Journal of Southeast University (English Edition)

Vol. 26, No. 2, pp. 232 - 237

June 2010 ISSN 1003—7985

Distribution characteristics of respiratory aerosols
in enclosed environments

Gao Naiping'

Niu Jianlei

Lidia Morawska’

(' College of Mechanical Engineering, Tongji University, Shanghai 200092, China)
(*Department of Building Services Engineering, the Hong Kong Polytechnic University, Hong Kong, China)
(*School of Physical and Chemical Sciences, Queensland University of Technology, Queensland, Australia)

Abstract: This paper studies the spatial concentration distribution
and temporal evolution of exhaled and sneezed/coughed droplets
within the range of 1.0 to 10. 0 pwm in an office room with three
air distribution methods, including mixing ventilation (MV),
displacement ventilation ( DV), and under-floor air distribution
(UFAD). The simulation results indicate that exhaled droplets
with diameters up to 10.0 pwm from normal respiration process
are uniformly distributed in MV. However, they become trapped
at the breathing height by thermal stratifications in DV and
UFAD, resulting in a high droplet concentration and an increased
exposure risk to other occupants. Sneezed/coughed droplets are
more slowly diluted in DV/UFAD than in MV. Low air speed in
the breathing zone in DV/UFAD can lead to prolonged human
exposure to droplets in the breathing zone.
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ndoor air plays a significant role in the transmission of
Iairborne infections in enclosed environments, such as
open-plan offices, hospital wards, and commercial aircraft
cabins. When a contagious individual coughs or sneezes, in-
fectious droplets are dispersed throughout the room, shrink
through evaporation, and then remain suspended in the air
for an extended period of time. Inhalation of the droplet nu-
clei may cause infection.

Infection reports in hospitals, high-rise apartments, of-
fices, and transport vehicles indicate a close association be-
tween airflow pattern and the transmission/spread of infec-
tious diseases'"'. This suggests a potentially important role of
different air-distribution methods in influencing the disper-
sion of infectious aerosols. To control aerosol dispersion by
air currents, specific ventilation systems have been recom-
mended for special circumstances, such as the guidelines for
isolation rooms set by the Public Health Service Centers for
Disease Control and Prevention'”. For a typical air-condi-
tioned building room, cool air is usually supplied by mixing
ventilation (MV), displacement ventilation (DV), and un-
der-floor air distribution ( UFAD). MV creates a well-mix-
ing condition and a uniform thermal environment, while DV
and UFAD maintain a vertical gradient of temperature and
concentration through low-level supply and up-level ex-
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haust. A number of studies have found that DV and UFAD
were more effective than MV in removing non-passive gase-
ous pollutants. However, their functions in removing expira-
tory droplets and reducing the risk of indoor cross-infections
have been less studied.

By modeling droplet concentration distributions in a real
office using an Eulerian-based model, the aim of the present
study is to determine the influence of MV, DV and UFAD in
the transport of bio-aerosols from human respiratory activi-
ties. The spatial variance of droplet concentrations under
steady-state exhalation conditions and concentration evolu-
tion versus time under transient sneezing conditions are de-
scribed below.

1 Numerical Simulations
1.1 Case description

The dimensions of the simulated office room are: 4.0 m
(length) x3.0 m (width) x2.7 m (height) (see Fig.1).
Tab. 1 summarizes the boundary conditions for the window,
computer, desk, and the full-scale human body. The heat
load in this room is approximately 36 W/m’( based on floor
area) . We compare three air distribution methods (MV, DV,
and UFAD) using an air supply temperature of 17 C in MV
and 19 C in DV and UFAD, and the air change rate is 5. 7
time/h. The normal components of the inlet air velocity in
MYV and DV are 2. 55 m/s and 0. 255 m/s, respectively. In
UFAD, the floor opening is divided into nine square cells in
order to represent the swirling flow from a floor-mounted
circular diffuser. All the outer cells have a different supply
airflow direction and are responsible for one-eighth of the
total supply rate. The angle between the supply airflow and

Ceﬂing D\ 12

1—Window; 2—Vertical heat source; 3—Computer; 4—Table;
5—Personalized ventilation air terminal device (circular outlet with a
diameter of 20 cm, not activated in the present study) ; 6—Human body;
7—Mixing ventilation inlet (0.2 m x0.05 m) ;8—Displacement ventilation
outlet (0.4 mx 0.3 m); 9—Mixing ventilation outlet (0.4 mx 0.3 m);
10— Displacement ventilation inlet (0.4 m x 0.5 m) ; 11—UFAD inlet
(0.21 mx 0.21 m); 12—UFAD outlet (0.4 mx 0.4 m)

Fig.1 Configuration of the simulated office
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Tab.1 The details of numerical methods

Item

Description

Turbulence model Renormalization k-¢ model

Wall treatment

Numerical schemes

Non-slip, standard logarithmic wall function

Upwind second-order difference for the convection term; central difference for the diffusion term with

second-order accuracy; SIMPLEC algorithm

Window Uniform heat flux 150 W
Adiabatic wall

Uniform heat flux 100 W

Floor, ceiling, walls

Vertical heat source

Human body Fixed skin temperature at 31 C
Computer Uniform heat flux 120 W
Desk Adiabatic
MV inlet
DV inlet
UFAD inlet

MV/DV/UFAD outlet

Nose

Velocity and temperature: free slip

Airflow rate 51 L/s, turbulence intensity 20% , turbulence length scale 5 mm, temperature 17 C
Airflow rate 51 L/s, turbulence intensity 15% , turbulence length scale 5 mm, temperature 19 T

Airflow rate 51 L/s, turbulence intensity 15% , hydraulic diameter 70 mm, temperature 19 C

For steady exhalation, respiration rate 8.4 L/min, exhaled air temperature 35 C, turbulence intensity

10% , hydraulic diameter 10 mm; for sneezing simulation, air velocity 22 m/s, duration 0. 5 s

the floor is 30°. The detailed descriptions of this treatment
are provided in Ref. [3].

Two physiological processes are taken into account: a
steady-state exhalation process and a transient sneezing
process. The human body in the computational domain has
both a nose and a mouth opening. One previous study'"
found that the exhaled air conditions (exhalation direction,
velocity, etc. ) from the index patient have a considerable
effect on indoor aerosol concentrations and personal expo-
sure. The dynamic respiration cycle is simplified by a stead-
y exhalation process through the human’ s nostrils. The ex-
haled air is continuously pushed out through the nostrils at a
45° downward angle at a rate of 8.4 L/min and a tempera-
ture of 35 C. This rate is consistent with the breathing rate
of an adult with a metabolic level that corresponds to the
performance of office work. According to PIV (particle im-
age velocimetry) measurements by Zhu et al. "™, sneezed
airflow has a similar 45° downward angle from the nose
and a velocity at 22 m/s. The sneezing process lasts 0. 5 s.

1.2 Airflow and particle modeling

We model the non-isothermal three-dimensional airflow
using the RNG ( Renormalisation Group) k-& model. The
buoyancy term is included in the y direction momentum
equation and the k and ¢ equation. Air density is defined as
a function of temperature using a piecewise-linear relation-
ship. In the transient simulation of sneezing, the time step
during a 0.5 s sneezing process is 2 ms. This is small
enough to ensure the Courant number less than 1. 0. When a
sneezing process ends, the time step is gradually increased
to 50 ms to reduce the time cost of iteration. To compare
the dispersion characteristics of gaseous pollutants and ex-
piratory aerosols, we add CO,, a tracer gas, with a 5% mass
fraction into the exhaled air.

The airborne particles in indoor air can be regarded as di-
Iute systems because the concentration is usually less than
10° particle/m’. This feature suggests that one-way
coupling in the simulation is a rational approach. In the
present modeling of droplets, both the fluid and particulate

phases are treated as interpenetrating continua. However,
there are drift fluxes between them caused by gravitational
settling. Thus, a gravity vector is added into the convection
term of the governing equation for droplet transport:

‘X(;LIC)+ V(p(U+Vy)C) = Vip(D, +e,) VCl +5,
(1)

where p is the air density (g/m’); C is the particle concen-
tration (g/m3) ; U is the air velocity (m/s); Vj is the par-
ticle gravitational settling velocity (m/s); D, is the Brown-
ian diffusion coefficient (m’/s); &y 1s the particle turbulent
diffusivity (m”/s); and S, is the source term (g/m’). The
particles are assumed to be spherical with a material density
of 1 000 kg/m’.

To quantify the deposition amount at wall surfaces, we
adopt the L&N deposition model'” . Under the assumption
that the deposition flux is one-dimensional and constant in
the concentration boundary layer, the L& N model integrates
Fick’ s law across the boundary layer and expresses the non-
dimension deposition velocity as a function of droplet prop-
erties and local airflow conditions. A previous study valida-
ted the drift-flux model combined with wall treatment using
the L&N model by comparing it with two sets of experi-

mental data'®' .

1.3 Evaluation index

Under steady-state conditions, we inspect normalized
concentration values at a number of locations to assess the
performance of air distribution types. The particle concen-
trations are normalized by a value at the human nose. Under
the transient conditions where sneezed droplets disperse o-
ver time, the droplet cloud spatial volume (CSV) may be of
particular importance where the concentration is higher than
a fixed value, i. e., infection threshold. CSV displays the
size of the polluted zone. In the drift-flux model, CSV is
determined by labelling each computational cell by a new
variable. The variable is 1. 0 if the concentration in a parti-
cular cell is greater than or equal to the infection threshold,
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otherwise 0. Then CSV can be ascertained by integrating
this variable across the computational domain.

2 Results and Discussion
2.1 Airflow fields

The airflow patterns and temperature profiles are illustra-
ted in Fig. 2. The mean temperature at the middle height
(1.4 m) is 23 C in all ventilation systems, although the
supply air temperature is 2 C lower in MV. As expected,
the forced convection in MV drives the well-mixing of air
and heat while the natural convection results in temperature
gradients in DV and UFAD. Natural convection around the
human body is of a particular interest since it interacts with
the respiration flows. The upward air speed above the hu-
man head reveals that the maximum speeds are 0. 30, 0. 14,
and 0. 18 m/s in MV, DV, and UFAD, respectively. The
warm thermal plume surrounding the body is the strongest
in MV.

Fig.2 Air flow patterns and temperature distributions in the
middle section (y =1.5 m) of the room. (a) MV; (b) DV; (c)
UFAD

2.2 Steady state simulations

Fig. 3 shows the average values of normalized concentra-
tions in horizontal planes across the room at different
heights. The concentration in the exhaled air is denoted as
1. 0. The droplets are well-mixed in MV in contrast to DV

and UFAD where the highest concentration is at between
1.2 and 1. 5 m. Note that the average height of the nose is
1. 35 m. This middle-height-pollution effect in our study is
inconsistent with the two-zone theory of DV which holds
that the lower level in a room is the clean zone while the
upper level is the polluted zone.
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Fig.3 Average normalized concentrations in planes across
the room at different height levels. (a) MV; (b) DV; (c¢) UFAD

Our findings are in agreement with the experimental re-
sults from Qian et al." where full-scale manikins were
placed onto two separate beds in a hospital ward with mix-
ing, downward, and displacement ventilation. Using nitrous
oxide as a proxy for droplet nuclei, both the smoke visual-
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ization and the concentration distribution indicate that the
exhaled airstream from a reclined individual penetrates a
short distance and is diluted quickly by the room air. In
DV, the exhaled air stream travels a long distance and ex-
hibits a high concentration layer at certain heights. Our
study implies that the observation of tracer gases may also
hold true for respiratory particles smaller than 10. 0 pm.

In Ref. [3], particles were uniformly released at the sur-
face of the heat source (the vertical heat source in Fig. 2)
without initial momentum at a rate of 0. 154 pg/s. The in-
haled concentrations of the human in MV, DV, and UFAD
were 2. 17, 1. 50, and 1. 68 wg/m’ for 5.0 wm particles,
and 1. 02, 1. 40, 1. 88 wg/m’ for 10. 0 wm particles, respec-
tively. The particle source was combined with the heat
source so that particles smaller than 5. 0 pm would behave
as tracer gases with a higher ventilation efficiency in the
stratified thermal environments as compared with the
uniform environments. However, particles larger than 10. 0
pm were too heavy to be carried upwards by the buoyancy
effect and remained at the human breathing height, sugges-
ting a higher level of pollution exposure than in MV. The
performance of DV and UFAD thus appears to be particle-
size sensitive if the particulate matter is produced in heat
plumes. Friberg et al. "’ found that DV was less effective in
removing large particles ( >10.0 pm) because the upward
airflow in DV may be insufficient to transport large parti-
cles upwards to the ceiling exhaust. In our study a maxi-
mum concentration in the breathing height in DV and
UFAD appears for both tracer gases and particles. Further-
more, under the indoor furniture and ventilation rate condi-
tions used in our study, MV tends to generate a uniform
concentration distribution while, in contrast, exhaled pollu-
tants from occupants are trapped in the breathing zone in
DV and UFAD.

The “trap” phenomenon of expiratory pollutants in the
thermally stratified environments is undesirable with regard
to controlling transmission of respiratory diseases. The ac-
cumulation of respiratory droplets can increase the risk of
human infection. The key to resolving this problem may be
closely linked with the possibility of elevating the trap layer
of pollutants to a region above the average breathing height
of a human. The location of the trap layer is believed to be
affected by the air change rate and the thermal conditions.

2.3 Transient simulations

Fig. 4 shows the dynamic dispersion process in the first
6 s after sneezing. The sneezed air impinges at the desk, is
blocked by the computer, and then diverges on two sides.
High speed sneezed/coughed airflow shows a feature of ori-
entation. The spatial relationships among indoor furniture
and occupants significantly influence the transport of saliva
droplets. The “target zone” of the sneezed/coughed jet flow
is of high infection risk. Keeping a certain distance between
occupants and masking the nose/mouth when sneezing/
coughing are reasonable measures to reduce the airborne
disease transmissions.

The dilution process of an aerosol cloud is illustrated in
Fig. 5. The legends in Fig. 5 indicate the concentration lev-

Lt}

el. For example, “10.0 pm > 10 ~*» means that, at any
points in the volume, the normalized concentration of 10. 0
wm droplets is no less than 10 ~*. The sneezed droplets are
most quickly diluted by the room air in MV. For example,
for 10. 0 wm droplets being diluted to one ten-thousandth,
the maximum pollution volume and the corresponding time
is4.3 m’ and 20 s in MV, 4.0 m’ and 55 s in DV, and 3. 2
m’ and 40 s in UFAD, respectively. The droplet cloud is di-
luted quickly in MV as compared with DV. For a single
sneeze, a 1 : 10* dilution of the sneezed droplet concentra-
tion has a volume at the order of magnitude of the room
space, warning that there is a serious risk of infection if the
infection threshold is 10 * or below. Further, people may
sneeze and cough repeatedly. The quick dilution in MV has
mixed results. It can rapidly dilute the concentration to a
level below the infection threshold; however, it can also
more quickly transport the droplets a farther distance and
lead to infection if the threshold is very low. Given a dis-
ease with an infection threshold of 10 ~*, at 20 s after the
sneezing event, the danger zone where the concentration is
higher than 10 ™* is at a volume of 4.3 m’ in MV. It is 2.5
m’ in DV and 2. 3 m® in UFAD. However, at 60 s, the room
space with MV is safe, whereas, even at 100 s the indoor air
in DV or UFAD is still infectious.

(c)

Fig.4 Shape of normalized concentrations at 10~ for 1.0 pm
particles at different times after a sneezing event. (a) 0.5 s;
(b) 1.0s; (¢) 3.0s; (d) 6.0s

In some studies, mixing time is defined as the shortest
time period required to reach a well-mixing condition'.
Well-mixing is characterized by two requirements: the
length scale of the droplet cloud is comparable with the
room length scale and the standard deviation of the concen-
tration should be below 10% of the arithmetic mean con-
centration. During point pulse release of pollutants (1i. e.
sneezing or coughing) well-mixing conditions may not be
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achieved before the pollutants are ventilated outside the
room. By validating their simulation against their experi-
ments, Gadgil et al." found that the mixing process de-
pends primarily on the mean airflow in the room and sec-
ondarily on the pollutant source location. This finding is in
agreement with our results shown in Fig.5. An examination
of the air speed in the breathing height shows a mean value
of 0. Im/s in MV, which is about two-times faster than in
DV and UFAD. This highlights the importance of indoor air
speed levels in the control of cross-infections at similar air
change rates. High speed assists droplet dispersion, whereas
low speed can cause a local accumulation of droplets over
an extended time period.
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Fig.5 Evolution of the sneezed aerosol cloud volume.
(a) MV;(b) DV;(c) UFAD

3 Conclusions

This study adopts an Eulerian modeling approach to inves-
tigate the spatial concentration distribution and temporal evo-
lution of exhaled and sneezed droplets that fall within the
range of 1. 0 to 10. 0 wm. Special attention is paid in compa-

ring the performance of three common ventilation types(i.

e., MV, DV, and UFAD) in their abilities to reduce cross-
infection risks. The important conclusions are as follows:

1) Respiratory droplets smaller than 10. 0 pwm disperse
similarly to tracer gases. Under steady-state conditions, the
exhaled droplets from a normal breathing process can be-
come trapped at the human breathing height in DV and
UFAD, thereby increasing human exposure and risk of in-
fection.

2) In DV and UFAD, the distribution characteristics of
particulate matter generated from a surface with convective
heat versus those from a human nose are entirely different.
The trapped layer appears when pollutants are released from
the latter.

3) The transient dilution of sneezed/coughed droplets is
dominated primarily by the indoor air velocities in the
breathing zone. The higher velocity level with MV results in
a faster-mixing droplet cloud in the ventilated air than with
DV and UFAD. Thermal stratification combined with a low-
er air velocity at the middle-room-height can cause a longer
residence time of the respiratory droplets in the breathing
zone, and thus potentially increase the exposure and infec-
tion risk.
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