layer as illustrated by hT,20.7 is
lifted upward, resulting in the volume of the upper warm layer shrink-
ing and the particles being pushed out of the model room under the
confinement effects of the room ceiling. Furthermore, the temperature
distribution (middle row) on the x-y plane crossing the middle of the
infector in the model room clearly shows the features of thermal strati-
fication. It is worth noting that in the current low-ceiling room setting,
hT,20.7< him, the thermal interface between the lower cool layer and
upper warm layer is lower than the infector height, and the infector
mouth (i.e., virus-laden aerosol emission source) is located entirely
inside the upper warm layer. Such a configuration leads to complex
interactions between infector exhaled flows, ventilation flows, and
thermal plumes generated by the infector, which is different from the
results in Yang et al.59 for high-ceiling rooms where the lower clean
zone is above the infector and the infector mouth is located entirely
inside the lower clean zone.

In Fig. 5, we find a close correlation between the variation of the
thermal stratification field with Qv (i.e., hT, 20.7) and the corresponding
ep, thus the risk of airborne infection. Clearly, with an increasing upper
warm layer toward the room ceiling, the local thermal microenviron-
ments (i.e., temperature and temperature gradient) near the infector
mouth are significantly altered, leading to an increasing local tempera-
ture gradient and decreasing temperature difference between the infec-
tor body and local room temperature (i.e., DTib lr) at the infector
mouth height where virus-laden aerosol particles are injected, thus
changing the particle dispersion. To quantitatively illustrate the varia-
tions of the temperature gradient, in Fig. 6, the variation of the local
(@Tm=@H, H¼ 1.60 m) and mean temperature gradients
(DTm mean=DH, H¼ 1.50–1.70m) in the breathing zone near the
infector mouth is plotted for various ventilation rates. The breathing
zone is defined as the region with H¼ 1.40–1.80 m, which is the

FIG. 5. Influence of ventilation rate on particle dispersion and flow fields for center-located infector as illustrated in the schematic of cases of the model room where arrows
indicate the ventilation inlet (blue) and outlet (red) at the upside in (a), and (b)–(g) particle dispersion along with the temperature isosurface (top row, blue region, T¼ 20.7 �C),
temperature (middle row), and horizontal velocity (Ux ) of air flows (bottom row), respectively, on the x-y plane crossing the middle of infector in the model room as illustrated at
the underside in (a) for (b) Qv¼ 3 ACH, (c) Qv¼ 7 ACH, (d) Qv¼ 9 ACH, (e) Qv¼ 12 ACH, (f) Qv¼ 15 ACH, and (g) Qv¼ 21 ACH. Red dashed ellipse indicates the microen-
vironment near infector mouth (e.g., aerosol emission source) region.
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typical height range covering the location of the infector mouth from
adults to children. In Fig. 6, we find that with increasing Qv, both the
local and mean temperature gradients at mouth height first increase,
then plateau at approximately 9 ACH, and finally decrease sharply.
Remarkably, the plateaued values of @Tm=@H and DTm mean=DH set-
tle at Qc, where the maximum particle removal efficiency occurs, indi-
cating that the temperature gradient near the infector mouth
significantly influences the particle removal efficiency. In particular,
we find that at Qc, where the particle removal efficiency plateaus,
hT,20.7 arrives at the infector mouth, as shown by the blue isosurface in
Fig. 5, along with that the temperature gradient at mouth height is
approximately 1.68 �C/m, the mean temperature gradient in the
breathing zone is 1.52 �C/m, and DTib lr at him is approximately
10.4 �C.

Above Qc, with increasing Qv from 9 ACH to 21 ACH, the upper
warm layer moves higher toward the room ceiling, as shown in Fig. 5,
resulting in the further enlargement of the lower cool air layer and vol-
ume shrinkage of the upper warm air layer under the confinement of
the room ceiling. Consequently, the upper warm air layer significantly
prevents the aerosol particles from being vented out, that is, the lockup
effect, and the particles suspended inside the warm air layer decrease.
In this configuration, hT,20.7 > him, and the infector mouth is located
inside the lower cool layer. Consequently, the room temperature at him
decreases (i.e.,<20.7 �C), and at him, DTib lr > 10.4 �C, as presented in
the outlines of the mean temperature distribution in Fig. 5.
Furthermore, both @Tm=@H and DTm mean=DH decrease with
increasing Qv, as illustrated in Fig. 6. Additionally, the flows around
the infector body (i.e., body side, above head) change significantly as
Qv increases, which traps particles there and prevents them from being
ventilated out. For example, the flow separation region on the ventila-
tion side of the infector body, which initiates at approximately Qv¼ 7
ACH, is directly influenced by the ventilated flows, and the flow sepa-
ration region on the other side of the infector body is enhanced in
both strength and size, as shown in the contours of mean horizontal
velocity (Ux) in the bottom row of Fig. 5. Compared with that below
Qc of 9 ACH, the local flow recirculation occurs above the infector
head and is enhanced with increasing Qv shown in both the mean
temperature and mean horizontal velocity fields (Ux), as indicated by
the red dashed ellipses in Fig. 5.

Consequently, below Qc, the thermal stratification interface is rel-
atively low where the infector mouth is inside the high-temperature
layer (i.e., >20.7 �C). With increasing Qv, hT,20.7 increases quickly, and
exhaled aerosol particles are pushed upward toward the room ceiling
and then ventilated out of the room, leading to a steep rise in ep.
Above Qc, the thermal stratification interface rises above the respira-
tory region where aerosols are injected, and the infector mouth is
inside the low temperature layer (i.e., <20.7 �C), causing the aerosol
particle lockup effect. With increasing Qv, the further rise of the ther-
mal stratification interface is confined by the room ceiling, and a part
of the particles could be trapped inside the lower cool air layer, i.e., the
lockup effect. Additionally, flow separation where a large recirculation
region occurs near the infector body and above the body head is
enhanced, and the flow separation region increases in size where par-
ticles can be trapped. Thus, the increase rate of ep with increasing Qv

above Qc is slower than that below Qc.
To further elucidate the physical mechanisms involved in the

connection between the variation in thermal stratification fields and
ep, the flow fields, including mean temperature (top row), mean hori-
zontal velocity (Uz, Ux, middle row), and mean vertical velocity (Uy,
bottom row), on the z-y plane crossing the body centerline are exam-
ined in Fig. 7 for the ventilation conditions corresponding to those in
Fig. 5. The changes in complex interactions between body thermal
plumes, respiratory flows, and ventilation flows with increasingQv can
be well illustrated on the y-z plane. Below Qc of 9 ACH, at Qv¼ 3
ACH and Qv¼ 7 ACH, the thermal stratification is clearly shown on
the mean temperature contour (top row). Two streams of vertical
velocities generated from the front and back of the infector, as indi-
cated by the black arrows in the mean vertical velocity contours, are
observed (middle row). At lower Qv, the vertical velocity (Uy) in the
vicinity of the body is stronger in the front than in the back, and this
difference is significantly reduced when Qv rises above Qc (i.e., 9
ACH). There exists a low-velocity region (i.e., flow separation and
recirculation) above the infector head, as indicated by the red dashed
ellipses in Fig. 7. At the same time, from Qv¼ 3 ACH to Qv¼ 7 ACH,
the flow fields in the upper warm layer change substantially. For exam-
ple, hT,20.7 increases, and the strength of the stream of mean vertical
velocity generated from the infector’s mouth becomes stronger, while
the other one generated from the infector back stays relatively weak.
However, with further increasing Qv from 7 ACH to 9 ACH, hT,20.7
decreases slightly, and the low-velocity region above the body head
enlarges. The strength of the streams of vertical velocity contour gener-
ated from both the infector front and back becomes stronger. Above
Qc of 9 ACH, the same as that in Fig. 5, the thermal interface (i.e.,
hT,20.7) keeps rising where the lockup effect occurs, and the local flows
above the body head become complex and recirculate, leading to a
stronger flow separation around the body. Different from that below
Qc, the vertical velocities of the two streams from both the back and
front of the infector body are relatively weak. In summary, we find
that ep is largely associated with the strength of rising buoyancy flows
near the body and that such flow is greatly suppressed due to the
enhanced ventilated flows as Qv increases above a critical value Qc.

Since the infector location is important for the airborne transmis-
sion of infection risk in indoor environments, the particle dispersion
and flow fields under the corner-located infector with the same venti-
lation rate range as the center-located infector conditions are exam-
ined in detail below. In Fig. 8, the particle dispersion inside the model

FIG. 6. Variation of local (@Tm=@H) and mean temperature (DTm mean=DH) gra-
dients under different ventilation rates for center-located infectors.
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room and the corresponding mean temperature distributions on
the x-y plane crossing the center of the infector body, as illustrated in
Fig. 8, are examined for the corner-located infector at Qv¼ 3 ACH, 7
ACH, 9 ACH, 12 ACH, 15 ACH, and 21 ACH. The stratified tempera-
ture field shows a lower cool layer and an upper warm layer, as indi-
cated by the blue temperature isosurface of T¼ 20.7 �C, which are
similar to those for the center-located infector case in Fig. 5. With
increasing Qv, both the particle dispersion and temperature distribu-
tion change correspondingly. Specifically, as Qv increases from 3 to Qc

of 12 ACH, hsi gradually rises and reaches him, where ep starts to pla-
teau. This trend is similar to that in the center-located infector case
(Figs. 5 and 7), but the Qc for ep to plateau is higher. Furthermore, the
temperature inside the upper warm layer gradually decreases with
increasing Qv. Above Qc of Qv¼ 12 ACH, hT,20.7 > him, with further
increasing ventilation rate from Qv¼ 12 ACH to Qv¼ 21 ACH, hT,20.7
keeps increasing and the temperature in the up warmer layer
decreases. Corresponding to ep in Fig. 4, the variation of ep with Qv is
in agreement with that of hT,20.7, and ep starts to plateau at Qv¼ 12
ACH, where the temperature isosurface T¼ 20.7 �C reaches him and
DTib lr � 10.35 �C, which is also observed for center-located infector
conditions. In addition, both the local and mean temperature gra-
dients plateau at Qc as shown in Fig. 9, indicating a strong temperature
gradient at body mouth height. Consequently, there exists a close

relationship between ep and DTib lr . Compared with that for the
center-located infector conditions in Fig. 5, at the same ventilation
rate, hT,20.7 at the corner-located infector is lower than that at the
center-located infector, and correspondingly, ep is lower for the
corner-located infector where the aerosol transmission path from the
infector mouth to the ventilation outlet at room ceiling is longer.
Furthermore, there is a shift of Qc from 9 ACH to 12 ACH at pla-
teaued particle removal efficiency, which could be caused by the lower
hT,20.7 at corner-located infector conditions where more ventilation
flows are required for the thermal stratification fields (i.e., hT,20.7) to
reach the same height (Fig. 9). Because the infector is not located just
in front of the ventilation inlet, the enhancement of flow separation
near the infector body for the corner-located infector is weaker than
that for the center-located infector.

To further elucidate the physical mechanisms involved in the var-
iations of thermal stratification fields (i.e., hT,20,7) and ep for the
corner-located infector responsible for the observations in Fig. 4,
Fig. 10 presents the flow fields, including mean temperature (top row),
mean horizontal velocity (Ux, and Uz, middle row), and mean vertical
velocity (bottom row), on the y-z plane crossing the center of the infec-
tor body for the ventilation conditions corresponding to those in
Fig. 8. As shown in Fig. 10, the temperature contour is characterized
by strong stratification with a lower cool layer and upper warm layer,

FIG. 7. Variation of mean temperature (top row), mean horizontal velocity (Ux, and Uz, middle row), and mean vertical velocity (Uy, bottom row) along with the temperature iso-
surface of T¼ 20.7 �C on the y-z plane crossing the middle of infector in the model room as illustrated in the underside of (a) for (b) Qv¼ 3 ACH, (c) Qv¼ 7 ACH, (d) Qv¼ 9
ACH, (e) Qv¼ 12 ACH, (f) Qv¼ 15 ACH, and (g) Qv¼ 21 ACH for the center-located infector as illustrated at the upside of (a).
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and convective buoyancy flows generated by the infector body and its
interactions with the thermal stratification fields can be observed
clearly. At a ventilation rate of Qv¼ 12 ACH for ep,c, hT,20.7 � him, a
relatively high-velocity region, as indicated by the red dashed ellipses,
is observed on the mean streamwise velocity contour. Two streams of
velocity generated from the infector front and back are marked by
black arrows on the vertical velocity contour. It should be noted that
the flow fields, especially the mean streamwise velocity and mean ver-
tical velocity, for the corner-located infector are different from those
for the center-located infector owing to the confinement effects of the
room sidewalls and present nonsymmetric features. For example, the
streamwise velocity above the infector head at Qv¼ 12 ACH for a
corner-located infector is higher than that for a center-located infector,
which is a dead still region with low velocity. The velocity stream

generated from the body front is weaker than that from the body back
for a corner-located infector, while for a center-located infector, the
velocity stream generated from the body front is stronger than that
from the body back. Below the Qc of Qv¼ 12 ACH, with increasingQv

from 3 ACH to 12 ACH, hT,20.7 increases and the velocity intensity at
the high streamwise velocity region above the body head decreases,
while the stream of vertical velocity generated from the body front
decreases and that from the body back increases. Above Qc of Qv¼ 12
ACH, with further increasing Qv from 12 ACH to 21 ACH, hT,20.7
keeps increasing toward the room ceiling, the stream of vertical veloc-
ity generated from body back is further enhanced and that from the
body front becomes weaker, which is caused by the infector location
showing different interactions between the body plumes, ventilation
flows, and exhaled flows for a corner-located infector.

From the above, we find that the thermal stratification fields (i.e.,
hT,20.7) are crucial for aerosol particle dispersion and particle removal
efficiency, which vary according to the infector locations. To follow
up, we investigate the physics governing the variation of thermal inter-
face height (i.e., hti) with ventilation rate (Qv) under different infector
locations. Here, hti is calculated based on the mean temperature gradi-
ent profile obtained by averaging the computational cells at the same
vertical height from the 3 min average flow field, where the thermal
interface height is located at the first inflection point from the ground
and the temperature increase with respect to the vertical height is
approximately 0.2 �C higher than the room temperature (i.e., 20.0 �C).
In Fig. 11(a), the variation of hti with ~Qv is presented, and in Figs. 11(b)
and 11(c), the corresponding mean temperature and particle number
profiles under both center- and corner-located infector cases are fur-
ther examined to illustrate the lockup effect. To be consistent with the
literature36–38,59 and facilitate comparison, we introduce the ventila-
tion rate per person ~Qv . In Fig. 11, we find that at low ventilation rate
conditions, the variation of hti with ~Qv is comparable with the

FIG. 9. Variation of local (@Tm=@H) and mean temperature gradients
(DTm mean=DH) under different ventilation rates for center-located infectors.

FIG. 8. Influence of ventilation rate on particle dispersion and flow fields for corner-located infector as illustrated in the schematic of cases of the model room where arrows
indicate the ventilation inlet and outlet at the upside in (a), and (b)–(g) particle dispersion along with the temperature isosurface (top row, blue region, T¼ 20.7 �C), mean tem-
perature (middle row), and horizontal velocity of air flows (Ux, bottom row), respectively, on the x-y plane crossing the middle of infector in the model room as illustrated at the
underside in (a) for (b) Qv¼ 3 ACH, (c) Qv¼ 7 ACH, (d) Qv¼ 9 ACH, (e) Qv¼ 12 ACH, (f) Qv¼ 15 ACH, and (g) Qv¼ 21 ACH.
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classical hti � ~Qv
3/5 formula.36–38 For the center-located infector case,

when ~Qv < 20.40 l/s, hti increases from ~Qv ¼ 7.00 l/s (i.e., 3 ACH) to
20.40 l/s (i.e., 9 ACH), and the rising trend agrees with the hti � ~Qv

3/5

formula shown by the black dashed line in Fig. 11(a), which is also
confirmed by Yang et al.59 in the high-ceiling room where the infector
is totally located in the low-cooler thermal layer below hti. At the
same time, the temperature along the vertical direction decreases, and
the corresponding particle number reduces quickly. This finding indi-
cates that for low ventilation rate conditions, the shape of the body
and the interaction between the thermal interface and body plume
have little effect on thermal stratification fields and thus hti. However,
when ~Qv > 20.40 l/s, hti begins to deviate from the hti � ~Qv

3/5 line
and plateau. Meanwhile, both the temperature and the corresponding
particle number keep decreasing slowly, which is in agreement with
the variation of hti with increasing ~Qv . This result suggests that the
simplified heat source assumption used in hti � ~Qv

3/5 does not hold
at high ventilation rate conditions, under which the interaction
between the body plume and the stratified thermal layer cannot be
ignored. Similar trends are also found for the corner-located infector.
For the corner-located infector case, the variation of hti with ~Qv shows
trends similar to those for the center-located infector except for a shift
in ~Qc from 20.40 l/s (9 ACH) to 27.20 l/s (12 ACH), showing that ~Qc

significantly depends on the infector location. In addition, we notice

that above ~Qc , hti for the center- and corner-located infector keeps
decreasing slightly, and the lockup effects are evident for both center-
and corner-located infector cases at high ventilation rates where the
infector mouth is located inside the lower cool air layer with low tem-
perature and large temperature gradient exists. The shift of ~Qc due to
the infector location will be further analyzed in detail by analyzing the
turbulent kinematic energy fields as follows.

To elucidate the mechanism that leads to the shift of Qc when the
location of the infector changes from center to corner location, the
spatial variation of velocity fluctuations in terms of variance (Var) is
presented to show the flow unsteadiness for both center- and corner-
located infector in Fig. 12. Generally, the high-intensity region of Var
(U) is located around the infector body, especially above the infector
head, which is mainly driven by the convective buoyancy flows (i.e.,
thermal plume) generated by the infector body. The infector locations
also significantly influence the spatial distributions of Var(U).
Specifically, for the center-located infector, below Qc, the plume ini-
tially is highly unsteady and oscillates strongly around its equilibrium
position along with a large local velocity fluctuation, Var(U), especially
in the regions where the plumes rise from the infector body (indicated
by the magenta arrows), which leads to a strong dispersion of particles.
At this stage, the plume is not entirely turbulent but experiences high
unsteadiness. With increasing Qv, Var(U) keeps increasing, showing

FIG. 10. Variation of mean temperature (top row), mean horizontal velocity (Ux, and Uz, middle row), and mean vertical velocity (Uy, bottom row) along with the temperature
isosurface of T¼ 20.7 �C on the y-z plane crossing the middle of infector in the model room as illustrated at the underside of (a) for (b) Qv¼ 3 ACH, (c) Qv¼ 7 ACH, (d)
Qv¼ 9 ACH, (e) Qv¼ 12 ACH, (f) Qv¼ 15 ACH, and (g) Qv¼ 21 ACH for the corner-located infector as illustrated at the upside of (a).
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FIG. 11. Variation of (a) thermal interface height (hti) with ventilation rate per person ( ~Qv ) for both center- and corner-located infector cases along with the theoretical prediction
by classical hti � ~Qv

3/5,36–38 and (b) and (c) temperature profile (top row) and particle number stratification along the vertical direction (bottom row) under different ventilation
rates for (b) center- and (c) corner-located infector cases, respectively.

FIG. 12. Influence of ventilation rate (Qv) on variance of velocity fluctuations, i.e., Var(U), along with the temperature isosurface of T¼ 20.7 �C on the middle plane crossing
the middle of infector in the model room for center- (top row) and corner-located (bottom row) infectors as illustrated in the schematic of cases of the model room where arrows
indicate the ventilation inlet and outlet in (a), for (b) Qv¼ 3 ACH, (c) Qv¼ 7 ACH, (d) Qv¼ 9 ACH, (e) Qv¼ 12 ACH, (f) Qv¼ 15 ACH, and (g) Qv¼ 21 ACH, respectively.
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that the flow field is highly unsteady. Above Qc, the plume becomes
stabilized, large oscillations disappear, and the plume may transition
to a developed turbulent state. Consequently, the high Var(U) region
shrinks with further increasing Qv and gradually becomes confined
above the body head, which is associated with the reduction in the
large-scale oscillation of the body thermal plume, resulting in limited
particle dispersion and thus preventing particles from being extracted
out through the ventilation outlet. The shift of Qc with location is asso-
ciated with the delay in the transition of the body plume from a large
oscillation state to a developed turbulent state. This earlier transition
of the body thermal plume from the unsteady state to the developed
turbulent state observed in the center-located infector case may be
caused by the stronger interaction between ventilation flow and the
body thermal plume. For the corner-located infector, such an interac-
tion is weaker since the infector body is located farther away from the
ventilation outlet, which leads to the delay in the transition and thus
the shift of Qc. It should be noted that this ~Qc could also be influenced
by the number of occupants, vent size and positions, room shape and
size, etc., as pointed out in Yang et al.59

Particle dispersion and its removal efficiency in indoor environ-
ments are closely related to the infection risk of airborne transmission.
To quantitatively analyze the thermally stratified flow (using tempera-
ture field) and aerosol particle dispersion in the breathing zone con-
cerning the infection risk of airborne transmission, the locally mean
temperature along with its standard deviation and particle number
percentage (b) from ventilation rate Qv¼ 3 ACH to 21 ACH for both
center- and corner-located infector cases are presented in Figs. 13 and
14, respectively. Here, b is calculated based on the percentage of the
number of particles suspended in the local region in the breathing
zone to the number of total particles injected in the model room.

Generally, both the mean temperature and b decrease with increasing
Qv and approach their constant value at a high ventilation rate.
Specifically, for the center-located infector, the mean temperature at
the center region of the model room where the infector stands has a
higher value, while the mean temperature at the four corners stays at
nearly the same low values. In Fig. 13, we find that the mean tempera-
ture in the whole breathing zone is lower than that at the center of the
model room and just slightly higher than that at the corners. With
increasing Qv, the temperature first increases (Qv¼ 3 ACH–5 ACH)
and then decreases (Qv¼ 5 ACH–21 ACH). For b in Fig. 14, two
regions of high b values are observed, including the right and left front
corners, with lower b values at the center, left, and right back corners
of the room. The aerosol transmission from the room center to the
front corners by the infector shows the possibility of local hot spots of
infection risks even far away from the infector due to the aerosol trans-
mission caused by ventilation and thermal plumes. These local hot
spots associated with infector location can also be identified from both
local temperature distribution and b for the corner-located infector in
the breathing zone, while two regions of high b value are located at the
right and left back corners where the infector stands.

B. Effect of ventilation temperature on aerosol
particle dispersion

From the above, we find that the infection risk of airborne trans-
mission in a low-ceiling room under displacement ventilation is closely
associated with the thermal stratification fields, i.e., hti, showing the
importance of the thermal environments on particle dispersion and its
removal efficiency, thus the risk of airborne infection. Below Qc,
increasing Qv will significantly increase ep, thus reducing the infection
risk of airborne transmission. However, above Qc, further increasing

FIG. 13. Local distribution of mean temperature along with its standard deviation shown in error bars in the breathing zone (H¼ 1.40–1.80 m) for both center- (black lines)
and corner-located infector cases (red lines) for (a) at the back left corner, (b) at the front left corner, (c) at the center, (d) at the back right corner, (e) at the front right corner,
and (f) average temperature in the breathing zone.
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Qv only causes a slower increase rate of ep, where more energy is
required to achieve a higher ep, which would not be efficient in terms
of reducing infection risk. Instead, several other mitigation measures,
such as air filtration and optimal placement of ventilation settings (i.e.,
inlet and outlet), can be employed to aid the reduction of infection
risk. Here, we conduct studies to investigate the influence of ventila-
tion temperature on ep and propose a thermal-based mitigation strat-
egy by changing the ventilation temperature to alter/disturb the
thermal stratification fields, thus controlling the particle dispersion
and its removal efficiency, i.e., eventually helping mitigate the infection
risk in indoor environments. To study the influence of ventilation
thermal effects on airborne transmission (i.e., ep) and provide guidance
for thermal-based airborne transmission mitigation strategies, we con-
ducted additional simulations by increasing and decreasing the venti-
lation temperatures while keeping the ambient room temperature
constant. The ventilation conditions chosen are near Qc, i.e., slightly
lower than Qc for the center-located infector and slightly higher than
Qc for the corner-located infector, under different infector locations
for both the center- (case T1 and case T3) and corner-located (case T2
and case T4) infector cases.

Figure 15 presents the comparisons of ep at different ventilation
temperature conditions. For the center-located infector case, ep at the
high ventilation temperature (T¼ 21 �C) of approximately 64.7% is
much higher than that at the low ventilation temperature (T¼ 19 �C)
approximately 40.7%, while both of them are lower than that at
T¼ 20 �C of approximately 68.4%. For the corner-located infector, ep
at the high ventilation temperature (T¼ 21 �C) of approximately
47.3% is only slightly higher than that at the low ventilation tempera-
ture (T¼ 19 �C) of approximately 46.0%, and both are quite similar to

that at T¼ 20 �C of approximately 47.7%. Consequently, ep for the
center-located infector where the ventilation flow directly interacts
with body plumes is more sensitive to the ventilation temperature
effect than that for the corner-located infector. Moreover, increasing
the ventilation temperature (DT¼ 1 �C) shows a higher ep than
decreasing the ventilation temperature (DT¼�1 �C). In the following,

FIG. 14. Local distribution of particle number percentage in terms of total particle number injected in the breathing zone (H¼ 1.40–1.80 m) for both center- (black lines) and
corner-located infector cases (red lines) for (a) at the back left corner, (b) at the front left corner, (c) at the center, (d) at the back right corner, (e) at the front right corner, and
(f) total particle number percentage in the breathing zone.

FIG. 15. Comparisons of particle removal efficiency under two ventilation tempera-
ture settings, i.e., T¼ 19 and T¼ 21 �C, for both center- (Qv¼ 7 ACH) and corner-
located infectors (Qv¼ 15 ACH). Note that the ambient temperature (T¼ 20 �C) in
the model room stays.
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we inspect the thermal stratification and flow fields under different
ventilation temperature conditions for center- and corner-located
infectors to probe into the involved physics.

To quantitatively analyze the physics that lead to the increase (or
decrease) of ep when increasing or decreasing ventilation temperature,
Figs. 16 and 17 show the stratification fields of temperature and veloc-
ity on the x-y plane and y-z plane crossing the center of the infector
in the model room under the conditions corresponding to those in
Fig. 15. We find that the temperature stratification fields can be signifi-
cantly modified when the ventilation temperature is higher or lower
than the ambient temperature, i.e., 6 1 �C. For the center-located
infector case in Fig. 16, where the infector body could have strong
blocking effects on the ventilation flows, at a lower ventilation temper-
ature T¼ 19 �C, the cooler ventilated air generally goes down, result-
ing in the expansion of both the lower cool layer and the upper warm
layer toward the floor. As a consequence, the temperature gradient
within the region below the infector height decreases. However, hT,20.7,
the relative height with respect to the infector mouth height that is sig-
nificant to ep,c, as illustrated in Figs. 5 and 7, decreases slightly.
Accordingly, we also observe that ep lowers slightly in Fig. 15.
Moreover, the separated region above the infector head with low tem-
perature and velocity expands due to the entrainment of a large
amount of ventilated cooler air, and the strength of the vertical velocity
stream decreases, as marked by the red dashed ellipses in Fig. 16(a). At
the same time, the interface of the lower cool layer becomes wavy, as

shown in Fig. 16(a), due to the interactions between the cooler ventila-
tion flow and the cool clear region. At a higher ventilation temperature
T¼ 21 �C in Fig. 16(b), the warmer ventilated air goes upward and
separates the original thermal stratification fields, resulting in the
warm layer (>21 �C) going upward and the cool layer (<21 �C) going
downward. Consequently, the layer with a similar temperature
(�21 �C) becomes wider, and the cool region shrinks, as shown in the
temperature fields in both the x-y plane and y-z plane in Fig. 16(b).
Moreover, hti is much lower than that at T¼ 19 and T¼ 20 �C, leading
to a smaller particle removal efficiency, as observed in Fig. 16. In
Fig. 16(b), the temperature layer for T¼ 21 �C with the same tempera-
ture as the ventilation temperature becomes wider. The temperature in
the region above the infector in the high ventilation temperature case
(T¼ 21 �C) is higher than that in the low ventilation temperature case
(T¼ 19 �C), and a larger region of low temperature and low velocity
above the infector head is observed, as indicated by the dashed red
ellipses, where more particles can be trapped, thus reducing the parti-
cle removal efficiency.

For the corner-located infector case in Fig. 17, where the influ-
ence of the infector body on the ventilation flow is weaker, the thermal
stratification flow fields change mainly due to the interactions between
the ventilation flow and thermal stratification flow fields for low and
high ventilation temperature conditions illustrated in Figs. 17(a) and
17(b), respectively. At low temperature (T¼ 19 �C), the low ventilated
air goes downward, lowering the cool air layer and causing the

FIG. 16. Thermal stratification (i.e., mean temperature) and flow fields (i.e., mean streamwise and vertical velocity) on the x-y plane corresponding to those in Fig. 5 and the y-
z plane corresponding to those in Fig. 7 under two ventilation temperatures for the center-located infector at (a) T¼ 19 and (b) T¼ 21 �C.
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interface between the cool and warm air layers to oscillate.
Accordingly, the temperature gradient across the interface decreases;
however, hti, which is closely related to the particle removal efficiency,
remains nearly the same. At higher temperatures (T¼ 21 �C), the
interface lowers further, while the temperature layer at T¼ 21 �C
becomes wider. The separated region above the infector head enlarges
significantly, where more particles can be trapped there, reducing the
particle removal efficiency, which is the same as that for the center-
located infector. It is worth noting that although the flow fields are
altered at high ventilation temperatures, the influence of ventilation
temperature on the particle removal efficiency is relatively small,
where particle removal efficiency increases slightly at high ventilation
temperatures. Therefore, when changing the ventilation temperature,
the thermal stratification flow fields change considerably due to the
interactions between the ventilation flow and the specified temperature
layer and the block effects of the infector body, thus potentially chang-
ing the corresponding ep. In Fig. 18, the profiles of mean temperature
and particle percentage are presented to show the thermal stratifica-
tion fields and particle dispersion along the vertical direction. For both
the center- and corner-located infectors, the temperature profiles for
high ventilation temperatures show a lower temperature gradient,
especially in the breathing zone, and the particle percentage profiles
show a smaller value near the room ceiling. Consequently, increasing

FIG. 17. Thermal stratification (i.e., mean temperature) and flow fields (i.e., mean streamwise and vertical velocity) on the x-y plane corresponding to those in Fig. 8 and the y-
z plane corresponding to those in Fig. 10 under two ventilation temperatures for the corner-located infector at (a) T¼ 19 and (b) T¼ 21 �C.

FIG. 18. Temperature profile [(a), left] and particle number stratification along the
vertical direction [(b) right] under varying ventilation temperature settings corre-
sponding to those in Fig. 15. Yellow line—Center-located infector at 19 �C, violet
line—Center-located infector at 21 �C, blue line—Corner-located infector at 19 �C,
and brown line—Corner-located infector at 21 �C.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 35, 023321 (2023); doi: 10.1063/5.0137354 35, 023321-17

Published under an exclusive license by AIP Publishing

 14 January 2025 02:06:31

https://scitation.org/journal/phf


the ventilation temperature (DT¼ 1 �C) is better than decreasing the
ventilation temperature (DT¼�1 �C) in terms of ep.

The mean temperature and particle percentage averaged over
the entire breathing zone (H¼ 1.40–1.80 m) and locally (i.e., at the
center and all four corners in the breathing zone) are shown in Fig.
19 in order to quantitatively analyze the flow fields in the breath-
ing zone associated with the risk of infector. For the infection risk
in the breathing zone, shown in Fig. 19(a), the high ventilation
temperate conditions show a higher mean temperature for both
center- and corner-located infectors and a lower particle percent-
age, indicating a lower risk of airborne infection. The total particle
percentage is less than 15.0% in the breathing zone, with a maxi-
mum value at the corner-located infector and a low-temperature
case of 12.7%. For the risk assessment for locally mean flow fields
in the breathing zone, shown in Figs. 19(b) and 19(c), the locally
mean temperature near the infector shows high values, while the
other local regions show almost similar values. The influence of

the infector location and ventilation inlet/outlets on the local parti-
cle percentage is significant. Specifically, the locations in front of
the infector show a higher particle percentage, where all four venti-
lation temperature cases for both center- and corner-located infec-
tors show a higher particle percentage in front of the infector on
both the same side and opposite side of the ventilation inlet, while
locations behind the infector show relatively low particle percen-
tages, resulting in a lower risk of airborne infection. It is worth
noting that although the region near ventilation inlet shows low
particle percentage for corner-located infector, the highest particle
percentage occurs at the right corner near the ventilation inlet in
front of the infector for the center-located infector, which is due to
the block effects of infector body to the ventilation flows.
Consequently, it is suggested that when standing inside an
enclosed indoor environment such as an elevator cabin, people
should avoid standing near the ventilation inlet to block the venti-
lation, which could potentially result in local hot pots.

FIG. 19. Distribution of mean temperature and particle percentage averaged in the breathing zone (a) and locally mean temperature (b) and locally particle percentage (c)
inside the breathing zone for ventilation temperature settings corresponding to those in Fig. 15.
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IV. CONCLUSIONS AND DISCUSSION

Using computational fluid dynamics (CFD), this study presents a
systematic numerical investigation of the risk of airborne disease trans-
mission, such as SARS-CoV-2, in a low-ceiling room with a displace-
ment ventilation system and a possible temperature-based mitigation
strategy. A test model room with low ceiling, which has the same size
as a 3500-pound elevator cabin, is established with one occupant
standing inside, representing a passenger taking the elevator. The dis-
placement ventilation system has one inlet located at the lower part of
the room sidewall and an outlet located at the room ceiling center. The
numerical simulations are conducted using the OpenFOAM Cþþ
libraries. We employed the Euler–Lagrange computation approach to
calculate the air flows generated by both the ventilation and buoyancy
heat source (i.e., infector) and the corresponding aerosol particle dis-
persion. Our study shows that due to the confinement effects in a low-
ceiling room, the thermal stratification lockup effects, which are a
unique nature of displacement ventilation, are significant where the
infector could stay both in the lower cool region and higher warm
region crossing the thermal stratification interface, and the thermal
interface height is lower than that in a tall-ceiling room. With increas-
ing ventilation rates, first, the lockup interface height increases and
then approaches its maximum and then further increases the ventila-
tion rate, and the thermal interface height increases in a much slower
rate or even remains constant. Subsequently, strong interactions exist
between ventilation flows, buoyancy flows, and respiratory flows.
Furthermore, we find that the infector location with respect to ventila-
tion inlet and outlet has an important influence on the thermal inter-
face height. Compared with that in the center-located infector case,
the thermal interface height is higher at the corner-located infector.
However, for both the center- and corner-located infector, at a low
ventilation rate range, the relationship between the thermal interface
height and ventilation rate satisfies the classical 3/5 law,36 while the
deviation begins at the transition ventilation rate.

By measuring the particle removal efficiency and spatial particle
number distribution, we find that variations in particle removal effi-
ciency and particle number distribution with ventilation rates show a
similar trend as the thermal stratification interface height, showing a
close relationship between the particle removal efficiency and thermal
stratification fields (i.e., thermal interface height). Specifically, in the
low ventilation rate range, with increasing ventilation rate, the particle
removal efficiency increases, while in the high ventilation rate range
above the transition ventilation rate, the particle removal efficiency
begins to decrease. Therefore, in terms of the risk of airborne infection,
there exists an optimal ventilation rate where the risk of airborne infec-
tion is the lowest, above which further increasing the ventilation rate
does not reduce the infectious risk efficiently. This phenomenon could
be explained by the “short-circuiting” mechanism,59 where some of
the ventilation flow goes directly to the outlet without being entrained
into the upper layer via thermal buoyancy flows, and further increas-
ing the thermal interface height and particle removal efficiency could
be difficult. Moreover, this transition ventilation rate could be influ-
enced by several factors, i.e., vent locations and size, infector number,
and locations. In the current study, above the optimal ventilation rate,
with increasing ventilation rate, differences in flow fields are also
observed between different infector locations. Specifically, for the
center-located infector, the particle removal efficiency decreases
quickly, while for the corner-located infector, the particle removal

efficiency decreases gradually or remains almost constant. By examin-
ing the flow fields, we find that the turbulent flow fields above the
body in the warm layer are responsible for this phenomenon. For the
center-located infector, the standard deviation of velocity, Var(U),
increases with increasing ventilation rate, while for the corner-located
infector, the Var(U) decreases. Our simulation results show a close
relationship between the thermal stratification fields and particle
removal efficiency, which provides the possibility to mitigate the risk
of airborne infection by changing the thermal stratification fields.
Finally, we further study the efficiency of thermal mitigation strategies
by increasing and decreasing the ventilation temperature
(DT¼61 �C) while keeping the ambient temperature constant. We
find that compared with that with a lower ventilation temperature
(DT¼�1 �C), the ventilation design with a higher ventilation temper-
ature (DT¼þ1 �C) has a higher particle removal efficiency for center-
located infector. The thermal stratification fields may be severely
affected by ventilation flows, and when the ventilation temperature
differs from ambient temperature, the stratified layer with the same
temperature as that of ventilation widens. In particular, for the lower
ventilation temperature (DT¼�1 �C), the cooler layer height
becomes higher and the interface is wavy, which is caused by the inter-
actions between the ventilation flows and cooler layer, while for the
higher ventilation temperature (DT¼þ1 �C), the cooler layer height
is reduced with the layer with the same temperature as the ventilation
temperature broadens. Clearly, properly adjusting the ventilation tem-
perature can improve the particle removal efficiency, suggesting a
potential mitigation strategy of airborne transmission based on venti-
lation thermal control. Nevertheless, optimal thermal control for risk
mitigation may depend on specific room configuration and occupant
locations.

According to our work, the risk of airborne transmission in low-
ceiling rooms with strong confinement effects could be more serious
than that in high-ceiling rooms, where the strong interactions among
ventilation flows, buoyancy flows, and respiratory flows generated by
the human body are significant, especially the thermally stratified
lockup effects. Compared to a high-ceiling room (a ceiling height of
3m with a 1.2m seated occupant and Qc¼ 50 l/s, Ref. 54), the current
low-ceiling room (a ceiling height of 2.44m with a 1.8m standing
infector) shows a significant decrease in Qc, specifically 20.40 and
27.20 l/s for infectors located in the center and corner, respectively. A
lower Qc in low-ceiling rooms suggests that particle removal efficiency
or contaminant concentration reduction begins to level off at a smaller
range of ventilation rates, and further increasing ventilation rate has
limited impact on reducing virus-laden aerosols or contaminant con-
centration. For instance, the first case of COVID-19 transmission
inside an elevator in South Korea, where two people were together for
only 1 min without wearing masks, highlights the high risk of infection
in small confined spaces with low ceilings. The study by Escombe
et al.19 suggested that at the same ACH value, rooms with large win-
dows and high ceilings would have greater absolute ventilation than
those with small windows and low ceilings, resulting in a lower risk of
airborne infection. It is worth noting that in our flow setup, simplified
body shapes and inlet and outlet ventilation vents are used. The transi-
tion ventilation rate could be influenced by vent locations and size,
body posture, infector locations, room size, and geometry. Particle
removal efficiency may depend on the local flow fields around the real-
istic body (i.e., buoyancy flows, respiratory flows); however, for a 3-
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min simulation, the particle removal efficiency is primarily influenced
by thermal stratification fields, while the effects of the current simpli-
fied body shape are relatively small. Our work shows that particle dis-
persion, i.e., particle removal efficiency, is primarily influenced by
thermal stratification fields, and consequently, strategies that can alter
the thermal stratification fields will certainly modify aerosol particle
dispersion and thus the risk of infection. We propose a thermal-based
mitigation strategy by adjusting the ventilation temperature. Our sim-
ulation shows that both increasing and decreasing the temperature by
DT¼61 �C result in poorer particle removal efficiency compared to
keeping the same temperature as the ambient temperature.
Consequently, optimal ventilation thermal control, such as adaptive
ventilation based on local parameters like temperature and velocity, is
necessary. Future work could also be conducted to systematically
investigate the influence of ceiling height (low-ceiling, middle-ceiling,
and high-ceiling) on thermal stratification fields and thus the particle

removal efficiency. The location of the infector locations (i.e., heat
and aerosol source) has a significant impact on the effects of ventila-
tion on particle removal efficiency. It is noteworthy that other fac-
tors, such as humidity and evaporation, which are also important for
aerosol transmission in indoor environments, as reported by Ref. 76,
also require further investigation. Furthermore, with the advance-
ment of experiment techniques, it is also suggested to conduct sophis-
ticated measurement/observations of aerosol trajectories in realistic
indoor environments, such as the large-scale, three-dimensional
Lagrangian particle tracking (LPT) experiment already conducted
by Schr€oder et al. (2022).77
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FIG. 20. Comparisons of the temperature
distribution and particle dispersions for (a)
the grid used in the present study,
3.2� 106, and (b) the further refined grid,
3.6� 106, and the profiles of (c) tempera-
ture and (d) particle number along the
room height direction.
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APPENDIX: VALIDATION

To verify the convergence of the current computational mesh,
Fig. 20 presents comparisons of the temperature distribution and respi-
ratory aerosol particles dispersion on the y-z plane crossing the center
of the infector body at Qc for center-located infector obtained from the
current mesh and further refined mesh. The temperature fields share
the same stratification flow structures, with the hT,20.7 at almost the
same height, and particle dispersions show the similar locations, as
those obtained from the further refined mesh, indicating the conver-
gence of the mesh in Figs. 20(a) and 20(b). A comparison of the mean
temperature and particle numbers Fig. 20(c) and 20(d) along the height
direction further quantitatively verifies the convergence of our results.

Figure 21 shows the probability density function of particle
diameters in the current simulation. The particle diameter is mainly
approximately 2lm, below 10lm. Therefore, aerosol particles in
the current study mainly remain airborne, and few of them deposit
on walls for a relatively long-term simulation (i.e., 3min).

As shown in Sec. II, to ensure the statistical convergence of
particle trajectories, the particle number used is 10 times from nor-
mal breathing activities and thus 440 particles per breathing cycle.
To further validate the convergence of particle trajectories, we con-
duct simulations using more particles, i.e., NT¼ 100, 200, and 300
times from normal breathing activities. Figure 22 presents the varia-
tions of ep as a function of N, by increasing particle number emis-
sion rate to 10, 100, 200, and 300, respectively. We find that ep
keeps almost the constant even when the particle number emission
rate is 300 times from normal breathing activities, indicating the
convergence of particle trajectories.
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