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a b s t r a c t

The increasing incidence of indoor airborne infections has prompted attention upon the investigation of
expiratory droplet dispersion and transport in built environments. In this study, a source (i.e. a patient
who generates droplets) and a receiver (i.e. a susceptible object other than the source) are modeled in
a mechanically ventilated room. The receiver’s exposure to the droplet nuclei is analyzed under two
orientations relative to the source. Two droplet nuclei, 0.1 and 10 �m, with different emission velocities,
eywords:
article dispersion
rift-flux model
ixing

entilation

are selected to represent large expiratory droplets which can still be inhaled into the human respiratory
tracts. The droplet dispersion and mixing characteristics under well-mixed and displacement ventilation
schemes are evaluated and compared numerically. Results show that the droplet dispersion and mixing
under displacement ventilation is consistently poorer. Very low concentration regions are also observed
in the displacement scheme. For both ventilation schemes, the intake dose will be reduced substantially
if the droplets are emitted under the face-to-wall orientation rather than the face-to-face orientation.

ineer
Implications of using eng

. Introduction

Humans spend over 85% of their time in confined microen-
ironments, i.e. transport, workplace, and residence [1]. The
pparent importance of controlling airborne transmission of infec-
ious agents in indoor environments is well recognized. However,
etailed understanding of the airborne behavior of infectious
gents in these environments is still far from complete.

Today, controlling and reducing human-to-human airborne
ransmission of highly contagious pathogens including Severe
cute Respiratory Syndrome (SARS), tuberculosis, and other mul-

idrug resistant strains is a growing concern. Significant efforts, in
ddition to those spent in extensive life science researches, have
een devoted to propose engineering control strategies that reduce
irborne infection risks [2]. To develop any successful and practical
trategies or policies, it is imperative to gain more knowledge about
he physical behaviors of airborne droplets in indoor environments
3–9] and the roles of ventilation schemes in airborne transmissions

10,11].

When a contagious individual (the source) coughs or sneezes,
roplets containing infectious microorganisms (bacteria, viruses)
re released. The moist coating of saliva and mucus will evaporate,

∗ Corresponding author. Tel.: +852 3442 6299; fax: +852 2788 7612.
E-mail address: alvinlai@cityu.edu.hk (A.C.K. Lai).
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ing strategies for reducing exposure are briefly discussed.
© 2009 Elsevier B.V. All rights reserved.

leaving a residual dry nucleus of the droplet that may include one
or more bacteria or viruses. The dried droplets are called droplet
nuclei and are responsible for human-to-human transmission of
the airborne infectious pathogens. Although the exact mechanism
underlying droplet nuclei infection is not fully understood, it is
known that the first step in a series of dose–response relations
leading to the infection is the regional deposition of inhaled par-
ticles in the lung. Generally speaking, the intake dose (or called the
exposure dose) is a function of both temporal and spatial droplet
nuclei concentration which depends on the physical characteristics
of the nuclei such as droplet sizes and airflow patterns, as well as
many environmental factors including relative source-to-receiver
locations.

Airflow pattern is the most significant parameter influencing
the droplet transport in indoor environments [4,10–13]. The choice
of ventilation scheme controls the global airflow pattern and thus
the ultimate distribution of pollutants. There are two ventilation
schemes being widely used in commercial offices, viz. the conven-
tional well-mixed (or ceiling supply and return) ventilation–high
velocity cooled air is delivered through high ceiling/side wall supply
diffusers, and the displacement ventilation–low momentum cooled
air is supplied to the lower part of the space [14–15]. For both of

these schemes, the exhausts are normally located on the high ceil-
ings. A recent study has shown that the uni-directional upward
ventilation system is more efficient in removing small droplets
while the single floor system is more efficient in removing large
droplets [16].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alvinlai@cityu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2009.01.041
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between the well-mixed and displacement ventilation configura-
tions are the inlet boundary conditions, location and geometry. The
outline of the face-to-wall orientation under well-mixed ventila-
tion is shown in Fig. 1.
K.W. Mui et al. / Journal of Haza

Expiratory droplets can be classified as coarse and fine aerosols.
oarse aerosols do not become truly airborne as they settle onto the
oor rapidly after emission, whereas fine aerosols remain airborne

or a prolonged period because of their low settling velocity and
ead to a high potential for long-range infections [17]. Preliminary
tudies show that droplet size is one key factor affecting the spread
f droplet nuclei. An updated review has summarized three past
tudies (spanned over the last five decades) on the sizes of parti-
les emitted during coughing or sneezing [6]. It has been reported
hat for droplets less than 50 �m, the dispersion feature is dominant
ue to the very short evaporation time [18,19]. Hence, in this work,
vaporating was not considered and two droplet nuclei sizes, 0.01
nd 10 �m, corresponding to fine and coarse nuclei for viral and
acteria infections, respectively, were chosen. Another key factor is
he droplet emission velocity. Reportedly, the initial emission veloc-
ty can be up to 100 m/s [20]. A recent study on coughed airflows of
ealthy males showed that the emission velocity was in the range
f 6–22 m/s [21]. Based on these results, three velocities namely
0, 50 and 100 m/s were selected for this work. Breathing will also
isturb the airflow pattern. However, due to the relatively small
irflow volume when breathing, the exhaling process is believed to
ave little influence on the room airflow pattern [22]. Thus it was
ot considered in the present work.

When coughing or sneezing, the source is very often not fac-
ng other persons directly. The relative orientation and distance
etween the source and the (susceptible) receiver plays an ulti-
ate role in exposure levels [6]. Based on daily observation and

ngineering judgment, two source-to-receiver orientations were
onsidered in this work: (1) the source facing the receiver directly
i.e. a face-to-face orientation); (2) the source facing a wall directly
i.e. a face-to-wall orientation). In reality, it is very unlikely that
he source can turn more than 90o before an expiratory process
ommences. Therefore, it is anticipated that results from the face-
o-face orientation represent maximal exposure level while those
rom the face-to-wall orientation give a (practical) minimal expo-
ure.

The objectives of the present work are to study the dispersion
haracteristics of exhaled droplet nuclei and to quantify the degree
f mixing for various emission/orientation scenarios.

. Methods

.1. Description of the geometry
An enclosure with two identical standing model occupants with
eat dissipated was modeled. There is one source occupant emitting
roplets and the other occupant is the receiver. The geometry of the
uman occupant used in this work was originally suggested by Bro-

Fig. 1. Geometry of the test room for face-to-wall orientation.
Fig. 2. Velocity magnitude at the mid-plane (a) well-mixed ventilation; (b) displace-
ment ventilation.

hus and Nielson [23]. To simulate the occupant’s mouth, an opening
at a height of 1.54 m was added to the centerline of the head.
Two ventilation schemes were investigated. The only differences
Fig. 3. y-Component velocity contour plots. The upper half shows the well-mixed
ventilation and the bottom half shows the displacement ventilation.
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ig. 4. Eulerian plots of 10 �m droplets at 10 s after emission for face-to-face orienta
d) displacement, 20 m/s; (e) displacement, 50 m/s; (f) displacement, 100 m/s.

.2. Numerical modeling of airflow

One common methodology to resolve indoor two-phase prob-
ems is the Eulerain–Lagrangian approach, by which the airflow
s modeled in a Eulerian framework while the droplet trajecto-
ies are traced individually. Recently, a drift-flux model developed
y Chen et al. based on an Eulerian–Eulerian approach has been
alidated with a scaled experimental chamber [24,25]. The model
ncorporates a set of semi-empirical expressions to model aerosol
eposition mechanism [26]. The deposition modeling takes Brow-
ian diffusion, turbulent diffusion and gravitational settling into
ccount, and has been widely applied to predict deposition for
ndoor environments [27,28], ventilation ducts [29,30] and lung
ifurcations [31] since its first publication. The drift-flux model is
escried briefly as follows.

Renormalization group (RNG) k-� turbulent model was adopted
o simulate the airflow. A generic commercial CFD code FLUENT
as used in the simulation. The PISO algorithm was employed to

ouple the pressure and velocity fields. Grid independent tests were

erformed and for the face-to-face orientation, the optimal grid
ensities found for the well-mixed and displacement ventilation
eometries were 404,000 and 375,000 cells, respectively. Similar
ell numbers were used for the face-to-wall orientation. Details of
he occupant and the inlet–outlet configurations can be found in an
mid-plane (a) well-mixed, 20 m/s; (b) well-mixed, 50 m/s; (c) well-mixed, 100 m/s;

earlier study [10]. In brief, air inlet velocity was set to 2 m/s with a
temperature of 14 ◦C, wall temperature was set to 25 ◦C and body
temperature 36 ◦C was chosen for the well-mixed scheme while air
inlet velocity and temperature were modified to 0.2 m/s and 19 ◦C,
respectively. Higher than normal body temperature was selected as
patient with fever was modeled. Since buoyancy flow was involved,
air density was defined as a function of temperature by a piecewise-
linear function. The simulation was performed on an SGI Onyx 3800
shared server.

2.3. Modeling of droplet nuclei transport

The drift-flux model, encoded into FLUENT through user-defined
subroutines, was used to model transient droplet concentration dis-
tribution [24,25]. Due to the low volume fraction of indoor particles,
one-way coupling was assumed. The governing equation for the
droplet concentration can be written as:

∂Ci + ∇ ·
[(

u + vs,i

)]
= ∇ ·

[
(Di + εp)∇Ci

]
+ SCi

(1)

∂t

where Ci is the particle concentration of a particle size group i
(hereafter denoted via the subscription i), vs,i is the particle settling
velocity, εp,i is the particle eddy diffusivity and Di is the Brownian
diffusion coefficient. For small particles it is assumed that εp/�t ≈ 1,
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ig. 5. Eulerian plots at 90 s after emission for face-to-face orientation under well-m
lane 0.01 �m; (c) mid-plane, 10 �m; (d) breathing plane, 10 �m.

here �t is the carrier fluid turbulent viscosity. Deposition of
articles was modeled as a flux towards the wall. Through the semi-
mpirical expressions, the local deposition rate was evaluated [26].

For all the cases studied, a single episodic emission event which
asted for 0.5 s was selected and modeled. The droplet shape was
ssumed to be spherical with a density of 1000 kg/m3. Simulation
imes specified for the well-mixed and displacement ventilation
chemes were 90 and 240 s, respectively. The displacement scheme
equired a longer simulation time due to its lower air exchange
ate. In either scheme, the droplet concentration decayed to a sig-
ificantly low level when the specified time was reached and no
ignificant reduction in concentration was found by further increas-
ng the simulation time. A trapped boundary condition was applied
or the droplets; once the particle touches any surfaces, it will not
esuspend. For the present work, coagulation effect was not taken
nto account.

. Results and discussion
.1. Airflow pattern

Fig. 2 shows the steady state velocity plot of both ventila-
ion schemes prior to the droplet emission at the mid-plane

able 1
urface and volume integrals of concentration of droplet nuclei for the two orientations.

Breathing plane surface integral under
well-mixed, in arbitrary unit

Breathing plane surface integ
displacement, in arbitrary un

0.01 �m 10 �m 0.01 �m 10 �m

ace-to-face 64.78 56.85 29.66 24.34
ace-to-wall 42.06 48.88 99.21 60.57
entilation with an emission velocity of 50 m/s (a) mid-plane, 0.01 �m; (b) breathing

while the y-component velocity is shown in Fig. 3. According to
these figures it is observed that under the well-mixed scheme a
high velocity air jet, approximately equals the supply air whose
velocity is 2 m/s, flows above both occupant models and causes
a large eddy recirculation in the room. For the displacement
scheme, it is noticed that the low velocity cooled air (0.2 m/s)
near floor level absorbs heat from the two occupants and cre-
ates a dominant vertical thermal plume in the boundary layer
around each occupant. The airflow velocity is fairly weak in all
regions except at the mid-plane (Fig. 3). As will be discussed,
this low velocity feature affects the overall droplet dispersion pat-
terns.

3.2. Effects of ventilation on droplet dispersion and exposure level

Fig. 4 shows the concentration profiles at the mid-plane for vari-
ous emission velocities under the face-to-face orientation. The plots

are snapshots at 10 s after emission. Results reveal that there is
no significant concentration difference among the three emission
velocities in the well-mixed space (c.f. Fig. 4(a)–(c)). The particle
relaxation time (�) can be used to explain this observation. It is
the time required for a particle to “relax” or to reach its terminal

ral under
it

Volume integral under
well-mixed, in arbitrary unit

Volume integral under
displacement, in arbitrary unit

0.01 �m 0.01 �m

45445 114796
6059 15970
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ig. 6. Eulerian plots at 240 s after emission for face-to-face orientation under di
reathing plane 0.01 �m; (c) mid-plane, 10 �m; (d) breathing plane, 10 �m.

elocity due to a sudden acceleration, and is defined as:

= Ccd2
p�p

18�
(2)

here Cc is the Cunningham slip correction factor and dp is the
roplet diameter. For the present scenarios, the droplet relaxation
ime is in the order of 10−4 s which can be neglected. In other words,
he droplets decelerate almost instantaneously and that elucidates
hy the droplets follow the airflow closely–hence the similarity

etween the airflow and concentration profiles.
However, apparent concentration differences can be seen in the

isplacement ventilated space for various emission velocities. The
igher the emission velocity from the source, the greater is the
egree of particle impaction around the receiver (c.f. Fig. 4(d)–(f)).

ntuitively, it contradicts with the previous discussion that parti-
les with such a small relaxation time should follow the global
irflow pattern closely regardless of the emission velocity. The dif-
erence is attributed to the finite emission duration together with
ow velocity background airflow. For the displacement case, the
mission velocity is “significantly” higher comparing to the global
irflow. This finite and high velocity droplet cloud leads to vari-
us impaction patterns around the receiver. If the particles were
eleased instantly, the profiles should not be affected by the emis-
ion velocity.

The cases for a longer elapsed time under the emission velocity
f 50 m/s were further explored. Figs. 5 and 6 depict the concentra-
ion profiles for the two chosen droplet nuclei sizes in the breathing
lan as well as at mid-plane. Under the well-mixed scheme, well-

ixed conditions can be achieved within 90 s after droplet emission

s the airflow and the droplet cloud travel in the same direc-
ion (more quantitative analysis below). Under the displacement
cheme, due to the lower global velocity, only moderate inhomoge-
eous concentration can be noticed even at 240 s after the emission.
ment ventilation with an emission velocity of 50 m/s (a) mid-plane, 0.01 �m; (b)

Low concentration regions (hereafter referred to droplet-free can
be observed under the displacement scheme. One is identified at
the air supply area (bottom right of Fig. 6(a)). Formed as a conse-
quence of the removal characteristics of displacement ventilation,
i.e. the warm, stale air ascends to the ceiling where it is exhausted
through the outlet, the droplet-free area is observed. The (contam-
inated) vertical thermal plume makes the droplets less likely to
disperse within the room. Compared with well-mixed ventilation,
displacement ventilation has a much lower average eddy diffusivity
(about 1/20 of the well-mixed’s). The droplets, largely influenced
by buoyant airflow, are less dispersed by the turbulence. Another
droplet-free region exists on the rear side of the source and occupies
almost half of the breathing plane (Fig. 6(b)). This can be attributed
to the prevailing flow direction and very low transport velocity in
that region (Fig. 2(b)).

Based on these findings, it can be concluded that the ulti-
mate concentration profile is dependent on the ventilation scheme,
global air velocity, relaxation time, as well as emission duration and
velocity. Moreover, the results imply that in a displacement venti-
lated space, occupants behind the droplet source will be less likely
infected. On the other hand, because of the large recirculation eddy,
the probability of being infected is almost the same everywhere
in the well-mixed flow environment (Fig. 5). Table 1 shows the
averaged concentration (in arbitrary unit) for each breathing plane.
Except for the face-to-wall orientation under the displacement ven-
tilation scheme, droplet size differences are not significant. Hence,
only results of the 0.01 �m particles were chosen for the homo-
geneity calculation below (Figs. 9–11).
Figs. 7 and 8 show the concentration profiles for the face-to-wall
orientation. Under the displacement scheme, a large droplet-free
zone in the upper region and fairly well-mixed concentration in
the lower region can be observed. Comparing Figs. 5 and 7, it is also
observed that under the well-mixed scheme, the contours for face-
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ig. 7. Eulerian plots at 90 s after emission for face-to-wall orientation under well-m
lane 0.01 �m; (c) mid-plane, 10 �m; (d) breathing plane, 10 �m.

o-wall orientation exhibit inhomogeneity in the low concentration
rea (top of Fig. 7). The poor mixing between the upper and lower
egions in both of the ventilation schemes can be attributed to the
ow convective transport in the y-direction (Fig. 3). This outcome
eveals that in low airflow environments, the droplet emission
irection can significantly influence the location of a droplet-free
egion and thus the degree of exposure level.

The infection risk depends strongly on the exposure which can
e evaluated by

∫ T

0
C(t)dt – the total exposure from time 0 to the

pecified ending time T. Via this time integration, exposure levels
ere quantified for the 0.01 �m droplet nuclei. The values are tab-
lated in Table 1. These results show exposure can be reduced by
ore than 86% if it is a face-to-wall scenario.

.3. Quantitative estimation of mixing

In the literature, there are some multi-zone indoor air quality
omputer programs developed to simulate contaminant trans-
ort in indoor environments, i.e. CONTAMW [32] and COMIS [33],
part from the research-orientated program developed to model
ulti-zone aerosol transport [34]. All of these programs assume

niform distribution of particles within each microenvironment
nd particles are transported by convective airflow only. All but one
rogram ignore Brownian and turbulent diffusion for the transport
echanisms [34]. Figs. 5–8 clearly illustrate that the well-mixed
ssumption is over-simplified, particularly for the face-to-wall ori-
ntation. For certain airborne transmitted diseases, even inhalation
f a small dose can cause infection [20,35]. To improve exposure
ssessment, more accurate predictions on the spatial concentra-
ion distribution (or exposure) and the mixing degree are highly
entilation with an emission velocity of 50 m/s (a) mid-plane, 0.01 �m; (b) breathing

desirable. More importantly, engineers can thereby design and
implement better control strategies for reducing airborne pollutant
concentration.

To represent the non-uniformity of a concentration field, the
coefficient of variation CVi(t) defined as follows is adopted [36]:

CVi(t) = 1

Ci(t)

√∑N
i=1

(
Ci(t) − Ci(t)

)2

N
(3)

where Ci(t) is the volume averaged concentration, Ci(t) is the sam-
pling point concentration at elapsed time t and N is the number of
sample points. In the present work, the sampling points were taken
at all of the computational cells; therefore, N is the number of cells.

Fig. 9 shows the CVs for both well-mixed and displacement
schemes under the face-to-face orientation. In the former scheme,
the three emission velocities collapse into a single line and that
is consistent with the previous discussion on relaxation time. In
the latter scheme, the CV depends on the emission velocity: the
higher the emission velocity, the lower the CV (i.e. better mixing).
Due to its higher global airflow velocity, as expected, well-mixed
ventilation always has a lower (resulting) CV than displacement
ventilation. Recent study has also shown that the higher velocity of
well-mixed ventilation scheme resulted in faster mixing rate than
with the displacement ventilation [37]. Another factor affecting the
concentration is droplet deposition. The high airflow rate might also

increase the particle deposition onto indoor surfaces [38,39] but for
the particle sizes concerned in the present work, ventilation is still
the dominant particle removal mechanisms.

Fig. 10 presents the CVs for both face-to-face and face-to-wall
orientations under the well-mixed ventilation with an emission
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ig. 8. Eulerian plots at 240 s after emission for face-to-wall orientation under di
reathing plane 0.01 �m; (c) mid-plane, 10 �m; (d) breathing plane, 10 �m.

elocity of 50 m/s. Once again, the poor mixing characteristics of
he face-to-wall orientation resulted in a higher CV by compari-
on with the face-to-face orientation (c.f. Figs. 5(b) and (d) and 7(b)
nd (d)). The CVs for the two orientations under the displacement
entilation with the same velocity are shown in Fig. 11. Comparing
igs. 10 and 11, it can be seen that the CV for the displacement ven-
ilation is almost one order of higher than that for the well-mixed

cheme.

It should be noted that all the CVs presented in this work are
uite low on account of the nature of the emission. If the same well-
ixed criterion by Mage and Ott [36] was applied, all the projected

cenarios would be classified as “well-mixed” within seconds after

ig. 9. Coefficient of variation of concentration field for face-to-face orientation
nder well-mixed and displacement ventilations.
ment ventilation with an emission velocity of 50 m/s (a) mid-plane, 0.01 �m; (b)

the emission. However, this work simulates only a single cough-
ing/sneezing event in a ventilated room. All the droplets in the
simulated episodic events, unlike those in continuous injection, will
eventually “disappear” inside the computational domain either by
exiting through the exhaust system or depositing onto the indoor
surfaces.

Generally speaking, droplets will be homogeneously mixed

within a few minutes after emission under conventional well-
mixed ventilation. On the contrary, very high concentration gradi-
ents will be observed under displacement ventilation. This essential
difference between the concentration profiles forms the basis for

Fig. 10. Coefficient of variation of concentration field for face-to-face and face-to-
wall orientations under well-mixed ventilation with an emission velocity of 50 m/s.
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ig. 11. Coefficient of variation of concentration field for face-to-face and face-
o-wall orientations under displacement ventilation with an emission velocity of
0 m/s.

he implementation of engineering strategies for reducing exposure
o airborne particles. Recently, many active devices for the removal
f indoor pollutants have been designed and made available com-
ercially. Technologies applied include high efficiency filtration,

dsorption onto surfaces, inactivation by UV, and photocatalytic
xidation by titanium oxide. To effectively reduce the pollutants,
he device should be installed at the location where high concentra-
ion exists. From the present findings, two major inferences can be
rawn. First, the location of the active device is not a concern under
ny well-mixed ventilation schemes. Second, in order to achieve
aximum pollutant removal efficacy under any displacement ven-

ilation schemes, the active device should be installed near the
xhaust outlet or high ceiling (c.f. Figs.6(a) and (c) and 8(a) and
c)). This can prevent further airborne infection by inactivating the
roplets before they (if any) disperse back into the environment.

.4. Constraints of the model

In this work, we modeled the occupants standing still. It is under-
tood that in reality the occupants will move continuously in the
ndoor environments. Incorporation of moving boundary to the
resent geometry involves very complex modeling techniques, and
rocedures. We understand that this assumption will impose some
onstraints to the calculated results. For the well-mixed ventilation
cenario, however, due to the relatively large airflow movement, we
nticipate that the spatial and temporal concentration level calcu-
ated will not be affected significantly. The exposure level of the

oving object can be estimated approximately by
∑

x

∫
Cx(t)dt

here x represents the occupant location inside the domain. For the
isplacement ventilation, the buoyancy airflow inside the domain is

nduced primarily by the presence of the occupants. We anticipate
hat the results may not be as accurate as that of the well-mixed
ases. It is understood that the majority of the exposure occurs
uring the droplet cloud first “hitting” the receiver. Due to high
mission speed, the exposure time for the droplet plume passing
he receiving occupant is very brief comparing to the moving time of
he occupant, the current results are still expected to be acceptable.

. Conclusions
A computational geometry for studying droplet dispersion
nder well-mixed and displacement ventilations was built. Droplet
ispersion for two source-to-receiver orientations, i.e. face-to-

ace and face-to-wall, were analyzed via three different emission
elocities namely 20, 50 and 100 m/s. Based on the results,

[

[

Materials 167 (2009) 736–744 743

despite their case dependency, some general conclusions can be
drawn.

First of all, under the well-mixed scheme, dispersion is
always approaching homogeneous. Second, under the displace-
ment scheme, due to the low y-component air velocity, poor
lateral dispersion is resulted and droplet-free regions are observed.
Besides, the formation of the vertical plumes favors the droplet
removal without causing substantial mixing inside the domain.
Third, the ultimate concentration profile depends on the relaxation
time, emission velocity, and ventilation scheme.

The degree of mixing was further quantified by the coefficient
of variation. Due to the low global airflow in the computational
domain, the CVs for displacement ventilation were found consis-
tently higher than those for well-mixed ventilation. For practicality,
proper installations of air-cleaning devices are also highlighted. In
order to achieve higher removal efficiency, the device should be
installed close to the exhaust outlet at high ceiling.
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