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The  transient  air  flow,  particle  dispersion,  and  particle  exposure  risk  during  and  after  transient  vehicle
exhaust  in  an  underground  parking  lot  was  investigated  in  the  present  study.  The  Realizable  k-ε  model
together  with  particle  transport  theory  was  employed  and  a  parking  space  with  two  cars  idling  and
emitting  exhaust  and  four  cars  at rest  was  established.  A three-dimensional  model was  validated  by
comparing  the  simulated  results  with  measured  data  in  a  residential  underground  parking  lot  of  Harbin,
China.  Particle  exposure  risk  during  and after transient  vehicle  exhaust  was  also  evaluated  using  the
index  of intake  fraction.  The  simulation  results  showed  that the  stream  of vehicle  exhaust  and  particles
article dispersion
xposure risk
ransient exhaust
nderground parking lot

dispersed  from  the  space  between  two  opposite  cars in  the upward  direction  during  the  first  30  s  after
vehicle  exhaust  was  emitted.  A  remarkable  downward  dispersion  of  particles  from  the  roof  to the  ground
was  observed  after  the vehicle  stopped  emitting  exhaust.  Intake  fraction  of  particles  increased  linearly
with time  since  exhaust  and  grew  to approximately  1.4 × 10−3 for adult  and  1.2  × 10−3 for  child  at  300  s
after  the vehicle  exhaust  stopped,  respectively.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Inhalation exposure to nanoparticles poses a significant health
isk [1]. The correlation of increased disease and mortality rate
rom cardiovascular and respiratory diseases with particle pollu-
ion has been validated by various studies [2–4]. In most urban
reas, it is believed that particles emitted from vehicles are the
rimary sources of nanoparticle pollution. Owing to the negative

mpacts on human health, prediction of vehicle particle dispersion
as attracted substantial attention from the scientific community.

In China, underground parking lots are prevalent in residen-
ial areas, as ground space has become increasingly limited. In
nderground parking lots, vehicles park very closely; the distance
etween vehicles is usually no more than 0.5 m in the width-
ise direction. Such parking contributes to particles congregating

round the vehicles, especially in the space between the vehicles.
igh particle concentration attributed to congregation around the
ehicles has severe damage to the health of the drivers and passen-

ers who pass through the near wake region of the vehicles. Health
s most affected during the morning rush hour when the number
f vehicles with the engine running at the same time is high [5].

∗ Corresponding author.
E-mail address: zhaojn@hit.edu.cn (J. Zhao).

ttp://dx.doi.org/10.1016/j.enbuild.2016.09.051
378-7788/© 2016 Elsevier B.V. All rights reserved.
Furthermore, engine idling, which is quite common when a vehi-
cle is first started, has been shown to be associated with higher
exposure to nanoparticle pollution compared with moving vehi-
cles, as the turbulent dispersion induced by the wake of a moving
vehicle is absent under idling conditions [6,7]. Thermal buoyancy
caused by significant temperature differences between the vehi-
cle tailpipe and the ambient environment could also contribute to
the enhancement of particle dispersion in the underground park-
ing lot [8,9]. Combined with the high temperature difference and
the enclosed environment, intensive research on characteristics of
particle dispersion is essential, as this scenario is considerably dif-
ferent from that which would occur in an outdoor environment
such as a highway or roadside.

Several methods have been employed to predict particle dis-
persion in different scales, such as near/far wake region of the
vehicle, street canyons, neighborhoods, and cities and on a regional
scale [10]. Kumar et al. reviewed the dynamics and dispersion
modeling of nanoparticles from vehicles in the urban environment
and indicated that flow was  more turbulent and that the turbu-
lence characteristics were unique compared with mixing features
in other scales, which could result in a complex particle dispersion

trend at the near wake region [11]. Since the characteristics of par-
ticle dispersion in the near wake are considerably different from
the far wake and even larger scales, no series of the Gaussian the-
ory dispersion model that could successfully assess the pollutant

dx.doi.org/10.1016/j.enbuild.2016.09.051
http://www.sciencedirect.com/science/journal/03787788
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2016.09.051&domain=pdf
mailto:zhaojn@hit.edu.cn
dx.doi.org/10.1016/j.enbuild.2016.09.051
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oncentrations at urban scales and far wake region of vehicle can
e employed for predicting particle dispersion in the near wake.
odels such as CALINE (California Line Source Dispersion Model),
SPM (Operational Street Pollution Model) and MAT  (Multi-plume
erosol dynamics and Transport) [12–16], could not be simply
mployed to evaluate particle dispersion in the near wake region
f vehicles as the persistent recirculation and vortices in this region
esults in particle dispersion no longer following the Gaussian dis-
ribution model. In recent years, to overcome the disadvantage of
he Gaussian dispersion model, researchers studying the develop-

ent of particle dispersion in the near wake region have considered
17,18] Computational Fluid Dynamics (CFD) -based models using
eynolds Average Navier-Stokes (RANS) or Large Eddy Simulation
LES) techniques that integrate particle dynamics models. These

odels have recently been used for particle dispersion process
n the near wake of a vehicle [6,19,20]. The dispersion of vehicle
xhaust pollutants under idle conditions in congested traffic and
ntersections has also been studied by some researchers [21–23].
evertheless, most researchers have focused on predicting parti-
le dispersion on the roadway [11] and indoors such as ventilation
ooms [24,25]. The characteristics of particle dispersion under idle
onditions in an enclosed environment, as is the real situation in
nderground parking lots, has not yet been fully understood.

Thus, the aim of this study is to analyze characteristics of particle
ispersion and exposure risk at the near region of a vehicle during
nd after vehicle exhaust in underground parking lots, combining a
ealizable k-ε  model and Eulerian particle transport model. Parti-
le size distribution was treated by nine bins based on the particle
istribution measured by Gao et al. Transient air flow and par-
icle concentration from the tailpipe during vehicle exhaust was

onitored for 120 s; particle dispersion when the vehicle stopped
xhausting was monitored for 300 s. Both conditions were sim-
lated simultaneously, as this would be the realistic manner of
ehicle owners in underground parking lot. Intake fraction was also
onsidered in order to evaluate the relationship between particle
ollution and human exposure.

. Methodology

.1. Turbulent flow model

The Realizable k-ε  model developed by Shih et al. has been
uccessfully validated to perform well for a variety of flow includ-
ng jets and thermal buoyancy plumes in enclosed environments
26–28]. In this study, the Realizable k-ε  model was adopted to
imulate the time-dependent flow fields during and after vehicle
xhaust. At the near-wall region, the Reynolds number for flow is
uite low and the Realizable k-ε  model that is suitable for a high
eynolds number cannot be employed. To overcome the disadvan-
age of Realizable k-ε  model when simulating low Reynolds number
ow within the near-wall region, all y+ Wall Treatment was also
mployed in the study [29].

.2. Particle transport model

To simplify the particle dynamic and transformation and to
nhance simulation efficiency, this study neglected resuspension
nd the effect of particles on turbulent flow as particle volume frac-
ion in the vehicle exhaust plume was very low. All particles were
lso assumed to be spherical in shape, and the particle density was
onstant during the simulation. Lastly, nucleation was  not included

n the study as it was already formed after 0.7 s residence time in
he near wake region [11]. As the transient simulation was  con-
ucted for no more than 10 min, particle coagulation above 10 nm

s too slow to substantially affect the number concentrations [11]
Fig. 1. Particle size distribution in the study. Particle number concentration in each
bin  was obtained based on sectional method in Zhao et al. [30].

and could also be neglected in the study. An Eulerian method that
treats particles as a continuum was employed for describing parti-
cle dispersion in the study, which was  consistent with our previous
work [30].

Particle diameter is the key parameter for determining the par-
ticle dynamics such as deposition. In the present study, the particle
size distribution and discrete methods were the same as for our
previous study in our previous work [30]. The respective particle
diameter and number concentration in each bin is listed in Fig. 1.

For each particle bin in Fig. 1, the governing transport equation
describing the particle concentration variation is shown in Eq. (1).

∂Ci

∂t
+ ∂

∂xj

[(
→
uj + VTSi)Ci − (Di + vpi

)
∂Ci

∂xj

] = Sci (1)

where Ci represents particle number concentration in each particle
bin (i = 1,2,. . .,9); xj (j = 1,2,3) represents the three coordinates; uj

is the average air velocity components in the three directions; VTSi

is the terminal settling velocity of particles in each particle bin due
to gravity; Di is the Brownian diffusivity of particles in each parti-
cle bin; vpi is the particle turbulent dispersion coefficient in each
particle bin; and Sci is the source term such as nucleation, coagu-
lation, and condensation in each particle bin. Since these particles
sink and transformations were not considered in the present study,
the source term Sci is 0.

The average air velocity component uj in the three directions
is computed by solving the RANS equations with the Realizable
k-ε model. In addition, the velocity of particles undergoing gravi-
tational settling VTSi is mostly determined by particle size and can
be calculated based on Eq. (2) [31].

VTSi =
�Pd

2

pi
gCci

18�
(2)

where �p represents particle density, dpi is the particle diameter in
each particle bin, g is the gravitational acceleration, and Cci is the
Cunningham correction factor in each particle bin, which is shown
in Eq. (3); � is the kinetic viscosity of air.

Cci = 1 + �

dpi
[2.514 + 0.800 exp(−0.55

dpi

�
)] (3)

where � is air mean free path. The turbulent flow is treated as ideal-
gas flow in the study. The air mean free path � can be calculated by
Eq. (4).

� = kT√
2

(4)

2�d p

where k is Boltzmann’s constant, 1.3807 × 10−23 J/K, T is the ambi-
ent temperature, d is the air molecule diameter, and p is the air
pressure.
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Fig. 2. Model geometry in the study. Nos. 1–6

Brownian dispersion is the primary transport mechanism for
articles less than 0.1 �m in size. Brownian motion is the irregular
iggling motion of an aerosol particle that is caused by random

ariations in the incessant bombardment of gas molecules against
he particle. Transport of particles is always from an area of higher
oncentration to an area of lower concentration. Both processes are
haracterized by the particle dispersion coefficient in each particle
in Di. The dispersion coefficient is the constant of proportionality
hat relates the flux of particles and the concentration gradient. This
elationship is called Fick’s first law of dispersion and the dispersion
oefficient in each particle bin Di can be determined by Eq. (5).

i = kTCci

3��dpi
(5)

Particle turbulent dispersion is common and important to con-
ider in understanding the particle dispersion. It is relative to the
uid turbulent dispersion. The relationship between the particle
urbulent dispersion coefficient vpi and the air dispersion coeffi-
ient vti in each particle bin has been theoretically studied by Tchen
32]. Hinze then developed a mathematical derivation of their rela-
ion [33]. The Hinze–Tchen equation is employed for calculating
he particle turbulent dispersion coefficient.

vpi

vti
= (1 + �pi

�ti
)
−1

(6)

here �pi is the particle relaxation time in each bin, given by

pi =
�pd2

pi
Cci

18�
(7)

ti is the turbulent fluctuation time, given by

ti =
√

3
2

C
3⁄4
�

k

ε
(8)
For the particle size range in the study, �pi/�ti « 1. Therefore, vpi

s equal to vti. The calculation of the air dispersion coefficient vti is
erformed by solving the RANS equations with the Realizable k-ε
odel.
e figure represent car numbers in the model.

3. Model procedure

3.1. Analytical model and simulation conditions

The analytical model in the study was  defined as six
parking spaces located in the middle of a one-storey resi-
dential underground parking lot in Harbin, China. The model
geometry was  17.5 m,  9.8 m,  and 4.2 m in X, Y, and Z direc-
tion, respectively. Six gasoline-powered cars with dimensions
of 4.5 m (L) × 1.8 m (W)  × 1.3 m (H) were placed with exhaust
tailpipes opposite to one another at a distance of 0.5 m inside the
parking spaces. The exhaust tailpipe exit of the studied car had a
diameter of 0.05 m,  was  on the right side of the car, and was 0.3 m
above the ground. During the particle dispersion simulation, the
ambient environment was  almost static. A detailed description of
the model geometry can be found in Fig. 2.

Initial and boundary conditions in the model were the same
as our previous research [30]. No-slip conditions were established
for car surfaces, column, ceiling, and floor. The tailpipe of each car
with and without engine running was defined as the velocity inlet
boundary condition and the wall, respectively. According to Pro-
fession Standard of the People’s Republic of China for the design
of parking garage [34], air change rate in underground parking lot
was usually set to 5 h−1. Thus, the wall that coincided with the Y-Z
plane (Fig. 2) was defined as velocity inlet. Inlet velocity through the
wall was uniformly set to 0.014 m/s, which was  calculated based on
5 h−1 air change rate in underground parking lot. Temperature and
particle concentrations at this velocity inlet in the vertical direction
were equal to initial condition listed in Table 1. Another opposite
wall perpendicular to the X direction (Fig. 2) was defined as pres-
sure outlet. The other two walls in the vertical direction were set
to flow-slip outlet condition.

As total particles emitted from the vehicle shown in Fig. 1 was
1.18 × 1013 m−3, an order of magnitude higher than ambient total
particle number concentration (2.45 × 1010 m−3), ambient particle

concentration had little effect on the particle concentration distri-
bution, especially at the near wake region [10]. The initial particle
number concentration in each category was simplified to be equal
and defined as 1/9 of the total ambient particle number concentra-
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Table  1
Initial and boundary values in the simulation.

Parameters Initial condition Vehicle exhaust condition

Temperature (K) Velocity (m/s) Total particles
(#/cm3)

Each bin particles
(#/cm3)

Exhaust
temperature (K)

Exhaust velocity
(m/s)

Exhaust particles
(#/cm3)

Values 281.56 0.07 in x direction
and 0 in y and z
directions

2.45 × 1010 2.72 × 109 303.15 1.59 1.18 × 1013
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Fig. 3. Comparison of particle concentration at different locations along the cen-
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erline of tailpipe between experimental data and simulated results, Error bars
epresent standard deviation (n = 3).

ion. Initial and vehicle exhaust values in the model are given in
able 1.

According to a one-year field measurement on traffic flow in
he underground parking lot [5], the maximum hourly traffic flow
n one day was less than one third of the parking spaces. Thus, only
wo cars (Nos. 1 and 4 in Fig. 2) were set to idle running in the
tudy. Model simulation was performed when two cars exhausted
ontinuously and particles exhausted from the tailpipe of the car
ith the engine running were constant during the simulation. Par-

icle values in each category for cars with the engine at rest were
et to 0 in the study. The simulation was conducted under unsteady
tate conditions and lasted 120 s after vehicle engine started. Char-
cteristics of particle dispersion and exposure level for 300 s after
ars Nos. 1 and 4 stopped emitting exhaust were also evaluated in
he study. The simulation model has been validated by comparing
imulation results and field measurement data on transient parti-
le dispersion along the centerline of the tailpipe behind a gasoline
ehicle in a residential underground parking lot. Detailed informa-
ion on model verification can be found in our previous study [30].
ig. 3 presents the comparison of particle concentration at differ-
nt locations along the centerline of tailpipe between experimental
ata and simulated results. The results showed that the simulation
odel could predict the particle dispersion well, especially at the

ear wake of a vehicle.

.2. CFD methods

In order to evaluate the capability and robustness of the devel-
ped numerical model for particle dispersion, the independence
ests of mesh and time step were both performed. The gradient
f particle number concentration near the tailpipe was significant,
nd 10 s was sufficient for particles to disperse from the tailpipe
o the rear of the opposite car. Thus, a point located at 0.3 m from

he centerline of the tailpipe of car No. 1 and the average values
f total particle number concentration among the physical model
ere selected for the independence tests of mesh and time step,

espectively. Initial and boundary conditions for the independence
Fig. 4. The independence test of mesh and time step (a) and (b) represent mesh and
time step test, respectively.

test of mesh and time step can be found in Table 1. The results
in Fig. 4a reflect that the structured hexahedron mesh schemes of
approximately 1,430,000 are sufficiently accurate for the particle
dispersion simulation when two cars exhausted continuously in the
study. The mesh was refined around the vehicle, especially near the
tailpipe as shown in Fig. 5.

Fig. 4b shows the independence test of time step and particle
dispersion characteristics under different time steps indicating that
employing a 0.01 s time step for numerical simulation could not
only ensure the calculation precision but also improve the simu-
lation efficiency. In addition, the Courant number among each cell
of the numerical model when employing 0.01 s time steps was  no
more than 1.

All simulations including model verification were performed
using the commercial CFD software STAR CCM+ [29] to solve the
Realizable k-ε  model for flow, pressure, and turbulence param-
eters. Some Passive Scalar Models with Field Functions in STAR

CCM+ were developed to calculate particle dispersion. The second
order upwind scheme was applied to all of the convection terms
in the governing equations. The SIMPLE algorithm was used for
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Fig. 5. Mesh constructions at the tailpipe cross section.
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ig. 6. Velocity magnitude at the representative time during the continuous vehicle
xhaust.

he pressure-velocity coupling. Convergence at each time step is
ssumed to be obtained when all of the scaled residuals except
ontinuity and energy reach 10−4 and the residuals of continuity
nd energy reach 10−6 simultaneously.

. Results and discussion

Fig. 6 shows the velocity distribution at 10 s, 30 s, 60 s, and 120 s
uring the continuous vehicle exhaust. The results indicate that

he jet of vehicle exhaust dispersed from the space between two
pposite cars in the upward direction during the first 30 s after the
ehicle exhausted. The block and squeeze from the narrow space
f the opposite cars and thermal buoyancy force induced by the
Fig. 7. Iso-value of particle number concentration 1 × 105 #/cm3 at the representa-
tive time during the continuous vehicle exhaust.

temperature difference between the vehicle exhaust and the ambi-
ent environment in the underground parking lot could attribute
to the obvious upward motion in less than 30 s during continuous
exhaust. During 30 s and 120 s, due to the obstruction of the roof, the
exhaust jet gradually accumulated and dispersed near the roof in
a horizontal direction. The characteristic of velocity distribution in
the underground parking lot could influence the particle dispersion
and accumulation, particularly near the tailpipe and roof.

In addition, the iso-value of particle concentration
1 × 105 #/cm3, which is nearly five times higher than in the
ambient environment (2.45 × 104 #/cm3) and could reflect char-
acteristics of particle distribution, was employed for analyzing
transient particle dispersion. Fig. 7 presents the iso-value of
particle concentration 1 × 105 #/cm3 at 10 s, 30 s, 60 s, and 120 s
after the vehicle exhausted. Similar to velocity distribution,

particles exhausted from idle cars dispersed obviously from the
narrow space between the opposite cars to the roof in less than
30 s. The results could demonstrate that the motion of vehicle
exhaust particles was  in accordance with the vehicle exhaust jet.
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Fig. 8. Distribution of particle number concentration at the representative time
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and 1–2 m,  respectively. Based on the recommendation by the
U.S. Environmental Protection Agency [36], the respiratory rate
hen vehicle stopped exhausting.

s exhaust time increased, particles accumulated near the roof
nd horizontal dispersion along the roof was significant after 60 s.
hen the vehicle exhausted for 120 s, particle concentration at

he area higher than 2.5 m above the ground in the model was
o less than 1 × 105 #/cm3. This observation could reflect that
he particle diffusion velocity in the downward direction was
uite fast during 60 s and 120 s after the vehicle exhausted. The
ccumulated particles might have severe impact on the health of
ccupants around the parking space in the underground parking
ot.

Fig. 8 shows characteristics of particle dispersion at 60 s, 120 s,
80 s, and 300 s when the vehicle engine stopped after 120 s of
ontinuous exhaust. A remarkable downward dispersion of the par-
icles from the roof to the ground was observed through numerical
imulation. Particle dispersion from the area directly over the par-
icle source (cars Nos. 1 and 4) to the region over the other cars
as easily observable. It could be attributed to the gradient of par-

icle concentration in both the vertical and horizontal directions,
nduced by the accumulation of particles near the roof over the
xhaust source during continuous exhaust (Fig. 6c and d). After
he vehicle stopped exhausting, the particle number concentration
t the same height appeared to fluctuate until 300 s. The greater
he height, the more significant the fluctuation was as shown in
ig. 7. Meanwhile, particle number concentration decreased with
he increase of time and a hierarchical distribution of particles was
btained at 300 s after the vehicle stopped exhausting. The gradi-
nt of particles from the roof to the ground would also affect the

uman exposure to particle pollution in an underground parking

ot.
b) child

Fig. 9. Intake fraction of particles for adult and child.

As Figs. 7 and 8 shows, particle dispersion under transient
exhaust conditions was significantly different from what would be
observed in open spaces and other indoor environments. It is nec-
essary to identify the particle exposure level in the underground
parking lot during and after transient exhaust conditions. The parti-
cle exposure was  evaluated by intake fraction (IF) [35], which could
be expressed as the ratio of the particles inhaled by a person across
the interface to the particles emitted from the source. The intake
fraction (IF) was calculated by Eq. (9).

IF =
∫ t2

t1
C(t)IR(t)dt

M
(9)

where C(t) represents transient particle concentration, IR(t) is the
respiratory rate, and M refers to episodic emission quantity of vehi-
cle exhaust particles during a rapid period from time t1 to time
t2.

For a time-dependent episodic emission, particle contaminant is
released from the source into the underground parking lot at some
rate E(t), such that

M =
∫ t2

t1

E(t)dt (10)

Fig. 9 presents the averaged intake fraction of particles at the
respiratory region for a single adult (age ≥16) or child (age 0–16)
during and after the transient exhaust conditions. The respiratory
region for adult and child along the vertical direction is 1.5–2 m
differs for adult and child, and is 2.04 × 10−4 m3/(s person) and
1.85 × 10−4 m3/(s person), respectively.
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Table 2
Comparison of intake fraction for particles indoors and outdoors.

Literature Location Air change rate
(h−1)

Particle source Method IF (per million)

This study Indoor (parking lot) 5 Vehicle emission CFD model 1334 at 420 s
(0.02–0.4 �m)

He  et al. [38] Indoor (office) 0.37–3.47 Respiratory
droplets

CFD model 20–1380 (0.8 �m)

Gao  et al. [39] Indoor (office) 3.81 Coughing particles CFD model 4634 at 7200 s
(0.7 �m)

Du  et al. [40] Outdoor (Beijing) – Vehicle emission Personal exposure
data

153 (PM2.5)a

Marshall et al. [41] Outdoor (US urban
areas)

– Vehicle emission One-compartment
Empirical
National-scale Air

5.7–54a

ber.

v
t
H
w
o
t
r
a
o
1

1
o
o
i
S
e
i

t
a
j
u
r
t
e
i
t
I
o
h
s
l
s
w
a
h
t
t
w

5

r
t
v

a The intake fraction here was the individual value multiplied by population num

A significant inflection point at 120 s was observed due to the
ehicle engine stalling. IF increased linearly with the increase in
ime from exhaust during and after transient exhaust conditions.
owever, the growth rate of IF during the transient exhaust period
as larger than the period after 120 s of continuous exhaust. This

bservation could be contributed to a high particle exposure level at
he respiratory region during continuous exhaust, especially at the
egion directly above the space between two opposite cars (Nos. 1
nd 4). As time increased to 300 s from exhaust, the intake fraction
f particles for a single adult and child was almost 1.4 × 10−3 and
.2 × 10−3, respectively.

Lai et al. pointed out that IF ranged enormously, from 10−12 to
0−1 [37]. The most significant variable influencing the magnitude
f the IF was whether the emission occurred indoors (or in a vehicle)
r outdoors. Thus, a series of studies on particle exposure analysis
ndoors and outdoors was compared and listed in Table 2 [38–41].
ince air change rate of indoor environment was a key factor influ-
ncing IF, the ranges of air change rate among this study and other
ndoor studies [38,39] were also listed in Table 2 for comparison.

In accordance with Lai et al., intake fraction of particles in
he residential underground parking lot in this study was at least
n order of magnitude higher than outdoors, including in Bei-
ing and US urban areas. Particle exposure risk in the residential
nderground parking lot was much higher than in the outdoor envi-
onment. It could also be found in Table 2 that air change rate in
his study was nearly 13.5 times higher than the minimum in He
t al. [38]. Ratio of IF value between this study and the minimum
n He et al. [38] was 66.7. The results once again demonstrated
hat air change rate at indoor environments had great impact on
F values. However, Gao et al. [39] found that the exposure level
f episodic coughing particle emission at 7200 s was  even 3 times
igher than observed in this study, although air change rate in this
tudy was 1.3 times higher than the value in Gao et al. [39]. In
ess than 15 s, the exposure risk of coughing emission reached the
ame level (1300 per million), in a much shorter time compared
ith this study. This could be attributed to fewer obscure parts in

n office and a short distance between the coughing person and
ealthy person. In addition, the particle emission source was  close
o the respiratory region in [39]. Particles could rapidly disperse to
he region around the healthy person without obstruction, which
as a different scenario than that of our study.

. Conclusion
The present study focused on particle dispersion and exposure
isk in a residential underground parking lot during a 120 s con-
inuous vehicle exhaust and a 300 s transient dispersion after the
ehicle exhaust stopped. The conclusions are as follows:
Toxics

1. During the 120 s transient exhaust period, the exhaust jet and
particles dispersed from the space between two opposite cars in
the upward direction during the first 30 s after the vehicle emit-
ted exhaust. Owing to the obstruction of the roof, the exhaust
jet and particles gradually accumulated and dispersed near the
roof in a horizontal direction. Particle concentration at the area
higher than 2.5 m above the ground in the model was  no less
than 1 × 105 #/cm3.

2. When the two cars stopped emitting exhaust, a remarkable
downward dispersion of particles from the roof to the ground
was  observed. Particle dispersion from the area directly over the
particle source (cars Nos. 1 and 4) to the region over the other
cars was easily observable. Particle number concentration at the
same height appeared to fluctuate over 300 s and the fluctuation
range increased with the height in the parking lot. Particle num-
ber concentration degenerated with the increase of time and a
hierarchical distribution of particles was  obtained at 300 s.

3. Intake fraction (IF) is a useful tool to link pollutant emissions
from a particle source and population exposure. IF increased
linearly with time since exhaust during and after transient
exhaust conditions. However, the growth rate of IF during the
transient exhaust period was  larger than the period when the
vehicle engine stopped. As time increased to 300 s since exhaust,
intake fraction of particles for a single adult and child in the
underground parking lot was  almost 1.4 × 10−3 and 1.2 × 10−3,
respectively, which was at least an order of magnitude higher
than would be observed from a vehicle emission particle source
outdoors.
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