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Abstract 
This paper presents the decay characteristics of expiratory aerosol using large-eddy simulations 
coupled with Lagrangian particle tracking for evaluating the prevention of pathogen infection in  
a typical indoor environment. Ten cases of enclosed-rooms with five different diffuser-induced 
airflow patterns were investigated. For particles about 10 m in diameter, which closely approximates 
the mean diameter of expiratory aerosol, the decay characteristics of each case with no obstacles 
proved that the most efficient case was the floor-supplied displacement type, followed by the 
ceiling-mounted line diffuser, floor-mounted diffuser, and ceiling-mounted square diffuser. The 
least effective case was the ceiling-mounted four-way cassette-type air diffuser under the same air 
changes per hour. However, in the situation of obstacles representing human bodies, the floor- 
supplied displacement type showed worse decay characteristics because of preventing the “piston 
flow-like” one-direction flow. On the other hand, the diffuser cases of the ceiling-mounted square 
type and the ceiling-mounted four-way cassette-type showed improved decay speed by exhaust 
and deposition. In particular, the ceiling-mounted square diffuser showed the most effective 
removal performance. These results imply that the flow configurations that induce small circulation 
caused by the inlet-outlet layout tend to improve the decay characteristics in terms of “the robust 
flow design” in a situation of complex flow field. 
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1 Introduction 

We spend over 90 percent of our time in confined micro- 
environments, i.e. transport, workplace, and residence 
(Klepesis et al. 2001). The apparent importance of controlling 
airborne transmission of infectious agents in indoor 
environments is well recognized. Today, controlling and 
reducing person-to-person airborne transmission of highly 
contagious diseases is a growing concern. The severe acute 
respiratory syndrome (SARS) outbreak in 2003 and the 
so-called swine flu (H1N1) pandemic in 2009 stimulated a 
series of engineering investigations into the transmission 
mechanisms for airborne infectious diseases within buildings. 
The recent increased interest in studying engineering control 
methods for airborne diseases is also associated with rapid 
social and environmental changes, such as urbanization, high 
density living, international air travel, and climate change, 

which have increased the risk of the emergence, re-emergence, 
and spread of different infectious diseases, especially 
airborne diseases (Weiss and McMichael 2004). In general, 
aerosol dynamics differ from gaseous pollutants due to the 
effects of gravity, inertia and deposition on solid surfaces. 
Proper understanding of aerosol transport is required to 
improve exposure assessment tools and models, and adopt 
better ventilation strategies that can substantially reduce 
indoor particle concentration and improve indoor air quality. 
When coughing, sneezing, talking or breathing, people 
inherently generate particles of different sizes and air jets 
with different initial characteristics. In their latest findings, 
Chao et al. (2009) summarized the scarce data on the 
particle size distribution of expiratory aerosols. The airflow 
pattern is the most significant parameter influencing 
droplet transport in indoor environments (e.g. Chao and 
Wan 2006). The choice of ventilation scheme controls the 
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global airflow pattern and thus the ultimate distribution of 
pollutants. A recent study has shown that the unidirectional 
upward ventilation system which has one-way flow direction 
from floor to ceiling is more efficient in removing small 
droplets, while the single-side floor ventilation system which 
has room-center inflow and room-side exhaust on the same 
floor is more efficient in removing large droplets (Chao 
and Wan 2006; Wan and Chao 2007). These studies show 
that in order to design an effective ventilation system, it is 
crucial to have a reliable tool that is able to predict airflow 
patterns and particle distribution and dispersion indoors. 
This can be achieved through the use of computational 
fluid dynamics (CFD), which has the capacity to provide 
microscopic information on the indoor air environment. In 
terms of CFD methods, typically the Reynolds-averaged 
Navier-Stokes (RANS) simulation is used to predict indoor 
airflow patterns. However, most RANS-based CFD methods 
have certain drawbacks, especially when predicting unsteady 
phenomena and complex flow geometry. On the other hand, 
large-eddy simulation (LES) is recognized as a powerful 
tool for satisfying the constant desire for more accurate 
predictions. LES directly resolves the transient behavior of 
large-scale turbulent motion, which tends to have the 
greatest influence on turbulent transport, yet fewer adjustable 
constants are required (Zhang et al. 2007). LES resolves 
time-dependent turbulent flows with three-dimensional 
turbulent phenomena. Thus, LES can account for the time 
and transport effects of turbulence on aerosol dispersion 
and deposition. Although LES requires far more computing 
power compared with RANS, developments in computing 
speed and falling prices now enable LES computations to 
be carried out using current computer resources, so many 
recent tasks have concerned a number of indoor airflow  
problems (e.g. Berrouk et al. 2010).  

In this paper, in terms of evaluating the ability to prevent 
pathogen infections in indoor people-gathering situations 
like a hospital waiting room, the decay characteristics of 
expiratory aerosol in indoor environments were investigated 
using LES coupling with Lagrangian particle tracking. A 
Lagrangian method, which is able to simulate water droplet 
behavior with seven particle diameters, was adopted 
simultaneously. This investigation focuses on the decay 
characteristics of usual indoor environments, unlike hospital 
isolation rooms for preventing airborne pathogen infection. 
Indeed, it is important to introduce the latest airflow 
technology (e.g. Bolashikov and Melikov 2009) so as to 
control and reduce person-to-person airborne transmission. 
However, it is likely that heating, ventilating and air- 
conditioning (HVAC) systems will remain the norm in 
most usual buildings. Therefore, we consider it more practical 
to combine the existing HVAC systems with removal or 
eradication approaches such as ultraviolet germicidal 

irradiation (UVGI) systems (e.g. Sung and Kato 2010). The 
goal of this study is to create an airflow design method that 
enables the risk evaluation of airborne pathogen infection 
to be reduced by combining a conventional HVAC system 
with an additional removal system, such as UVGI. As a  
first step, it is necessary to clarify the behavior of airborne 
pathogens, i.e. dispersion of expiratory aerosol in typical 
indoor environment airflow patterns induced by the most 
common air inlet-outlet layouts. Ten cases of enclosed- 
rooms, which consisted of two indoor obstacle situations 
(obstacles representing human bodies and no obstacles) 
and with five different diffuser-induced airflow patterns 
were investigated. The five different diffuser-induced airflow 
patterns were namely four-way cassette-type diffuser, square- 
type diffuser, breeze-line-type diffuser, floor-supplied diffuser 
and full-floor supplied displacement type, all under the same  
air changes per hour (ACH) condition. 

2 Calculation conditions 

2.1 Calculation cases 

Figure 1 shows the calculation environment and initial 
particle position. In this paper, when investigating the indoor 
decay process of expiratory aerosol in locations where 
multiple people congregate, it is difficult to specify the 
position where the expiratory aerosol is generated. Therefore, 
particles are placed at the respiratory height position in a 
sedentary state (h = 1–1.2 m, shown as a particle cloud 
position in Fig. 1) in advance for typical indoor airflow 
environments using a common air inlet-outlet layout. 
Figure 1(a) shows the calculation area with no human body. 
Figure 1(b) shows the calculation area with 12 sedentary 
human bodies. The calculation cases are shown in Table 1, 
while the calculation space configuration of each case is 
shown in Fig. 2. Each case has the same dimensions and 
ACH (=16, equivalent to 1769 m3/h) condition. The nominal 
time constant is 225 s. The room dimensions are 6.4 m  
6.4 m  2.7 m (L  W  H), which assume the minimum 
configuration of a typical office layout module. Five different 
diffuser-induced airflow patterns are considered; (1) Case 
4WC: this case replicates a standard four-way cassette type 
HVAC unit, and has 16 inlets and four outlets in total, all set 
in the ceiling; (2) Case BLD: this case replicates the breeze- 
line-type diffuser unit, and has four inlets and two outlets 
in total, all set in the ceiling; (3) Case SD: this case replicates 
the square-type diffuser unit, which has six inlets and two 
outlets in total, both set in the ceiling; (4) Case FD: this 
case replicates the floor-supplied diffuser unit, which has 
16 inlets set into the floor and two outlets in the ceiling; 
and (5) Case FSD: this case replicates a full-floor supplied 
displacement type. Inlet air is supplied across the entire  
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floor area, and two outlets are set in the ceiling. For the  
five diffuser-induced airflow patterns, two room obstacle 
situations (obstacles representing 12 human bodies of 
sedentary state and no obstacles) were applied: in total, ten 
cases of flow configuration were carried out. In these cases 
of obstacles representing human bodies, the layout of human 
bodies reflects that of a hospital waiting room. In each case, 
the turning of diffusion characteristics that calibrate the 
modeled diffuser against an actual one is not applied for each 

air diffuser, since the focus is on large-scale air circulation 
induced by the diffuser in each case. The calculation mesh 
number of each case is shown in Table 1, with each mesh 
having 1.7–3.2 million elements. The order of the mesh- 
discretized width is the order of O(10–2) m. These calculation 
cases do not treat the thermal transportation since they 
focus on the relation between the inlet-outlet layout and the 
decay process of expiratory aerosol, therefore heat sources  
from human bodies are not considered. 

 

Fig. 1 Calculation space (unit: m) and initial particle position (diffuser type shown in figure: 4-way cassette unit type) 

 

Fig. 2 Calculation space configurations for each case 
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Table 1 Calculation case  
Case Type Grid number (x  y  z) 

4WC 4-way cassette 200  200  54 = 2 160 000 elements 
(with bodies: 3 241 334 elements) 

BLD Breeze-line 
diffuser 

181  171  54 = 1 671 354 elements 
(with bodies: 2 350 471 elements) 

SD Square diffuser 194  167  54= 1 749 492 elements 
(with bodies: 2 765 308 elements) 

FD Floor diffuser 238  217  54 = 2 788 884 elements 
(with bodies: 3 680 977 elements) 

FSD Floor-supply 
displacement 

194  167  54 = 1 749 492 elements 
(with bodies: 2 765 308 elements) 

2.2 Calculation methods 

The calculation conditions are shown in Table 2. In this 
paper, modified OpenFOAM-1.7.1 was used as the solver. 
OpenFOAM is an open-source CFD solver developed by 
Henry Weller and others (Weller et al. 1998). In this study, 
LES was used. As the sub-grid scale (SGS) model, the 
Standard Smagorinsky model (Smagorinsky 1963) was 
adopted, and the Smagorinsky coefficient was set as Cs=0.12. 
In the LES calculation, the concentration transport equation 
was carried out to evaluate the age of air, and the SGS 
Schmidt number is ScSGS=0.5. Prior to the LES calculation, 
RANS simulations employed with standard k- model were 
carried out to reduce the LES calculation time. After the 
RANS simulations, each case was processed with a 300 s 
calculation time for the pre-running calculation, and time- 
integrated for 300 s. The computational time for each case 
was about 10 days using the domain decomposition method 
and 8-way parallel processing with a PC cluster (CPU: X5570  
Xeon, 2.93 GHz, 8 cores/node). 

2.3 Boundary conditions 

The boundary conditions are shown in Table 3, and the inlet 
boundary conditions for each case are shown in Fig. 2. Each 
case except for Case 4WC had the inflow velocity normal 
set to the inflow boundary plane; in Case 4WC, the inflow 
velocity was set at a 45-degree angle from the ceiling plane. 

Table 2 Calculation conditions 
CFD solver OpenFOAM-1.7.1 

SGS model Standard Smagorinsky (Cs=0.12) 
Grid system Finite volume method 
Spatial  

interpolation 
Convection term: 2nd order central 
Diffusion term: 2nd order central 

Momentum-pressure 
coupling 

PISO 
 

Time stepping 2nd order implicit 
t 0.0035 s (Max Courant number is less than 0.6)

Table 3 Boundary conditions 
Inflow Momentum: refer to Fig. 2 

Fluctuation: random (=15%) 
Concentration: zero 

Outflow Momentum: zero gradient 
Concentration: zero gradient 

Wall Momentum: Spalding’s law 
Concentration: zero gradient 

 
The fluctuation in inflow velocity for each case was 
generated randomly, and the standard deviation of the 
velocity fluctuation was set at 15 percent of the averaged 
inflow velocity. In each case with a wall boundary, Spalding 
law was applied as the near-wall velocity treatment model. To 
calculate the age of air, the source term of the concentration 
equation was considered using 1 g/(m3·s) spatially uniform  
generation, with 0 g/(m2·s) considered as the inflow boundary. 

2.4 Lagrangian calculation conditions 

The Lagrangian calculation conditions are shown in Table 4. 
As this concerns expiratory aerosol, especially coughed spit 
droplets, seven different diameters of particles were treated 
in this study (d = 1, 5, 10, 30, 50, 100, 200 m). Each particle 
was calculated online with LES time marching. Each particle 
was placed at respiratory height in a sedentary state (h = 
1–1.2 m, shown as the particle cloud position in Fig. 1), 
50 000 particles of each diameter (350 000 particles in total) 
were set uniformly in the area in advance. The SGS dispersion 
effect for particles was not considered because the SGS 
effect is negligible compared with the grid-scale turbulent 
dispersion effect. At each wall surface and human body 
surface, the sticking condition was applied for each diameter 
particle, which means such particles are removed not only  
from the exhaust boundary but also the all surface. 

Table 4 Lagrangian calculation conditions 
Material Water (=998 kg/m3) 

Diameter d = 1, 5, 10, 30, 50, 100, 200 m 
Particle momentum  

equation term 
Drag term (Stokes’ drag law), gravity term 

Dispersion model None (grid scale convection only) 
Initial number 50 000 (of each particle diameter) 
Boundary effects Supply inlet: reflect (Case FSD: trap) 

Exhaust outlet: escape 
Solid surface: trap 

3 Results 

3.1 Scale for Ventilation Efficiency 3 

The Scale for Ventilation Efficiency 3 (SVE3, Kato and 
Murakami 1992) for each case is shown in Fig. 3. The figure  
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Fig. 3 Comparison of SVE3 

shows the SVE3 value averaged in the room volume. SVE3 is 
the normalized air-age value by nominal time constant. Both 
the situation of “no obstacles” and “obstacles representing 
human bodies” show almost the same value in each case. 
The value for Case 4WC is the highest of these cases, with a 
value of 1.3. The other cases range between 0.8 and 1.0. The 
SVE3 value for Case 4WC means the room-averaged air 
age exceeds the nominal time constant, and this value is 60 
percent higher than Cases FSD and BLD. According to the 
SVE3 contours (data not shown), the distribution of high 
SVE3 value in Case 4WC is greater than the other cases, 
due to the locally strong circulation flow. Regarding Case 
FSD with obstacles representing human bodies, the decay 
characteristics of the floor-supplied displacement type was 
worse because of preventing the “piston flow-like” one-  
direction flow and forming local small circulation.  

3.2 Decay ratio decay of expiratory aerosol (no obstacles) 

The time history for the particle ratio remaining in the 
room with no obstacles in each case is shown in Fig. 4. The 
decay speed, which is expressed as the slope of line in Fig. 4, 
for each case was shown to be approximately the same in 
the particle diameter range d = 1–50 m. In the range d = 
1–50 m, Case 4WC has the slowest decay speed among 
these cases, followed by Case SD, then Cases BLD and FD 
with almost the same speed. Even though Cases FSD and BLD 
have almost the same SVE3 value, Case FSD shows 1.4–2 
times higher decay speed than the other case. Case FD exhibits 
the same decay process as Case BLD in the range d = 1–5 m. 
On the other hand, Case FD exhibits approximately the 
same decay process as Case SD in the range d = 10–50 m, 
this tendency implies the emerging gravitational effect and 
solid-surface deposition. At d = 100 m, the results of the 
cases show a different distribution compared with the aerosols 
at less than d = 50 m. In Case FD, in particular, the decay 
speed at d = 100 m is slower than those at d = 50 m or less, 
and the decay speed at the same diameter becomes almost 
identical to those in Cases BLD and FD beyond 250 s. At 

this diameter, Case 4WC—which shows an increased decay 
speed compared with under the d = 50 m—corresponds 
to Case SD. At d = 200 m, each case demonstrates a higher 
decay speed. At this diameter, the decay speed is greater 
than those at the d =100 m or smaller in each case. The 
speed becomes more than twice as fast as those with smaller 
diameters beyond 250 s with very little difference among 
the cases except for Case FSD. In Case FSD, it appears that 
the deposition speed balances with the vertical up-flow from 
the floor inlet, resulting in dramatic decay after 100 s and  
the particles were almost completely removed after 180 s. 

The percentage of particles remaining after a nominal 
time constant in each case is shown in Fig. 5. Cases 4WC, 
BLD and SD categorized as ceiling inlet and outlet types 
tend to exhibit a decrease in the remaining number in 
correspondence with the increase in particle diameter. Within 
these three cases, in the range d = 1–50 m, the difference 
between Cases 4WC and SD is 5%–8%, while the difference 
between Cases BLD and SD is 5%–7%, respectively. These 
results indicate that a maximum difference of approximately 
30% occurs between the same types of ceiling inlet diffusers. 
In contrast to the ceiling inlet type, Case FD shows a peak 
in the remaining percentage at d = 30 m because of the 
opposing directions between the gravitational deposition 
direction and up-flow direction from the floor diffuser 
respectively. Because of displacement ventilation, Case FSD 
shows the least remaining percentage in this study. However 
this case tends to exhibit an increase in the remaining 
existing percentage at d = 100 m because of the conflict 
between the gravitational deposition direction and up-flow 
direction from the floor. Particles of d = 200 m are almost 
completely removed in this case, because the force of 
gravitational deposition exceeds the vertical up-flow preventing  
a recirculation flow. 

3.3 Percentage of particles removed (no obstacles) 

The percentage of particles removed after a nominal time 
constant with no obstacles is shown in Fig. 6. This figure also 
shows the removal ratio by ceiling, floor, and wall deposition 
and by exhaust vent. Cases 4WC, BLD, and SD, which are 
ceiling inlet types, show the same ratio for solid-surface 
deposition removal and the exhaust vent. These cases also 
tend to exhibit an increasing deposition ratio corresponding 
to the increasing particle diameter, with the ratio accounting 
for 20%–30% in d = 1–50 m. On the other hand, Case FD, 
which is a floor diffuser type, shows the same ratio of 
exhaust vent as the ceiling inlet type; however this case also 
has an increased deposition ratio. Case FSD shows the 
exhaust vent dominantly accounts for the removal ratio in 
the range d = 1–100 m, which means these particles are 
smoothly conveyed from the initial position to the exhaust  
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vent without touching a solid surface. In contrast to the 
d = 1–100 m range, particles of d = 200 m are almost all 
removed by solid-surface deposition. In this range, the cases 
except for Case FSD show that 20%–30% of these particles 
are removed via the exhaust vent. The flow pattern greatly 
affects the removal ratio by deposition or exhaust. According 
to Chao et al. (2009), the mean diameters of expiratory 

aerosol are d = 13.5 m when coughing and d = 16.0 m 
when speaking. In terms of this study, concerning the 
d = 10.0 m decay characteristics, Case FSD is the most 
efficient, followed in order by Cases BLD, FD, and SD, with 
Case 4WC being worst under the same ACH. Except for 
displacement type Case FSD, the circulation flow pattern  
affects the decay characteristics. 

 
Fig. 4 Decay ratio for different ventilation flow patterns (no obstacles) 



Hasama / Building Simulation / Vol. 6, No. 3 

 

231

 
Fig. 5 Percentage of particles of each diameter remaining after 
nominal time constant (no obstacles) 

3.4 Decay ratio decay of expiratory aerosol (with obstacles 
representing human bodies) 

The time history for the particle ratio remaining in the 
room with obstacles representing human bodies is shown 
in Fig. 7. To understand the behavior of different diameter 
order, the results of d =10 m and 100 m are shown in  
this figure. Compared with Fig. 4 and Fig. 7, the decay 
characteristics were significantly changed because of obstacles 
representing human bodies in particular diffuse cases. In 
the d = 10 m result shown in Fig. 7, the decay speed of Case 
4WC, BLD, FD, show almost the same or slight increase 
compared with the results of no obstacles in Fig. 4. On the  

 
Fig. 6 Percentage of particles removed after nominal time constant in room (no obstacles) 

 
Fig. 7 Percentage of particles of each diameter remaining after nominal time constant (with bodies) 
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other hand, the decay speed of Case SD with human bodies 
was increased. By contrast, Case FSD in Fig. 7 shows a 
decreased decay speed compared with the one in Fig. 4. The 
result in d = 100 m shows the same tendency as the one in  
d = 10 m. 

3.5 Percentage of particles removed (comparison of “no 
obstacles” and “obstacles representing human bodies”) 

The percentage of particles removed after a nominal time 
constant is shown in Fig. 8 and Fig. 9. In these figures, (a) 
shows the no obstacles situation, (b) shows the situation 
with obstacles representing human bodies. In the d = 10 m 
result shown in Fig. 8, each of the diffuser cases with 
obstacles representing human bodies shows additional 
deposition on the human body surfaces. In particular, Cases 
BLD and SD show a significant deposition increase on the 
surface with 6%–7%. However, because of decreasing the 
removed ratio of exhaust in Case BLD, the total percentage 
of particle removal in this case was only slightly increase.  

On the other hand, Case SD shows that both the increase in 
exhaust and ordinary deposition addition to the human 
surface deposition, result in a significance increase from 
69% to 85%. The result in d = 100 m shows the same 
tendency as the one in d = 10 m. The diffuser cases that 
induce small circulation scale caused by the inlet-outlet layout 
tend to improve the decay characteristics, corresponding to 
the flow pattern of Cases 4WC and SD correspond. The 
decay characteristics of the floor-supplied displacement 
type Case BLD was worsen because of preventing “piston 
flow-like” one-direction flow. These results imply that the 
flow configurations that induce small circulation caused  
by the inlet-outlet layout tend to improve the decay 
characteristics in terms of “the robust flow design” in a  
complex flow field. 

4 Conclusions 

(1) The decay characteristics of expiratory aerosol in indoor 
environments were investigated using LES coupling with 

 
Fig. 8 Percentage of particles removed after nominal time constant in room (d =10 m) 

 
Fig. 9 Percentage of particles removed after nominal time constant in room (d = 100 m) 
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the Lagrangian particle tracking in terms of evaluating the 
ability to prevent pathogen infection. Five diffuser-induced 
airflow patterns and two room obstacle situation (obstacles 
representing 12 human bodies of sedentary state and no 
obstacles) were applied: a total of ten cases of flow con-  
figuration were carried out. 

(2) The room-averaged value of SVE3 for Case 4WC is 
the highest of these cases, with a value of 1.3. The other 
cases scored 0.8 to 1.0. Both situation of “no obstacles” and 
“obstacles representing human bodies” show almost the 
same value in each case. Regarding Case FSD with obstacles 
representing human bodies, the decay characteristics of the 
floor-supplied displacement type was worse because of 
preventing the “piston flow-like” one-direction flow and  
forming local small circulation.  

(3) In the diameter range d = 1–50 m of “no body”, 
Case 4WC exhibited the slowest decay followed by Case SD,  
with Cases BLD and FD third, both at almost the same rate. 
Case FSD decayed fastest among these cases. Aerosol in Case 
FSD decays 1.4–2 times faster than the other comparative 
cases despite the SVE3 rating for this case being almost the 
same as Case BLD. In terms of the percentage of particles 
remaining after a nominal time constant, up to a 30% 
difference occurs among the same type of ceiling inlet 
diffusers for particles in the d = 1–50 m range. In terms of 
the decay characteristics for particles of d = 10.0 m, which 
is approximately the mean diameter of expiratory aerosol 
generated by coughing and speaking, Case FSD was most 
efficient, followed in order by Cases BLD, FD, and SD, while  
Case 4WC proved worst under the same ACH conditions. 

(4) In the situation with obstacles representing human 
bodies, from the results of d = 10 m and 100 m, the decay 
speed of Cases 4WC, BLD, FD, show almost the same or a 
slight increase compared with the results of no obstacles. 
On the other hand, the decay speed of Case SD with human 
bodies was increased. By contrast, Case FSD shows a 
decreased decay speed compared with the one of no 
obstacles situation. In particular, Case SD shows that both 
the increase in exhaust and ordinary deposition addition  
to the human surface deposition, result in a significance  
increase from 69% to 85%.  

(5) The diffuser cases that induce a small circulation 
scale caused by the inlet-outlet layout tend to improve the 
decay characteristics, corresponding to the flow pattern of 
Case 4WC and SD. The decay characteristics of the floor- 
supplied displacement type Case BLD was worsen because 
of preventing “piston flow-like” one-direction flow. These 
results imply that the flow configurations that induce small  

circulation caused by the inlet-outlet layout tend to improve 
the decay characteristics in terms of “the robust flow design”  
in a complex flow field. 
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