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Abstract

The main objective of this study is to investigate the transport mechanisms of size-dependent airborne particulate matters in

partitioned indoor environment. A three-dimensional Lagrangian particle tracking model is developed herein and validated by reliable

experimental measurement. Four major particle-driving mechanisms (the gravitational force, the drag force, the Brownian motion force

and the Saffman lift force) are considered in the model. Five kinds of particle transport mechanism scenarios are performed, including

the dynamic equation scenario (all considered), the Brownian-motion-neglected scenario, the drag-force-neglected scenario, the lift-force-

neglected scenario, and the inertial-force-neglected scenario (neglecting both the drag force and lift force). Seven different particle

aerodynamic diameters (10, 5, 2.5, 1, 0.5, 0.1 and 0.05 mm), ranging from coarse to ultra-fine particle ranges, are used to investigate the

relationship between particle size and each transport mechanism scenario. The results show that the influence of the drag force and the

inertial force is significant for particle diameter larger than 1mm, and the Brownian motion force is important for particle diameter

smaller than 0.5mm. The Saffman lift force cannot be neglected in a specific range of particle sizes between 2.5 and 5mm.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Airborne particle matters (PM) are ubiquitous in indoor
environment, which could cause adverse impact on the
quality of life and human health [1,2]. Therefore, better
understanding of the transport behaviors of PM is
considered to be valuable for assessing the hazards of
indoor environment. Studies of indoor PM transport
behavior have been conducted by numerical simulations
and experimental measurements [3,4]. Generally, experi-
mental measurements can provide useful details of PM
transport behavior and airflow patterns only on limited
number of sample points, because it is very expensive to
simultaneously obtain temporal and spatial information on
airflow velocity distributions, PM size and concentration
distributions for the entire buildings. Computational fluid
dynamics (CFD) solutions are thus more adequate and
convenient for analyzing detail PM concentration distribu-
e front matter r 2007 Elsevier Ltd. All rights reserved.
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tions inside a building, because building configurations can
be numerically made and modified as required within a
short time. Numerical simulations of PM transport can be
classified into the Eulerian and Lagrangian approaches.
Most Eulerian approach works [5–8] are mainly based on
the advection–diffusion equation together with the gravity
settling, which takes less computing resources. However,
this approach models the particulate phase as a continuum
phase, and is only adequate for simulating gaseous
pollutants or small, noninertial particles that exactly follow
indoor airflow.
Since 1996, the continuing increase in the speed of

computers makes numerical simulation more applicable.
More and more CFD researches [9–16] have been using the
Lagrangian approach to numerically examine indoor PM
transport behaviors. All of the aforementioned Lagrangian
works adapt the particle dynamic equation [12–16] or its
simplified form [9–11]. The particle dynamic equation
considers four major particle driving mechanisms, i.e., the
gravitational force, FG, the drag force, FD, the Saffman lift
force, FS, and the Brownian motion force, FB, and can be
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Nomenclature

C particle mass concentration
Cs Smagorinsky constant
dij deformation rate tensor
dp particle diameter
FB Brownian motion force
FD drag force
FG gravitational force
FS Saffman lift force
g gravitational acceleration
Gi zero-mean, unit variance Gaussian random

number
Ms total mass of suspended particles
P̄ fluid pressure
S0 spectral intensity
S density ratio between particle and adjacent fluid
~Sij fluid strain rate

ūih i time-averaged fluid velocity in the xi direction
ūi instantaneous fluid velocity in the xi direction
ū0i turbulent component of the instantaneous fluid

velocity in the xi direction
u
p
i particle velocity in the xi direction

V volume of each room
xi Cartesian coordinate
r fluid density
rp particle density
n fluid kinematic viscosity
tij subgrid-scale Reynolds stresses
t relaxation time of the particle
d unit delta function
vsgs sub-grid eddy viscosity
D filtered grid size
DS(t) average deviation of displacement during the

tracking period
Dt time step
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expressed as the following [17–19]:
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where ūi is the instantaneous fluid velocity, u
p
i the particle

velocity, r the fluid density, rp the particle density, xi the
coordinate of particles, t the time, dp the particle diameter,
S the density ratio between particle and adjacent fluid, n the
kinematic viscosity, d the unit delta function, t the
relaxation time of the particle, and dijð¼ ðūi;j þ ūj;iÞ=2Þ is
the deformation rate tensor. The Brownian motion force is
usually modeled as the Gaussian white noise random
process, in which Gi is zero-mean, unit variance indepen-
dent Gaussian random number, Dt is the time step, and S0

is spectral intensity of the Gaussian white noise [17,19].
In Eq. (1), the significance of each mechanism acting on

indoor PM transport depends on particle property (particle
diameter and particle density), fluid property (kinematic
viscosity and fluid density) and indoor airflow pattern (air
velocity and pressure). Particle property and fluid property
are usually characterized by particle aerodynamic diameter
at the standard condition (20 1C, 1 atm) [4]. So far, only
Hinds [4] has given the relative importance between the
Brownian motion force and the gravitational force in still
air for various aerodynamic diameters at the standard
condition, by comparing the analytical solutions of the
Stokes–Einstein equation and the Stokes settling equation.
However, most of the buildings worldwide use indoor
partitions to separate the entire building into several isolate
spaces, and have internal airflow between each space. The
PM transport mechanisms in nonquiescent partitioned
environment are quite different from those in still-air
environment [3,4,15]. To be closer to the real situation, it
would be more preferable to study the effect of different
driving mechanisms on particle transport behaviors in
nonquiescent partitioned environment for various particle
aerodynamic diameters. Therefore, in the present study, a
3-D turbulent flow model and a Lagrangian particle-
tracking model are built to understand particle transport
behaviors in partitioned environment. Particle concentra-
tions and trajectories are calculated. A wide range of
particle aerodynamic diameters, from coarse to ultra fine
particle size ranges, are used to investigate the relationship
between aerodynamic diameters and particle driving
mechanisms.
2. Numerical model

For investigating the PM transport mechanisms in
partitioned indoor environment, two numerical models
are adopted herein, namely the Eulerian indoor airflow
model and the Lagrangian particle trajectory-tracking
model. First, the Eulerian indoor airflow model, conduct-
ing the large eddy simulation (LES) of the Eulerian
turbulent flows indoors, is solved first to obtain the
velocity and pressure distributions in the building. Next,
the result of the velocity distribution is then input into the
Lagranigan particle tracking model to calculate the
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velocities and trajectories of individual particles. These two
models are described in the following.

2.1. Three-dimensional (3-D) Eulerian indoor airflow model

LES has recently received more and more attention and
has been successfully applied to several natural ventilation
problems [3,12]. A fully developed turbulent flow contains
eddies of many length scales. In the LES procedure, small
eddies are filtered out, and large eddies are solved
numerically by computing the filtered equations. The
influence of small eddies that are filtered out cannot be
neglected and leads to the subgrid-scale Reynolds stress.
The filtered continuity equation and momentum equation
in LES are listed below

qūi

qxi

¼ 0 (3)

and

qūi

qt
þ

qūiūj

qxj
¼ �

1

r
qP̄

qxi

þ n
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where ūi is the component of instantaneous fluid velocity in
the xi direction, P̄ the fluid pressure, and tij represents the
subgrid-scale Reynolds stresses, which is responsible for
momentum exchanges between the subgrid-scale eddies
and filtered-scale eddies. The bar ‘‘–’’ represents spatial
Fig. 1. Geometry of the two-zone building experiment (Lu et al., 1999).

Table 1

Particle parameters used in the model verification

Case no. Internal opening

size (m�m)

Air change rate

(h�1)

Reynolds numbe

Case 1 0.70� 0.20 11.48 1300

Case 2 0.70� 0.20 14.00 1600

Case 3 0.70� 0.30 11.57 1300

Case 4 0.70� 0.30 12.71 1400

Case 5 0.70� 0.95 9.22 1000

Case 6 0.70� 0.95 10.26 1100
filtering. It should be pointed out that since the above LES
procedure produces time-dependent solutions, the time-
averaged velocities ūih i can be obtained by statistically
analyzing the instantaneous velocities ūi according to ūi ¼

ūih i þ ū0i in which ū0i means the turbulent components of the
instantaneous velocities. The details of the statistical
analysis of LES solutions can be found in Chang et al. [15].
To simulate indoor airflow pattern in nonquiescent

partitioned environment, the Smagorinsky subgrid-scale
model together with the wall function model near the solid
boundary is adopted. The Smagorinsky subgrid-scale
model is related with fluid strain rate and can be expressed
as

tij ¼ �2vsgs ~Sij , (5)

where vsgs is the sub-grid eddy viscosity ð¼ ðCsDÞ
2
ð2 ~Sij

~SijÞ
1=2
Þ;

~Sij is the fluid strain rate, D ¼ (DxiDxjDxk)
1/3 the filtered grid

width in three dimensions. Cs, the Smagorinsky constant
and usually between 0.1 and 0.2 [6,12], is 0.15 in the present
study. The numerical details of solving Eqs. (3)–(5) can be
found in Chang et al. [15].
2.2. Three-dimensional Lagrangian particle tracking model

The 3-D Lagrangian approach used herein is to track
each individual particle through the airflow field by solving
the particle dynamic equations (Eqs. (1) and (2)). Eqs. (1)
and (2) are solved by the fourth-order predictor–corrector
method [20]. Two kinds of boundary conditions are used in
the present study. Trap boundary means that once a
particle touches it, the particle is trapped, and particle-
tracking process would cease. In the particle-tracking
process, walls, floors and ceilings in the building are set
as the trap boundaries. Outflow boundary is used for all
the building exterior outlets. When a particle passes
through the outflow boundary, the particle tracking is
terminated.
Using Eqs. (1) and (2) in the present study, several

assumptions are made to simplify the simulation of PM
transport process without losing its accuracy. The size of
particles is defined by the aerodynamic diameter of
particles. Airborne particles have no influence on sur-
rounding airflow field. There is no heat and mass transfer
between particles and air. In the transport process, particle
r No. of sample

particles

Total initial

particle mass (mg)
Particle mass carried by

each sample particle (mg)

2400 152,857 63.69

2400 104,695 43.62

2400 119,520 49.80

2400 94,536 39.39

2400 117,880 49.12

2400 147,664 61.53
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coagulation, electrostatic force, and phase change are not
considered. Particle re-suspension is not expected because
of the relatively low velocity of indoor environment.
2.3. Particle mass concentration

The concept of particle mass carried by each sample
particle originally proposed by Lu et al. is introduced
herein to calculate the PM mass concentration [9]. The
particle mass carried by each sample particle is the ratio of
the total particle mass injected in the computational
domain to the size of sample particles. By counting
positions of each particle, the calculated particle mass
1.0E+06

1.0E+05

1.0E+04

1.0E+03

1.0E+02

1.0E+01

1.0E+00A
ve

ra
ge

 p
ar

tic
le

 c
on

ce
nt

ra
tio

n 
(µ

g/
m

3 )

0 10 20

Time (min)

30 40

Measured data
Simulations

1.0E+06

1.0E+05

1.0E+04

1.0E+03

1.0E+02

1.0E+01

1.0E+00A
ve

ra
ge

 p
ar

tic
le

 c
on

ce
nt

ra
tio

n 
(µ

g/
m

3 )

0 3 6 9

Time (min)

12

Measured data
Simulations

15 18 21

1.0E+06

1.0E+05

1.0E+04

1.0E+03

A
ve

ra
ge

 p
ar

tic
le

 c
on

ce
nt

ra
tio

n 
(µ

g/
m

3 )

1.0E+02

1.0E+01

1.0E+00
0 6 12 18

Time (min)

24 30 36

Case 1 (Zone 1)

Case 2 (Zone 1)

Case 3 (Zone 1)

Measured data
Simulations

(a)

(b)

(c)

Fig. 2. Comparison of the simulated particle mass concentrations with the

(b) ACH ¼ 14.00 h�1, (c) ACH ¼ 11.57 h�1, (d) ACH ¼ 12.71 h�1 (e) ACH ¼
concentrations C in each room can be determined by

C ¼
MS

V
, (6)

where MS is the total mass of suspended particles in each
room (or zone), and V is the volume of each room.

2.4. Validation of Lagrangian particle-tracking model

To validate the accuracy of the Lagrangian particle-
tracking model developed herein, model verification is
firstly conducted to ensure the precision of the model by
the reliable measured indoor mass concentrations of a full-
scale two-zone building [11]. The experimental chamber
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measured data conducted by Lu et al. (1999). (a) ACH ¼ 11.48 h�1,

9.22 h�1, and (f) ACH ¼ 10.26 h�1.
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Fig. 2. (Continued)
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used by Lu et al. has a size of 5.0m in length, 3.0m in
width, and 2.4m in height, as shown in Fig. 1. The
chamber is divided into two same-size zones by a large
partition with an opening. The interior opening is in the
centerline of the chamber. There is an inflow vent
(1m� 0.5m) at higher location and an outlet vent
(1m� 0.5m) at lower location on two sides of this chamber
separately. All of the walls and openings of the building are
0.15m thick and have the same temperature as the ambient
air. Constant airflow is supplied from the inflow. The
airflow in the building is 20 1C isothermal.

The released particles are equally divided into five size
groups from 1 to 5mm. The density of particles is 865.0kg/m3.
The released particles are uniformly distributed in Zone 1
and motionless initially. The indoor mass concentrations of
both zones are measured. Six cases have been conducted in
their experiments, representing six air change rates (ACH)
with three sizes of interior openings (see Table 1). All of the
six cases are used to verify the present numerical model.
The relevant parameters used in the experiment are also
listed in Table 1. Comparisons of the PM mass concentra-
tions in both zones between the numerical solutions of the
particle dynamic equation and the experiments are shown
in Fig. 2. The mass concentration in Zone 1 lowers down
rapidly because of particle deposition and migration to
Zone 2. On account of the particles migrated from Zone 1,
the mass concentration in Zone 2 for each case apparently
increases in the first minute and then decreases with time.
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0.5 m/s(a)

(b)

Fig. 3. The calculated time-averaged velocity distributions on (a) the X–Z

plane at Y ¼ 1.5m, and (b) the X–Y plane at Z ¼ 0.5m.
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The agreement between the numerical simulations and the
experiments for all the six cases is quite satisfactory.

3. Specifications of numerical scenario simulations

The Lagrangian particle-tracking model (the particle
dynamic equation) has been validated in the previous
section by the reliable experiment conducted by Lu et al.
[11]. Next, the same two-zone building (with 0.95m-height
interior opening) is adopted to study the transport
mechanisms of size-dependent airborne particulate matters
in partitioned indoor environment. The ACH for each
room is reduced to 5 h�1 by lowering the incoming velocity
of the inflow vent, because natural or mechanical ventila-
tion in indoor environment rarely exceeds 7 h�1 [3].

Four major particle driving mechanisms (the gravita-
tional force, the drag force, the Brownian motion force and
the Saffman lift force) are considered in the model. Five
kinds of particle transport mechanism scenarios are
performed, including the dynamic equation scenario (all
considered), the Brownian-motion-neglected scenario, the
drag-force-neglected scenario, the lift-force-neglected sce-
nario, and the inertial-force-neglected scenario (neglecting
both the drag force and lift force). Seven different particle
sizes (10, 5, 2.5, 1, 0.5, 0.1 and 0.05 mm in aerodynamic
diameter), ranging from coarse to ultra-fine particle ranges,
are used to investigate the relationship between particle
diameter and each transport mechanism scenario. During
the particle-tracking period, the trajectories and velocities
of particles are recorded and the particle concentrations are
thus calculated at every time step.

It is important to note that, in the LES approach, the
smallest mesh used herein is 0.05m, which is near the wall
region. After carrying out the LES for several flow-through
times to ensure that the final time-averaged results are
independent of the initial conditions, the time-averaged
velocities and turbulent statistics are collected over 150 s
with a temporal resolution of Dt ¼ 0.003 s. For the
Lagrangian particle tracking process, the time step that
we use is one order smaller than the relaxation time of
particles to ensure the numerical accuracy; 600 ensembles
are undertaken to obtain the ensemble-averaged trajec-
tories for each sample particle at each time step [15,16].

4. Results and discussions

4.1. PM transport patterns

By means of the LES computation and statistical analysis,
the instantaneous and time-average airflow velocities are
determined. Figs. 3(a) and (b) depict the calculated time-
averaged velocity distributions on the X–Z plane at
Y ¼ 1.5m (the centerline plane) and the X–Y plane at
Z ¼ 0.5m, respectively. It can be clearly seen from these
figures that there is a strong incoming jet formed near the
inlet vent in Zone 1. The indoor partition limits the incoming
jet (the primary flow) to move vertically downward towards
the internal opening. A large clockwise-circulating region
with weak velocity, occupying the lower part of Zone 1, is
thus formed. In Zone 2, the primary airflow coming from the
internal opening moves horizontally and finally exits at the
outlet vent. A counterclockwise nonventilated circulation
region, located at the upper part of Zone 2, is observed.
Particle trajectories calculated by the dynamic equation

scenario for aerodynamic diameters of 10, 5, 2.5, 1, 0.5, 0.1,
and 0.05 mm are displayed in Figs. 4(a)–(g), respectively. To
clearly demonstrate the effect of particle size on the particle
trajectories, only 27 particles, uniformly released in
Zone 1, are used for each aerodynamic diameter to plot
Figs. 4(a)–(g). When a particle touches the trap boundary
or passes through the outflow boundary, the particle-
tracking process is terminated. It can be seen from Fig. 4
that for coarse particles (X2.5 mm), most of the particles
are either expelled out of the indoor environment with the
primary flow, or deposited onto the ground or walls. There
is only a small number of particles trapped in the
circulation regions. The particle-tracking process is thus
short. On the other hand, for fine particles (o2.5 mm), part
of the particles follow the primary flow to flow out of the
building, but many particles are trapped in the circulation
regions with spiral-like paths. The particle-tracking process
is thus long. As a result, it is observed that coarser particles
are easier to be taken out of the building than fine particles.
This phenomenon can be explained by the facts that coarse
particles can maintain their velocities for longer time
duration due to larger inertia and relaxation time. The
above reason together with their stronger gravitational
settling causes coarse particles to move easily from one
circulation region to the other ones. On the contrary, fine



ARTICLE IN PRESS

Fig. 4. Particle trajectories for various aerodynamic diameters, (a) 10, (b) 5, (c) 2.5, (d) 1, (e) 0.5, (f) 0.1, and (g) 0.05 mm.
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particles possess smaller inertia and relaxation time, so they
are easily influenced by the surrounding complex indoor
airflow pattern of the two-zone building such as different
length-scale vortex structures, entry momentum jets, and
circulating flows, and trapped in eddies indoors. Thus, the
indoor airflow pattern significantly affects the PM trans-
port behaviors especially for fine particles.
4.2. PM mass concentrations

Based on the time variations of the particle trajectories in
Fig. 4, the PM mass concentrations in Zone 1 and Zone 2
are next calculated by using Eq. (6). The calculated results of
the PM mass concentrations for the Brownian-motion-
neglected scenario, the Saffman lift-force-neglected scenario,
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Table 2

Relative differences of the PM mass concentrations in Zone 1 and Zone 2 between the four scenarios and the dynamic equation scenario for each

aerodynamic diameter at the 15th minute of the tracking time

Particle aerodynamic diameter

Relative difference 10 mm 5 mm 2.5mm 1 mm 0.5 mm 0.1mm 0.05 mm

(%) Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2 Zone 1 Zone 2

Brownian motion force neglected 0.14 0.74 1.31 2.67 1.08 3.14 3.41 4.56 3.91 5.96 4.48 8.20 8.53 15.31

Saffman lift force neglected 2.13 0.14 6.62 17.32 3.82 6.50 3.40 5.02 1.22 4.17 0.70 1.06 0.19 0.24

Drag force neglected 86.36 82.69 34.68 57.42 11.16 22.82 1.65 5.32 2.8 4.91 1.06 1.60 0.14 0.24

Inertial force neglected 87.95 84.5 34.14 62.46 14.62 27.29 3.61 8.43 2.84 6.01 0.96 2.03 0.27 0.34
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the drag-force-neglected scenario, and the inertial-force-
neglected scenario are compared with the results of the
dynamic equation scenario. Table 2 shows the relative
differences of the PM mass concentrations in Zone 1 and
Zone 2 between the above four scenarios and the dynamic
equation scenario for each aerodynamic diameter at the 15th
minute of the tracking time.

In Table 2, the importance of the Brownian motion force is
increased as the particle aerodynamic diameter decreases. For
particle size smaller than 0.5mm, ignoring the Brownian
motion force would result in apparent errors. The Saffman
lift force on PM concentrations is apparently important
between 2.5 and 5mm. The neglect of the Saffman lift force
for 5mm particle causes 17.32% in Zone 2. Contrary to the
Brownian motion force, the significance of the drag force is
increased as the particle aerodynamic diameter increases. The
influence of the drag force becomes apparent for particle
diameter larger than 2.5mm, resulting in more than 15%
averaged error for the entire building. As to the inertial-force-
neglected scenario, neglecting both the drag force and the
Saffman lift force gives more error than the drag-force-
neglected scenario in PM mass concentration estimation. The
inertial force is not negligible for particles larger than 1mm.
4.3. Particle trajectories

After analyzing the influence of each driving mechanism on
the PM mass concentrations, the impact of each driving
mechanism on the PM trajectories is studied as well. In the
Lagrangian particle tracking model, the positions and
velocities of particles can be tracked at every time step.
Based on the PM positions during the particle-tracking
period, the calculated PM average deviations of displacement
for the Brownian-motion-neglected scenario, the Saffman lift-
force-neglected scenario, the drag-force-neglected scenario,
and the inertial-force-neglected scenario are compared with
that of the dynamic equation scenario. The average deviation
of particle displacement is defined in the following:

DSðtÞ ¼

PN
i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxiðtÞ � xdyn;iðtÞÞ

2
þ ðyiðtÞ � ydyn;iðtÞÞ

2
þ ðziðtÞ � zdyn;iðtÞÞ

2
q

N
,

(7)
where N is the number of the released particles, (xdyn,i(t),
ydyn,i(t), zdyn,i(t)) are the coordinates of particles calculated by
the dynamic equation scenario at each particle-tracking time,
and (xi(t), yi(t), zi(t)) are the coordinates of particles for the
other scenarios at each particle-tracking time.
Fig. 5 shows the average deviations of displacement

during the tracking period for various aerodynamic
diameters. For 10 mm particles, as shown in Fig. 5(a), the
average deviation of displacement is about 1m for the
drag-force-neglected scenario and the inertial-force-ne-
glected scenario, and is about 0.01m for the Saffman
lift-force-neglected scenario. In addition, it is evident
that the Brownian motion force makes very slight in-
fluence on the movement of 10 mm particles (two orders
smaller than the drag-force-neglected scenario). In
Fig. 5(b), the drag-force-neglected scenario, the inertial-
force-neglected scenario and the Saffman lift-force-
neglected scenario have almost identical importance on
particle trajectories for 5 mm particles. Nevertheless, the
influence of the Brownian motion force on 5 mm particles
can be still neglected compared to the other driving
mechanisms.
For 2.5 mm particles, the drag force still makes great

impact on the movement of particles. However, as shown
in Fig. 5(c), the Saffman lift force is less important
compared to that for 5 mm particles. In the case of 1 mm
particles (Fig. 5(d)), the drag-force-neglected scenario and
the inertial-force-neglected scenario lead to the highest
deviation. This means that the drag force is still not
negligible. Meanwhile, the Saffman lift force has lesser
influence, which is only as important as the Brownian
motion force. For 0.5 mm particles, the four scenarios
induce the same deviation (Fig. 5(e)). In Figs. 5(f) and (g),
the Brownian motion force is the most important force
among the other driving forces. The average deviation of
displacement caused by neglecting the Brownian motion
force is nearly 10 times greater than that caused by
neglecting the drag force for 0.1 and 0.05 mm particles.
Hence, the Brownian motion force has to be considered for
ultra-fine and nano-scale particles.
It is important to note that the effect of the Saffman lift

force on the average deviation of displacement becomes
more significant in a specific range of particle sizes between
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Fig. 5. The average deviations of particle displacement during the tracking period for various aerodynamic diameters, (a) 10, (b) 5, (c) 2.5, (d) 1, (e) 0.5,

(f) 0.1, and (g) 0.05mm.
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2.5 and 5 mm. For particle diameter above or below this
specific range, the Saffman lift force is negligible.

5. Conclusions

Based on the simulated results, the present research has
led to the following conclusions:
(1)
 For coarse particles, most of the particles are either
expelled out of the indoor environment with the
primary flow, or deposited onto the ground or wall.
The particle-tracking process is short. This is because
coarse particles can maintain their velocities for longer
time duration due to larger inertia and relaxation time,
so that coarse particles can move easily from one
circulation region to the other ones.
(2)
 For fine particles, part of the particles follow the
primary flow to flow out of the building, but many
particles are trapped in the circulation regions with
spiral-like paths. The particle-tracking process is thus
long. This can be explained by the fact that fine
particles possess smaller inertia and relaxation time, so
they are easily influenced by the surrounding complex
indoor airflow pattern of the two-zone building and
trapped in eddies indoors.
(3)
 According to the calculated PM mass concentrations
for various aerodynamic diameters, the significance of
the drag force is increased as the particle diameter
increases, whereas the importance of the Brownian
motion force is increased as the particle diameter
decreases. The influence of the drag force becomes
apparent for particle diameter larger than 2.5 mm. For
particle size smaller than 0.5 mm, ignoring the Brownian
motion force would result in apparent errors. The
Saffman lift force on PM concentrations is apparently
important between 2.5 and 5 mm. As to the inertial-
force-neglected scenario, the inertial force is not
negligible for particles larger than 1 mm.
(4)
 Based on the calculated PM trajectories for various
aerodynamic diameters, the drag force and the inertia
force make great impact on particle movement for
particles larger than 1 mm. On the contrary, the
Brownian motion force is more important for particles
smaller than 0.5 mm. The Saffman lift force becomes
more significant in a specific range of particle sizes
between 2.5 and 5 mm. For particle diameter above or
below this specific range, the Saffman lift force is
negligible.
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