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Abstract

The outbreak of atypical pneumonia, referred to as severe acute respiratory syndrome (SARS), has spread to many countries in

the world. SARS may infect human bodies by the tiny droplets or particles carrying various virus and bacteria, which are generated

by the respiratory system of infected patients. This paper presents the numerical analysis of the influence of generating ways of the

droplets or particles on the transport and distribution of the droplets or particles indoors. The drift flux model, which considers the

settling of particles or droplets under the effect of gravitational sedimentation, is adopted to simulate the droplets transport and

distribution indoors during respiration and sneezing or coughing process, while the simplified model for solving the continuous fluid

flow is combined. Two different cases considering the normal respiration and coughing or sneezing are studied, respectively, and two

different outlet velocities from the mouth for the sneezing or coughing process are considered. The results show that droplets or

particles generated by normal breathing process transport a relatively short distance, while droplets or particles generated during

coughing or sneezing may travel much longer distances, which may pose adverse effect on human bodies for defending the SARS or

other infectious diseases.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Severe acute respiratory syndrome (SARS) is a
recently described illness of human with a high case-
fatality rate that has spread widely since November
2002. By late April 2003, over 4300 SARS cases and
250 SARS-related deaths from over 25 countries around
the world were reported by the World Health Organiza-
tion (WHO). Most of these cases occurred after
exposure to SARS patients in household or healthcare
settings [1].
As a kind of epidemic disease, SARS may infect

human bodies by the tiny droplets or particles carrying
various virus and bacteria, which are generated by the
respiratory system of infected individuals. Some other
infectious diseases such as flue, measles and mumps are
e front matter r 2004 Elsevier Ltd. All rights reserved.
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also transmitted from person to person by inhaled
airborne particles [2]. People staying indoors may be
infected easily by the virus carried through the droplets
or particles since there are limited air exchange rates
indoors.
Normal respiration, sneezing or coughing generates

the tiny droplets composed of water and air or fine
particles. These generating ways have different generat-
ing rates and duration, resulting in different effects on
indoor environment and human bodies. The main
purpose of this paper is to study the transport of
droplets or particles generated by the respiratory system
indoors during different generating processes. Because it
is difficult to examine the transport and diffusion of
droplets or particles from respiratory system by experi-
ments, a three-dimensional and time-dependent numer-
ical method is adopted in this study. For simplification,
‘‘particles’’ or ‘‘droplets’’ is termed uniformly as
‘‘particle’’ in this paper, which is a general rule in
aerosol science [3].

www.elsevier.com/locate/buildenv
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2. Mathematical model

To calculate the three-dimensional and non-isother-
mal airflow inside ventilated rooms, a well validated
simplified methodology combined with N-point air
supply opening model [4], a zero equation turbulence
model [5] is applied. For indoor environment, the
settling under the effect of gravitational sedimentation
may play an important role on the particles diffusion.
To take the gravitational sedimentation into account,
the drift flux model, which has been applied and
validated successfully for indoor particles simulation
[6,7], is adopted.

2.1. Governing equations

The governing equations for airflow and particles
diffusion in vector form are as follows:

r � ðrV Þ ¼ 0; (1)

qðrV Þ

qt
þ r � ðrV � V Þ ¼ r � ðmeffrV Þ � rP þ f ; (2)

qðrFÞ
qt

þ r � ðrVFÞ ¼ r �
meff

sF
rF

� �
þ SF; (3)

qðrCÞ

qt
þ r � ðrðV þ V sÞCÞ ¼ r �

meff
sC

rC

� �
þ SC; (4)

where r; V and P are the air density (kg/m3), velocity
vector (m/s) and pressure (Pa), respectively. Vs is the
settling velocity of particles (m/s). C is the mass
concentration of particle. Here, relative concentration
is used with an assumed unit concentration (1.0) from
the mouth. The effective viscosity meff is the sum of
molecular and turbulent viscosity (kg/m s). Turbulence
is modeled by the zero equation turbulence model
developed by Chen and Xu [5]. F is the scalar quantity
of air. The non-dimensional numbers sF and sC

represent the turbulent diffusivity of F and C, respec-
tively. Here the values are set as 1.0. f is the body force
due to air density (temperature) difference, which is
modeled by using the Boussinesq approximation (Pa).
SC is the droplets generated rate indoors (mg/s).
The main assumptions used for the simulation of

particle transport include:
(1)
 The airflow is isothermal.

(2)
 The effect of particles on turbulence is not con-

sidered, as it is believed that the low particle loadings
and comparatively small particle settling velocities
have a very small effect compared to the high inflow
turbulence levels [8].
(3)
 The particle size distribution will not be altered by
coagulation due to low particle loadings.
(4)
 The evaporation of particles is neglected for
simplification.
Strictly speaking, assumption (4) above only applies
to solid particles. Many droplets in the 0.5–1.0 mm range
can evaporate quickly in rooms with normal relative
humidity levels. Evaporation could lead to loss of
particle momentum and increase of particle buoyancy.
In this research, evaporation is neglected because only
short-term behavior (in the order of seconds or less) of
particles is considered. For longer time domain, the
droplet evaporation could be a major factor that
deserves more research.
The settling velocity of a particle derived by equaling

the fluid drag force on the particle with the gravitational
force can be expressed as

jV sj ¼
4

3

gdp

CD

ðrp � raÞ
ra

� �1=2
; (5)

where CD is the drag coefficient, dp is the diameter of the
particle (mm), rp and ra are the density of the particle
and the ambient air (kg/m3), respectively, and g is the
gravitational acceleration (m/s2). The settling velocity
always has the same direction as gravitation, namely,
perpendicularly downward.
The drag coefficient is either derived by Stokes

equation (Reo1) or a revised equation (1oReo1000)
[3]:

CD ¼ 24
Re

Reo1;

CD ¼ 24
Re
ð1þ 0:15Re2=3Þ 1oReo1000:

(6)

Re is the Reynolds number according to the relative
velocity of particle and air.
The settling velocity is a velocity relative to air under

steady condition. When Reo1, the settling velocity
equals the product of the acceleration due to gravity and
the relaxation time of the particle [3]. And when Re41,
the settling velocity is derived by iterating the drag
balance equation based on Eq. (6).
2.2. Boundary conditions

The supply inlet is described by the N-point supply
opening model to consider the complex geometry of
actual diffusers [4]. And all variables are defined at the
supply inlet. Outlet boundary conditions are set as the
Neumann boundary condition, that is, mass flow
boundaries are specified to ensure that the mass flow
rate out of the domain is the same as the mass flow rate
into the flow domain. For the zero equation turbulence
model, wall functions are not needed for the region near
the walls, where the algebraic equations of turbulent
viscosity are applied directly [5].
The wall boundary condition of particle is simplified

as zero normal gradients. That is, qC=qn ¼ 0; where n is
the direction normal to the wall. As the number of
deposited particles is usually much smaller than that of
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exhausted particles by ventilation [9], the deposition
process cannot exert a strong influence on the flow field
in indoor environment.

2.3. Numerical methods

The equations above are discretized into algebraic
equations by finite volume method and the coupling
Fig. 1. Schematic of the ventilated room and the person.

Fig. 2. The outlet velocity of the generating ways of the particles from respir

process (V em ¼ 20m=s or 100m/s).
between velocity and pressure is solved by the SIMPLE
algorithm [10]. In the course of discretization, the power
law scheme and the second-order central difference are,
respectively, implemented for the convection and diffu-
sion terms. The resulting set of discretized equations for
each variable are solved by a line-by-line procedure,
combining the tri-diagonal matrix algorithm (TDMA)
and the linear under-relaxation iteration. Non-uniform
staggered grid system is employed with denser grids
clustering near the bounded walls so as to resolve the
boundary layer properly.
A well-validated CFD program developed by the

authors, STACH-3 [4], which utilized the simplified
methodology mentioned above, is used as the simulation
tool.
3. Cases studied

To study the different transport and distribution
characteristics of particles from human respiratory
system indoors, a full-scale room is selected. The
geometry of the room is X
Y
Z=5m
 3m
 3m.
The room is ventilated by one grille on a side wall
atory system. (a) Normal respiration process, (b) sneezing or coughing
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and the grille size is 0.5m(Z)
 0.125m(Y) and an
exhaust of the same size is located at the bottom of the
same wall. Both the inlet and outlet are symmetrical
about the middle line in the XY plane (Z ¼ 1:5m). One
person is assumed to stay at the opposite side of the inlet
and outlet. Fig. 1 shows the schematic of the ventilated
room and the person.
Table 1

Supply parameters and other boundary conditions

Cases Ventilating air

exchange rate

(ACH)

Supply air

velocity (m/s)

Supply particle

concentration

Respiration with

nose

0.5 0.1 0.0

Coughing or

sneezing (1)

5.0 1.0 0.0

Coughing or

sneezing (2)

5.0 1.0 0.0

Fig. 3. The streamline at the symmetrical plane (Z=1.5m) at different tim

respiration, t=3.0 s), (c) sneezing or coughing (Vm=100.0m/s) (t=0.5 s).
Two different cases considering the normal respira-
tion and coughing/sneezing process are studied, respec-
tively. The outlet velocity of normal respiration process
is periodic [11] and that of coughing or sneezing process
is pulse [2]. The assumed velocity as boundary condi-
tions in simulation is depicted in Fig. 2. For respiration
process, we assume breathing from the nose and the
Exhale velocity Exhale flow

volume (l/min)

Outlet particle

concentration

Vem=6m/s [11] Fig. 2(a) 4.5 [11] 1.0

Vem=20m/s [2] Fig. 2(b) 50.0 1.0

Vem=100m/s [2] Fig. 2(b) 250.0 1.0

es. (a) Exhaling (normal respiration, t=1.0 s), (b) inhaling (normal
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direction of inhaling/exhaling is 301 downward (Fig.
2(a)). Two different outlet velocities from mouth for
sneezing or coughing process are considered (Vem=20
and 100m/s, Fig. 2(b)). It should be noted that many
people sneeze more than once in a cycle of sneezing.
However, we only consider sneezing or coughing once
for simplification. In fact, the results in the following
will show that sneezing or coughing only once may
cause long transport distance and high concentration of
particles, which implies that sneezing or coughing more
than once may cause higher concentration. The outlet
particle concentration by respiration, sneezing or
coughing is assumed as 1.0, which may be used as a
relative value. Table 1 presents the air supply para-
meters and other boundary conditions.
As larger particles (dp41 mm) generated from humans

can only be transported within 1.0–1.5m and these
larger particles constitute less than 5% of all the
Fig. 4. Particle concentration at different times during normal

exhaling or inhaling: (a) t=0.5 s, (b) t=1s, (c) t=2.5 s, (d) t=3.0 s.

Fig. 5. Comparison of the simulated flow pattern with the measured o
particles or droplets of one human [12], only fine
particles are considered in the present study. Two
different sizes of particles, 1.0 and 0.5 mm, are con-
sidered. Because results for the two sizes have little
difference, only the results of 1.0 mm are presented next.
The particle density is assumed as 600 kg/m3, which is
the approximate density of ash particles or droplets of
mixture composed of water and air. In fact, because the
particles are fine ones, the density of particles does not
remarkably influence the transport and distribution of
the particles.
4. Results and discussion

4.1. Respiration process

The airflow and particle transport are calculated in
two respiratory periods (8 s) since the respiratory
process begins in the ventilated room. Fig. 3 shows the
streamline at the symmetrical plane (Z=1.5m) during
the first respiration period (see Fig. 2(a)). Because of the
relatively smaller air flow volume when breathing, the
inhaling and exhaling processes have little influence on
the room air flow pattern. Fig. 4 gives the particle
concentration at different times when the human is
exhaling or inhaling. It is seen that the particle
concentration reduces to below 0.001% of the outlet
particle concentration within 1.0m away from the
human. The air exchange rate per hour (ACH) for this
case is 0.5. Thus, we can imagine that a larger air
exchange rate may cause better indoor environment with
lower particle concentration and shorter spreading
distance of particles. This implies that the transport
distance of particles or droplets generated by normal
respiration of patients is limited.

4.2. Sneezing or coughing process

Unlike normal respiration, sneezing or coughing may
produce a large amount of particles of droplets, with a
diameter of about 10–100 mm. However, they will split
into smaller particles of 1–4 mm in a very short time [2].
Therefore, 1.0 mm is again adopted as the particle
ne when sneezing or coughing. (a) Simulated, (b) measured [2].
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Fig. 6. Particle concentration at different times when sneezing or coughing (a–c: Vem=20 m/s, d–f: Vem =100 m/s): (a) t=0.05 s, (b) t=0.5 s, (c)

t=0.8 s, (d) t=0.05 s, (e) t=0.5 s, (f) t=0.8 s.
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diameter in the simulation. Fig. 3(c) shows the stream-
line at the symmetrical plane (Z=1.5m) for an initial
velocity Vem=100.0m/s (see Fig. 2(b)). It is seen that the
large outlet velocity will maintain a much longer
distance of particle transport due to the large momen-
tum. Fig. 5 compares the simulated flow pattern with the
measured one by [2]. The results seem reasonable. Fig. 6
further gives the particle concentration distribution at
different times since the sneezing or coughing begins,
which indicates that sneezing or coughing may cause
long transport distance of particles, although the
ventilation air exchange rate is rather large (5 ACH).
Comparison of the two different outlet velocities of the
sneezing or coughing case indicates that larger sneezing
or coughing velocity will cause further transport and
higher concentration of the exhaled particles or droplets.
Fig. 7 shows the three-dimensional view of the particle
concentration distribution at several different times. The
contour zone stands for the particle concentration where
the value is larger than 1% of the outlet concentration.
If we define ‘‘affecting range’’ as the distance from the
patient to where the concentration reduces to the ‘‘safe
threshold’’, and define ‘‘safe threshold’’ as the percen-
tage of outlet concentration that will not cause adverse
effect on people, Fig. 7 depicts the ‘‘affecting range’’ of
the sneezing or coughing if we consider 1% as the ‘‘safe
threshold’’ (in fact, the exact threshold needs careful
study). The figure also proves that particles generated
during coughing or sneezing may travel a long distance,
which may pose adverse effect on human bodies for
defending the SARS or other infectious diseases. From
the results, good personal habits, that is, covering the
nose and mouth when sneezing or coughing, is very
important for preventing the transmission of the
diseases from human to human.
It should be noted that the above results are based on

oversimplified and ideal scenarios without considering
many influencing factors such as the evaporation of the
droplets, supply and return air system orientation,
blockage of air and particle movement, etc. Thus, the
results should be used with caution. This study,
however, may be considered as a direction in under-
standing the complex phenomena of particle transport
indoors and ultimately, preventing the transmission of
infectious diseases such as SARS.
5. Conclusions

Numerical studies on the transport and distribution of
particles or droplets generated by normal respiration
and sneezing or coughing indoors result in the following
conclusions:
Normal respiration process produces fewer particles

or droplets, which have small influence on indoor
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Fig. 7. 3-D view of the particle concentration at different times when sneezing or coughing (a–d: Vem=20m/s, e–h: Vem=100m/s): (a) t=0.05 s, (b)

t=0.5 s, (c) t=5s, (d) t=10 s, (e) t=0.05 s, (f) t=0.5 s, (g) t=0.6 s, (h) t=1s.

B. Zhao et al. / Building and Environment 40 (2005) 1032–10391038
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environment. And the particles or droplets may only
transport a short distance by normal respiration.
Sneezing or coughing may produce more particles or

droplets, which will transport a long distance. A normal
sneezing or coughing with outlet velocity of 20m/s will
cause the particles or droplets to transport a distance
longer than 3m, and larger outlet velocity will have even
longer distance in shorter time. For the purpose of
defending humans against the diseases, good personal
habits are very important to prevent the virus spreading
via sneezing or coughing.
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