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Particle Concentration Distribution under Idling
Conditions 1n a Residential Underground Garage
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Abstract—nParticles exhausted from cars have adverse impacts on
human health. The study developed a three-dimensional particle
dispersion numerical model including particle coagulation to simulate
the particle concentration distribution under idling conditions in a
residential underground garage. The simulation results demonstrate
that particle disperses much faster in the vertical direction than that in
horizontal direction. The enhancement of particle dispersion in the
vertical direction due to the increase of cars with engine running is
much stronger than that in the car exhaust direction. Particle dispersion
from each pair of adjacent cars has little influence on each other in the
study. Average particle concentration after 120 seconds exhaust is
1.8-4.5 times higher than the initial total particles at ambient
environment. Particle pollution in the residential underground garage
is severe.

Keywords—Dispersion, Idling conditions, Particle concentration,
Residential underground garage.

1. INTRODUCTION

ARTICLE emitted from vehicles is one of the most

important particle sources in urban environment and the
adverse impacts of particles from vehicle exhaust on human
health is of particular interest for decades. Increase of some
cardiovascular and respiratory diseases has been demonstrated
to be in association with particle pollution [1]-[3]. Due to the
severe health hazards, the prediction of particle concentration
and the reduction of particle pollution should be of major
importance.

The majority of new residential areas have been equipped
with underground garage in China. Idling conditions is quite
common in underground garage. These idling conditions have
been shown to be associated with high exposure to air
pollutants due to the lack of turbulent dispersion normally
created by the wake of moving vehicles [4], [5]. Particle
dispersion is also enhanced due to thermal buoyancy induced
by temperature between vehicle tailpipe and ambient
environment, which is more than 10°C in most cases [6], [7]. In
the high temperature difference combined with enclosed
environment, characteristics of particle dispersion is
complicated and not yet fully understood. Consequently, a
better understanding of characteristics of vehicle exhaust
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particles is essentially required.

There are substantial literatures describing the methods for
predicting vehicle exhausts in the atmosphere. Reference [8]
proposed a simple approach to describe urban scales: length
scale such as street (less than 100~200m), neighborhood (up to
1 or 2 km), city (up to 10 or 20 km) and regional (up to 100 or
200 km) scales. The length scale of vehicle wake where the
mixing and dilution of pollutants occurs faster than at any other
scale is much smaller than urban scales and could be divided
into two distinguished flow regions: near wake which is
normally considered to be up to a distance of about 10-15 times
the vehicle height, far wake which is a region beyond the near
wake [9]-[12]. Due to the complexity of flow vortex and
turbulence in the near wake region of vehicle, characteristic of
particle dispersion in the near wake is quite different from the
far wake and urban scales. Classical theory dispersion model
that has been proved to predict particle dispersion successfully
could not be simply employed to evaluate particle dispersion in
the near wake region of vehicles. In recent years, researchers
pay their attention to the development of particle dispersion
model in the near wake region and CFD based models using
RANS or LES techniques that integrates particle dynamics
models have been recently used for particle dispersion process
in the near wake of vehicle [13], [14]. Nevertheless, most
studies were conducted at the open space such as on road
environment. Few researchers have focused on particle
dispersion under idle condition in the enclosed environment
that is the real situation in underground garage. Due to narrow
parking spaces and enclosures in underground garage,
characteristics of particle dispersion in the near wake region of
vehicle might be different from other open spaces.

The aim of the study is to analyze particle concentration
distribution under 1idling conditions in a residential
underground garage combining a Realizable k-¢ model and
particle transport model. Particle size distribution was treated
by nine categories based on the particle distribution measured
by [7]. Three-dimensional model was validated by comparing
the simulated results with measured data from [15]. Three cases
that included different cars with engine running under 120
seconds unsteady state after vehicle engine started were
simulated and investigated in the study.

II. METHODOLOGY

A. Turbulent Flow Model

The k-¢ model has been successfully applied to simulate the
airflow and energy fields in enclosed environments [16]. This
study adopted Reynolds averaged Navier—Stokes (RANS)
equation with an Realizable k-¢ model. More details of the
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Realizable k-¢ model could be found in [17].

B. Particle Transport Model

The aim of this study is to predict the airflow field, the
particle concentration distribution and the particle diameter
variation simultaneously. Before the simulation, the following
assumptions have been made to simplify the particle movement
problem and make the numerical simulation efficient.

(a) Resuspension is neglected in the study.

(b) The effect of particles on the turbulent flow is negligible
due to low particle volume fraction in airflow.

(c) All particles are in spherical shape. The particle density is
constant.

(d) No mass loss occurs during the collision of particles.

The interaction between the air and particle can be treated as
one-way coupling from air to particle. For particle dynamic
analysis, particle diameter is the key parameter for determining
the particle dynamics such as deposition, coagulation and
condensation. Some published studies have shown that the
majority of particles exhausted by petroleum vehicle are in the
size range less than 0.4pum [7]. As the car with gasoline engine
in [7] measures up to the Chinese National Active Standard on
vehicle exhaust control, particle number concentrations
measured under idle conditions in [7] were employed as
particles exhausted from tailpipe in the study.

The general transport equation describing the particle
concentration variation is difficult to be solved mainly because
of its dependence on particle size. As a compromise, several
techniques have been developed to overcome the shortcoming.
Among these methods, the sectional method has been widely
accepted as an effective way to simplify the general transport
equation [18]-[20]. The sectional method divides the particle
size into several discrete categories. At each category, the
particle size is considered to be a constant. In the present study,
the particle size is divided into 9 categories. The total number
concentration is proportionally distributed into each category
according to the particle size distribution. The respective
particle diameter and number concentration in each category is
shown in Fig. 1.
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Fig. 1 Particle diameter and number concentration in the study

The average air velocity component u; in the three directions
are computed by solving the RANS equations with the

Realizable k-¢ model. In addition, the velocity of particles
undergoing gravitational settling Vrs; is mostly determined by
particle size and it could be calculated based on (1):
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where p, represents particle density (kg/m), d,; is the particle
diameter in each particle category (m), g is the gravitational
acceleration (m/sz), C,; is the Cunningham correction factor,
which is shown in (2), x is the kinetic viscosity of air (kg-m™ -

s):
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where 1 is air mean free path (m), which could be calculated by

Q3):
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where k is Boltzmann's constant, 1.3807x1072* (J/K), T is the
ambient temperature (K), dis the air molecule diameter (m), p
is the air pressure (Pa).

The Brownian diffusion coefficient is the constant of
proportionality that relates the flux of particles and the
concentration gradient due to Brownian motion. This
relationship is called Fick first law of diffusion and the
diffusion coefficient in each particle category D; could be given

by (4):
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The Hinze-Tchen equation is employed for calculating the
particle turbulent diffusion coefficient, which is shown in (5):

Yot g Loy (5)
vti z-ti
where v, is the air turbulent diffusion coefficient in each
particle category (m%s), 7,; is the particle relaxation time in
each category (s), 7;; is the turbulent fluctuation time (s).
Reference [21] proved mathematically that for
nano-particles, 7,,is at least an order of magnitude smaller than
7,;in a homogeneously turbulent flow field, which means v, is
equal to v;;in the study.

C. Particle Coagulation

The theory of particle coagulation in the study is thermal
coagulation due to Brownian collision. As Brownian diffusion
increases with the decrease of particle size, it should be an
important factor influencing the fine and ultrafine particle
concentration distribution. The thermal coagulation equation
employed in the study is shown in (6):
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where S,; represents variation of particle number concentration
in each particle category due to coagulation (m>-s™), K, and
K,; are the coagulation coefficient (m3 . s'l) Cy, C;, Cand C;are
particle concentration in different particle categories (m’ 3.

The coagulation coefficient K; employed in the study is
given by (7) [22]:
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(/ /)( ) o

where v; and v; are the volume of a particle in Category i and
Category j, respectively (m®). C,(i) and C,(j) represents the
Cunningham correction factor in Category i and Category J,
respectively.

The first part in the right side of (8) is the particle increase
due to pairs of particles smaller than d;_; collide and become the
particles in the range between d;.; and d;. As no mass loss occur
during the process of particle collision and coagulation. Particle
diameter after collision d,, could be calculated by (8) and (9).
The possibility of particles smaller than d;; change to the
particle size range between d;_; and d; should be analyzed based
on (9):
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III. MODEL PROCEDURE

The model was a parking area with 6 cars at the middle of a
residential underground garage in Harbin, China. The model
geometry was a rectangular box of 9.8m, 17.5m and 4.2m in X,
Y, and Z direction, respectively. 6 gasoline-powered cars with
the same dimension of 4.5m(L) x1.8m(W) x1.3m(H) was
placed inside the parking spaces that abuts on 4 columns in the
model. The same exhaust tailpipe exit with a diameter of 0.05m
was in the right end of each studied car and the height of the
tailpipe above the ground was 0.3m. Detailed description of
model geometry could be found in Fig. 2.

TABLEI
INITIAL AND BOUNDARY VALUES IN THE MODEL
Parameters Values
Vehicle exhaust temperature (K) 303.15
Vehicle emitted velocity (m/s) 1.56

Vehicle exhaust particles in each bin (m™) Shown in Fig. 1
Total exhaust particles at the tailpipe (m™) 1.18x10"
Initial ambient temperature (K) 281.56

0.07 in x direction and 0 in y
and z directions

2.45%10"

Initial ambient velocity (m/s)

Initial total particles at ambient environment
()
Initial particles in each bin at ambient

9
environment (m) 2.72x10

Fig. 2 Model geometry in the study: Number 1-6 in the figure represent car number in the model

The commercial CFD software STAR CCM™ 8.02 was
employed to perform the simulation. Approximately 1,430,000
hexahedron meshes were established using STAR CCM". The
Realizable k-¢ model and Passive Scalar Models with Field
Functions were developed to simulate air flow, particle
dispersion, and coagulation.

Initial and boundary conditions in the model were the same

as our previous research on particle coagulation [23]. No-slip
conditions were set for car surfaces, column, ceiling and floor.
The tailpipe of car with and without engine running was
defined as velocity inlet boundary condition and wall,
respectively. The walls that surround the model geometry in
vertical direction were set to flow-slip outlet condition. As total
particles emitted from vehicle shown in Fig. 1 was 1.18x10"
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m?, an order of magnitude higher than ambient total particle
number concentration (2.45x10'° m?), ambient particle
concentration had little effect on the particle concentration
distribution. The initial particle number concentration in each
category was simplified to be equal and one ninth of ambient
total particle number concentration. Initial and boundary values
in the model were given by Table 1.

TABLE II
DESCRIPTION OF MODEL CASES SETUP

Case Number  Cars with engine running Cars with engine stalling

Case 1 1 and 4 in Fig. 2 2,3,5,and 6 in Fig. 2
Case 2 1,2,4,and 5 in Fig. 2 3 and 6 in Fig. 2
Case 3 1-6 in Fig. 2 None

The developed particle dispersion model with coagulation
has been validated through comparing with experimental
results from [15]. Model verification in detail was described in
[23]. Fig. 3 shows comparison of particle concentration
between experimental and simulated value. The simulated
results reflect that the numerical model can predict well the
dispersion of particle number concentration in the near field
region of the exhaust plume.

1E+12

Particle concentration(#/m?3)

1E+9

Distance (m)

¢ Experimental value Simulated value

Fig. 3 Comparison of particle concentration between simulated and
experimental results

Three cases for different vehicles with engine running under
idling conditions were simulated in the study. Detailed
description could be found in Table II. Initial values for three
cases and boundary values at tailpipe for each vehicle with
engine running were the same and equal to the values given by
Table I. Particles exhausted from the tailpipe of car with engine
running were constant during the simulation. Particle values in
each category for cars with engine stalling were set to 0 in the
study. The simulation were undergone under unsteady state
conditions and lasted 120s after vehicle engine started.

IV. RESULTS AND DISCUSSION

Fig. 4 shows particle concentration distribution between Car
1 and Car 4 at the vertical tailpipe cross-section of Car 1 for
different cases at the 120 second. In Case 1, particles dispersed
obviously along the back of Car 4 in the vertical direction due
to the narrow spaces between Car 1 and Car 4 as the barrier to
particle dispersion in the horizontal direction. The particle
diffusion length in the upward direction is much longer than
that in the downward direction. That could be attributed to an

upward movement induced by thermal buoyancy due to
temperature difference between the tailpipe and ambient
environment. Particle concentration behind the car decreases
rapidly to 10% of the tailpipe at a narrow area in the vertical
direction. The length that particles decrease rapidly in the
vertical conditions increases from about 3 times to 4 times of
the tailpipe diameter along the centerline of the tailpipe. In the
area near the back of Car 4, particle concentration decreases to
10% of the tailpipe at a almost 1m long in the vertical direction.

A more prominent upward tendency of particle dispersion
was observed at both Case 2 and Case 3 compared with Case 1.
The results could be caused by the enhancement of thermal
buoyancy induced by more energy sources due to more cars
with engine running in Case 2 and Case 3. Particle
concentration distribution near the tailpipe is almost the same in
three cases. However, in the area higher than the back of Car 1
and Car 4, particle decreases to 10% of the tailpipe at a much
larger region in Case 2 and 3 compared with that in Case 1. In
Case 2, the width of contour 1.1x10"? particles/m’ higher than
the back of Car 1 and Car 4 is almost equal to the width of
narrow parking space between Car 1 and Car 4. In Case 3, the
essentially same contour 1.2x10'* particles/m® becomes wider
in the car exhaust direction.

The simulation results indicate that particle disperses
intensely in an upward direction due to the narrow spaces in the
residential underground garage and temperature difference
between the tailpipe and ambient environment. The area
between each pair of parked cars, especially in the vertical
direction, is the most severe particle pollution region in the
residential underground garage. The increase of cars with
engine running could encourage the particle dispersion in both
the vertical direction and car exhaust direction. The
enhancement of particle dispersion in the vertical direction is
much stronger than that in the car exhaust direction.

Fig. 5 shows particle concentration distribution between Car
1 and Car 4 at the horizontal tailpipe cross-section for different
cases at the 120 second. Particle concentration at the horizontal
tailpipe cross-section is distributed symmetrically and the axis
of symmetrical distribution is the centerline of Car 1 and Car 4
in three cases. Due to the influence of the faces meeting at the
corner, the same contour toward the axis of symmetry
distributes farther than that at the corner of two faces. The
accumulation of particles at the corner of Car 1 and Car 4 in
three cases is very obvious in the study. An approximate
symmetry of the particle accumulation at the corner in the
horizontal direction is observed. As no other cars adjacent to
the corner in the side of Car 4 tailpipe influence particle
dispersion at the left corner of particle accumulation in the
model, the symmetry distribution indicate that particle
dispersion from each pair of adjacent cars such as Car 1 and Car
5 has little influence on each other under conditions in the
study.

Particle dispersion toward the axis of symmetry distribution
in the horizontal direction enhances slightly from 1.41x10"
particles/m® to 1.61x10'? particles/m® as the cars with engine
running increase in the model. The results demonstrate that the
effect of the adjacent Car 2, 3, 5, and 6 on particle dispersion
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between Car 1 and 4 is quite limited. Particle decreases to 10%  Case 2 and 3 is larger than that in Case 1. The results indicate
of the tailpipe in a narrower region at the horizontal direction  that thermal buoyancy had great influence on particle
compared with that at the vertical direction. The difference of  dispersion in the study. Particle disperses much faster in the
dispersion length that particle decreasing to 10% of the tailpipe  vertical direction than that in the horizontal direction.

between the vertical direction and the horizontal direction in

1.18¢13 P

(a) Case 1 (b) Case 2 (c) Case 3

Fig. 4 Particle concentration distribution between Car 1 and Car 4 at the vertical tailpipe cross-section of Car 1 in different cases at the 120
second: Particle concentration in the figure is the sum of particle concentration in each category shown in Fig. 1. The unit in the figure is
particles/m’. No. 1 and 4 represent Car 1 and Car 4, respectively

40el2 9.5el2  49el2 O] 1.18e13

=
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(a) Case 1
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Fig. 5 Particle concentration distribution between Car 1 and Car 4 at the horizontal tailpipe cross-section in different cases at the 120 second.
Particle concentration in the figure is the sum of particle concentration in each category shown in Fig. 1. The unit in the figure is particles/m’. No.
1 and 4 represent Car | and Car 4, respectively

As little Air Quality Standard has been issued on particle 57
number concentration limits at indoor environment, initial total
particles at ambient environment that is given by Table II was 4
employed as an index to evaluate the particle pollution in the
study. Fig. 6 shows the ratio between average particle
concentration in the model and initial total particles at ambient o
environment in different cases at the 120 second. After 120 5
seconds exhaust, average particle concentration in the model is 21
almost 1.8-4.5 times higher than the initial total particles at
ambient environment in Case 1, 2, and 3. Since particle
concentration increased very fast in quite a short time-scale
exhaust, the simulation results reflect that particle pollution in
the residential underground garage is severe. 0

Case 1 Case2 Case 3

Fig. 6 The ratio between average particle concentration in the model

and initial total particles at ambient environment in different cases at

the 120 second. Particle concentration of each cell in the model is the
sum of particle concentration in each category shown in Fig. 1
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V.CONCLUSION

The study employed the Realizable k-¢ model and Passive
Scalar Models with Field Functions to simulate the particle
concentration under idling conditions in a residential
underground garage. Particle concentration distribution
between Car 1 and Car 4 in both the vertical direction and the
horizontal direction was analyzed in the study. Particle
pollution in the residential underground garage was also
evaluated by comparing with the initial total particle
concentration at ambient environment. Some important
conclusions were observed through the simulation and analysis.

Particle disperses much faster in the vertical direction than
that in horizontal direction. A more prominent upward
tendency of particle dispersion was observed when the number
of vehicles under idling conditions is numerous. Average
particle concentration after 120 seconds exhaust is almost
1.8-4.5 times higher than the initial total particles at ambient
environment in three cases.

The cases in the study were undergone under the special
conditions. To reflect the particle concentration distribution at
the real environment in the residential underground garage,
particle dispersion under the random car parking conditions
will be considered in our future research.
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