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ABSTRACT

A numerical simulation method has been developed
to predict atmospheric flow and stack gas diffusion
using a calculation domain of several km around a
stack under complex terrain conditions containing
buildings. The turbulence closure technique using a
modified k-e-type model under a nonhydrostatic
assumption was used for the flow calculation, and
some of the calculation grids near the ground were
treated as buildings using a terrain-following coordi-
nate system. Stack gas diffusion was predicted using
the Lagrangian particle model, that is, the stack gas
was represented by the trajectories of released par-
ticles. The numerical model was applied separately
to the flow and stack gas diffusion around a cubical
building and to a two-dimensional ridge in this study,
before being applied to an actual terrain containing
buildings in our next study. The calculated flow and
stack gas diffusion results were compared with those
obtained by wind tunnel experiments, and the fea-
tures of flow and stack gas diffusion, such as the
increase in turbulent kinetic energy and the plume
spreads of the stack gas behind the building and
ridge, were reproduced by both calculations and wind
tunnel experiments. Furthermore, the calculated
profiles of the mean velocity, turbulent kinetic ener-
gy and concentration of the stack gas around the
cubical building and the ridge showed good agree-
ment with those of wind tunnel experiments.
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1. INTRODUCTION

Atmospheric flow and stack gas diffusion using a
calculation domain of several km around a stack have
been evaluated using wind tunnel facilities and numer-

ical models. A turbulence closure model and a diffu-
sion model, such as the Lagrangian particle model,
have been applied in such numerical models. How-
ever, in these numerical models, the effect of buildings
has not usually been considered; only the effect of the
terrain has been considered because the released gas
is usually located at a higher elevation, particularly
for the case of buoyant stack gas. Furthermore, in
such numerical models, the basic equations in the
analysis used a terrain-following coordinate system,
which meant that only terrain conditions were consid-
ered (e.g., Ichikawa and Sada, 2002, 2001; Yamada
and Bunker, 1988). These models used a hydrostatic
assumption; however, the turbulence caused by build-
ings was not accurately reproduced because the trans-
port equation of vertical air flow was approximated
to be the balance between vertical pressure gradient
and air density, and accurate predictions of vertical
air flow velocity and the increase in turbulence around
buildings were impossible. To overcome these short-
comings, a flow and diffusion model for a terrain
containing a building has been developed in this study,
under a nonhydrostatic assumption using a terrain-
following coordinate system.

The selection of a turbulence closure model for flow
calculation was thus necessary, and a diffusion model
was then selected for concentration calculations.
Advanced turbulence analysis techniques, such as
large-eddy simulation for the turbulent diffusion of
stack gas around buildings (Sada and Sato, 2002; Henn
and Sykes, 1992) and Reynolds stress turbulence clo-
sure modelling of a terrain under a nonhydrostatic
assumption (Mengelkamp, 1991; Gross and Wipper-
mann, 1987), require large amounts of computational
resources. An additional reason for the selection of a
turbulence closure model in this study was that the
variations of calculation results were not large with
the turbulence closure model when the calculation
domain includes many buildings has been resolved
using fine calculation grids (e.g.. Yoshizawa er al.,
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1995; Takakura et al., 1993). For these reasons, a k-¢-
type model under a nonhydrostatic assumption was
applied. Furthermore, the turbulent kinetic energy
obtained using a standard k-¢ model is much higher
than that obtained by wind tunnel experiments, parti-
cularly upstream of a building roof edge; thus, a mod-
ified model was selected as a flow model (Tsuchiya et
al., 1997). Then, stack gas diffusion in this study was
predicted using the Lagrangian particle model, that is,
the stack gas was represented by the trajectories of
released particles. This was because the effect of the
numerical viscosity around a stack is not negligible
when using finite-difference techniques for concen-
tration calculation with the coarse calculation grids,
but is negligible when the Lagrangian particle model
is used, and also because of its calculation accuracy
near the stack. Furthermore, the turbulence caused by
buildings and the terrain is directly considered in the
stack gas diffusion calculation, because its calculated
velocity and turbulent kinetic energy, as well as its
dissipation rate, are used in diffusion calculations in
the Lagrangian particle model. A Lagrangian model
(Thomson, 1987) that is superior to conventional
Lagrangian particle models in its applicability to non-
Gaussian and inhomogeneous turbulent fields and in
its use of Gaussian random numbers was adopted in
this study. This model has been applied to the analy-
sis and calculation of stack gas diffusion under a con-
vective boundary layer (Weil, 1990; Luhar and Britter,
1989) and a complex terrain (Ichikawa and Sada,
2001). However, the turbulence in the Lagrangian
particle model used in this study is treated as Gauss-
ian mentioned later in section 2.2.

A flow and diffusion model around buildings and
terrain using the modified k-¢ model and the Lagran-
gian particle model was developed, and the model
was applied separately to a cubical building and to a
two-dimensional ridge terrain in this study before
being applied to an actual terrain containing buildings
in the subsequent study (Sada ef al., 2006). The cal-
culated flow and stack gas diffusion results were
compared with those obtained by wind tunnel experi-
ments. From these comparisons between experimen-
tal and calculated results, the prediction accuracy of
the developed numerical model was verified.

2. NUMERICAL MODEL

2.1 Flow

Flow fields were calculated using the turbulence
closure model, that is, the modified k-& model (Mura-
kami, 1997; Tsuchiya et al., 1997), to evaluate the
turbulent quantities around a cubical building and a
ridge. Because the terrain altitude varies, model equa-

tions were transformed to a generalized coordinate
system. Furthermore, the calculation grids neighbor-
ing the ground where the building was located were
treated as a bluff body to reproduce the shape of the
building under a generalized coordinate system, as
mentioned later. The physical coordinate x was trans-
formed to the calculation coordinate &. The continuity
equation, transport equations for momentum, turbu-
lent kinetic energy and its dissipation rate to be solved
in this study were
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respectively. Here, Dj; is the rate-of-strain tensor (duy/
0x;+duy/0x;)/2, and the mean velocity of the physical
domain u; was transformed to the calculation domain
U’ using U*=(9E%/dx)u;=Alu;. The buoyancy effect
caused by stable and unstable stratifications in the
atmosphere and the Coriolis force were disregarded,
as in wind tunnel experiments. Next, the eddy viscos-
ity in the modified k-€ model was determined. With
reference to the standard k-€ model of vt=Cuk2/£, its
formation was given as

2
vt=Cﬁ%, 5.1
where
Cu - Q/S: QLS
CE: (5.2)
Cyu Q=S

On the basis of the above-mentioned formation of
eddy viscosity, the large turbulent kinetic energies
calculated around a building using the standard k-€
model, particularly upstream and at elevated corners
of the building, were reduced. The strain of velocity
was increased, and eventually the ratio of €/S became
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less than unity upstream and at elevated corners of the
building. Because of this, eddy viscosity decreased
with the model constant C;, from Eq. (5.1), upstream
at elevated corners of the building, and the production
terms in the turbulent kinetic energy transport equa-
tion were predicted to eventually attenuate.

The calculation grids were formed using the so-
called terrain-following coordinate system to resolve
terrain conditions (e.g., Ichikawa and Sada, 2002,
2001; Yamada and Bunker, 1988), that is, only verti-
cal linear interpolation was necessary in the genera-
tion of the grids. The shape of the building on flat
ground reproduced using the calculation grids neigh-
boring the ground surface was treated as a bluff body.
Furthermore, zero-gradient pressure in the direction
normal to the building surfaces was employed in the
momentum transport equation. The inlet conditions
for velocity and turbulent kinetic energy were set on
the basis of the results obtained in wind tunnel experi-
ments, and a free-exit boundary condition, namely, a
zero gradient in the mean flow direction, was used at
the position of outflow. A first-order upwind differen-
tial scheme was adopted for the convection terms of
the conservation equations, and the Euler explicit
scheme was used for the time difference. The wall
function techniques of velocity, turbulent kinetic ener-
gy and its dissipation rate,
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respectively, were applied to not only the flat ground
including the ridge surface, but also the building sur-
faces. In the above-mentioned equations, the local
wind profile is considered to be logarithmic, and em-
pirical relations were assumed for turbulent kinetic
energy and its dissipation rate, where the subscript w
indicates the values of the neighboring grids to the
ground and building surfaces, and z, is the distance
from the ground and building surfaces to the defining
point of the variables.

2.2 Concentration

The governing equations of the Lagrangian particle
model (Thomson, 1987) are stochastic diffusion equa-
tions representing the random motion of a particle as

du'=ai(x,,)dt-+ b, . 0dE] M

and
dx=udt, (8)

where d& is the increment in the Wiener process with
mean zero and the variance dt. The coefficients a and
b describe the effects of the particle and random mo-
tion, namely, the dynamic characteristics and noise,
respectively. Thomson proposed the following equation
to derive the coefficient for a Gaussian turbulence,
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where Bi=b*b/2, §; is the Kronecker delta, and Cy
is the model constant; its value has been examined by
theoretical analysis, calculation and the comparison
of wind tunnel and field observation data. Despite
many investigations of C, its exact value has not yet
been determined, but it is between 1 and approximate-
ly 10 (Ichikawa and Sada, 2002, 2001). In this study,
this model constant was examined by calculations
using flow calculation results, and a suitable value of
the model constant Co=5 was selected.

Because the diffusion calculations were performed
separately for the cubical building and the ridge ter-
rain, each released particle was assumed to be reflect-
ed perfectly at not only the ground including the ridge
surface, but also the building surface. The position of
the particle after reflection, x” in vector notation, was

calculated as
X'=x-2n{n - (x—x,)}, (12.1)

where x is the position of the particle in the case of no
reflection, and x;, is the position of the reflection point.
The velocity vector u” of the particle after reflection

was calculated as
w'=u-2n(n - u), (12.2)

where u is the velocity vector of the particle in the
case of no reflection.

3. WIND TUNNEL EXPERIMENTS

Wind tunnel experiments were conducted using the
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facility at the Komae Research Lab. of CRIEPI to ob-
tain the data used for comparison with the calculation
results. The wind tunnel had a 3-m-wide, 1.5-m-high
and 20-m-long test section. To form a thick turbulent
boundary layer on the wind tunnel floor, a free stream
velocity of U=2.0 m/s was employed, and the turbu-
lence grid and stimulators on the floor were set at the
entrance of the test section. The model stack was set
4 m leeward of the entrance of the test section. Using
this experimental setup, flow and stack gas diffusion
characteristics similar to those of the atmosphere (Ka-
kishima ef al., 1985) under a flat-plate condition were
confirmed assuming constant length ratios for the
cubical building and the ridge terrain. A cubical build-
ing (1 : 100 length ratio) and a ridge (1 : 1,000 length
ratio) were separately placed on the flat floor in the
test section. Though the different length ratios were
used in the wind tunnel experiments, the vertical
plume spreads under a flat-plate condition in the wind
tunnel under the length ratio of 1: 1,000 ranged bet-
ween stabilities C and D, as mentioned later in Fig. 2,
and close to the stability D near the stack under the
length ratio of 1: 100. The mean and fluctuations of
velocity were measured using a laser Doppler veloci-
meter. Ethylene (C,H,), which has a buoyancy similar
to that of air, was released from the model stack as
the tracer gas using a I'-type model stack (Sada, 1996;
Kakishima et al., 1985). Sampling gas was collected
at various locations, and its concentration was mea-
sured using flame ionization detectors.

4. CALCULATION RESULTS
AND DISCUSSION

4.1 Flat Plate

The calculation domain under the flat-plate condi-
tion was 8 km in the streamwise direction (2km and 6
km from the stack in the windward and leeward direc-
tions, respectively), and 3 km and 2 km in the lateral
and vertical directions, respectively. This calculation
domain was divided by grids following the terrain-
following coordinate system, however, grid lines were
orthogonal to each other, similar to the rectangular
coordinate system, because of the flat-plate condition.
The streamwise and lateral widths of grids, namely,
in the x and y directions, were set to 200 m through-
out the calculation domain. The vertical widths of the
grids were set to 10 m on the ground surface, and
smoothly increased with height up to approximately
200 m. This calculation domain was divided into 40,
15 and 20 grids in the X, y and z directions, respec-
tively.

The mean wind velocity, and the lateral and vertical
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Fig. 1. Flow field at stack position under flat-plate condition
under length ratio of 1:1,000. (a) Mean velocity. Squares,
the solid line and the broken line indicate the results of wind
tunnel experiments, calculations and the 1/7 power law, res-
pectively. (b) Lateral and vertical turbulence intensities 6, and
o,, are normalized by local velocity. Squares and lines indi-
cate the results of wind tunnel experiments and calculations,
respectively.

turbulence intensity profiles at the stack position are
shown in Fig. 1. The boundary layer thickness was
approximately 300 m, and the stack gas release height
was within the boundary layer. The power law uocz?



Numerical Model for Stack Gas Diffusion in Terrain Containing Buildings -Application of Numerical Model to a Cubical Building and a Ridge Terrain- 5

500.0
C
D
E
F
100.0
£
&
10.0
5.0 .
5000

X (m)

500.0

T
~

o
Rhaf?

100.0

G, (m)

N

10.0
50 i Lok
50 100

X (m)

Fig. 2. Plume spreads under flat-plate condition and comparison with P-G chart. The plume spreads under highly unstable,
unstable, slightly unstable, neutral, stable and highly stable atmospheric conditions are indicated by A, B, C, D, E and F, respec-
tively. Open circles and lines indicate the calculated results and profiles of the P-G chart, respectively. Close circles indicate the
wind tunnel results of the length ratio of 1: 1,000. (a) Lateral and (b) vertical plume spreads for an elevated source, H=25m.

was applied to the vertical velocity profile, and its
coefficient p was approximately 1/7, which was the
same as that obtained under the flat-plate condition in
the atmosphere. Turbulence intensities increased in
the vicinity of the ground within the turbulent bound-
ary layer. Although almost the same profiles of lateral
turbulence intensity were obtained for calculations
and experiments, larger values were obtained for ver-
tical turbulence intensity in the vicinity of the ground
in the calculations. This was due to the isotropic fea-
tures of the modified k-& model used in this study, in
which almost the same values were calculated for the
lateral and vertical directions.

Then, the similarity between the calculated results
and those obtained in the atmosphere was examined,
and the results of plume spreads are shown in Fig. 2.
The vertical plume spread ranged between stabilities
C and D in the so-called P-G chart (Pasquill, 1974),
which is similar to the case of neutral atmospheric
conditions, and also similar to the wind tunnel of the
ridge, viz., the length ratio of 1:1,000. The vertical
plume spread in the wind tunnel of the building, viz.,
the length ratio of 1: 100, were slightly smaller than
the stability D, however, close to the stability D near
the stack, Although the lateral plume spread approa-
ched stability D in the vicinity of the stack, the spread
was smaller than that in the atmosphere under the
neutral and near stable conditions far from the stack.
This was due to the meandering of the plume in the
atmosphere not being reproduced. The smaller spread
of lateral plume profile far from the stack was also

obtained in wind tunnel experiments (Kakishima et
al., 1985).

4.2 Building

The calculation domain was first set without a cubi-
cal building and was 200 m in the streamwise and
lateral directions and 100 m in the vertical direction,
and the grids in the vertical direction were formed by
applying linear interpolation between the top of the
calculation domain and the ground using the terrain-
following coordinate system. The widths of the grids
in all directions were set at 5 m and were not varied.
Thus, the calculation domain was divided into 40 grids
in the streamwise and lateral directions and 20 grids
in the vertical direction. The formed grid lines were
orthogonal to each other, similar to the rectangular
coordinate system, because the terrain altitude was
not varied within the calculation domain. Then, a
cubical building with height and side lengths of 20 m
was set at the center of the calculation domain on the
ground surface. This building was constrained in 4 X
4 X 4 calculation grids in the streamwise, lateral and
vertical directions, and was treated as a bluff body.
The center of the building was set as the coordinate
origin, x=0 m, and the model stack was located on
the center of the building roof (see Fig. 3(c)).

The calculated profiles of mean velocity and velo-
city vectors are shown in Fig. 3, turbulent kinetic
energy is shown in Fig. 4, and lateral and vertical tur-
bulence intensities are shown in Fig. 5. The vertical
profiles of wind velocity smoothly varied with height
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Fig. 3. (a) Mean velocity at y=0 m, the center position of the cubical building. The solid lines and squares indicate the results of
calculations and wind tunnel experiments, respectively. (b) Velocity vectors around the cubical building at y=0m. (¢) The confi-

guration of the building and stack.

from the ground and were similar to results obtained
under the flat-plate condition windward of the build-
ing at x=-30m. The flow directions changed to
upward and the wind velocity increased due to the
existence of the building. Although these features of
wind velocity were obtained for both calculations and
experiments, the calculated wind velocity increased
slowly with height compared with experimental re-
sults at x=0 m. A reversed flow, indicated by nega-
tive values of wind velocity, was obtained behind the
building near the ground at x=20 m, and a cavity re-
gion appeared, as shown in Fig. 3(b). The reversed
flow was not observed far from the building at x=50
m. These features of wind velocity were observed in
both calculations and experiments, and the profiles of
wind velocity coincided, as shown in Fig. 3(a) for x=
20 and 50 m.

Larger calculated values of turbulent kinetic energy
than those in experiments were obtained windward of
the building at x=—30 m. This was due to the large
calculated values of turbulent kinetic energy around
the upwind corners of the building, even when using
the modified version of the k-¢ closure model. On the
other hand, the calculated values of turbulent kinetic
energy in the vicinity of the building roof at x=0 m
and z=21-24 m, were smaller than those in experi-
ments. This might be due to the coarse grid resolution
used in the calculations, and the small cavity region
on the building roof, often observed in experiments
(Murakami et al., 1998), was not apparent, as shown
in Fig. 3(b). Such a cavity region on the building roof
might cause an increase in the velocity strain, and
consequently an increase in turbulent kinetic energy
in experiments, as shown in Fig. 4 at x=0m and z=
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Fig. 4. As Fig. 3(a) but for turbulent kinetic energry.

21-24 m. Although some discrepancies in turbulent
kinetic energy were obtained by calculation, calculat-
ed profiles were similar to those of experiments, also
for profiles leeward of the building at x=20 and 50 m.
The calculated turbulence intensities in the lateral and
vertical directions had almost the same values due to
the isotropic features of the modified k-€ model. On
the other hand, turbulent mixing become activated
due to the existence of the building, and the turbulence
intensities obtained in experiments increased in all
directions. Eventually, turbulence intensities in experi-
ments showed similar profiles in the lateral and verti-
cal directions. Because of this, the calculated profiles
of turbulence intensities were almost the same as the
experimental results, as shown in Fig. 3.

The calculated mean concentration in the vertical
and lateral directions, normalized by the source streng-
th and the free stream velocity, are shown in Figs. 6
and 7, respectively. Because the tracer gas was releas-
ed from the elevated position of z=20 m, the plume
center was also calculated at an elevated position of
z=20m, as shown in Fig. 6(a). A narrow spread of
the concentration was calculated near the stack at x=
20 m, and increases in plume spread were calculated
at leeward positions, =30 and 50 m. Because of this
plume spread, the maximum concentration at the
plume center decreased in the leeward direction, as
shown in Fig. 6(a). Furthermore, the plume was cal-
culated to diffuse partially into the cavity region be-
hind the building at x=20 m and reach the ground
surface. A comparison of these features of calculated
concentration in the vertical and lateral directions
with those obtained in experiments reveals some dis-

crepancies. The maximum calculated value of con-
centration at x=20 m was larger than that obtained in
experiments, as shown in Figs. 6 and 7. This might be
due to the less active diffusion of the plume in calcu-
lations, caused by the small calculated turbulence
intensities on the building roof around z=21-24 m, as
shown in Fig. 5. Although there were some discre-
pancies between the results of the calculations and
experiments, the regions in which these discrepancies
were observed were limited; otherwise, there was
generally good agreement.

4.3 Ridge

The dimensions of calculation domain were 2,300,
1,200 and 3,000 m in the streamwise, lateral and ver-
tical directions, respectively, and the calculation grids
in the vertical direction were made by applying linear
interpolation between the top of the calculation do-
main and the ground including the ridge surface. The
widths of the grids in the streamwise and lateral direc-
tions were 10 m and these widths were not varied. On
the other hand, the widths of the grids in the vertical
direction were 10 m on the ground and increased with
height up to approximately 200 m at the entrance of
the calculation domain. The ridge crest was located at
x=0m and was 1,100 m leeward from the entrance of
the calculation domain. The altitude of the ridge crest
was 135 m, and its cross section was triangular with a
base extending 300 m in both the windward and lee-
ward directions from the ridge crest. Thus, the terrain
altitude varied for x=-—300m to 300 m (see Fig. &(c)),
and terrain did not vary in the lateral direction, viz.,
the ridge terrain was two dimensional. The calcula-
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Fig. 5. As Fig. 3(a) but for (a) lateral turbulence intensity and (b) vertical turbulence intensity.

tion domain was divided by 230, 120 and 50 grids in
the streamwise, lateral and vertical directions, respec-
tively. The model stack was located at x=—1,000 m
at an elevated position of z=50 m.

The calculated mean velocity and velocity vectors
are shown in Fig. 8, and the turbulent kinetic energy
is shown in Fig. 9. The vertical profiles of wind velo-
city smoothly varied with height from the ground
windward of the ridge at x=-—1,000 and —300 m.
The flow directions became upward and wind veloci-
ty increased at x=0 m due to the ridge, as shown in

Fig. 8(a) and (b). These features were observed in both
calculations and experiments. However, there was a
marked increase in wind velocity at x=0m in the cal-
culation, and the calculated values of velocity were
larger than those in the experiments in the vicinity of
the ground. This might imply that the terrain had a
significant effect on the calculation results obtained
using the model developed in this study, particularly
around the ridge crest where the spatial variation of
turbulence was large, for instance, the flow direction
changed from upward to downward at the ridge crest.
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A reversed flow, indicated by negative values of wind
velocity, was obtained behind the ridge crest near the
ground at x=200 m, and a cavity region formed, as
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tion at y=0m, the center po-
sition of the cubical building.
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shown in Fig. 8(b). The reversed flow was not observ-
ed further from the ridge at x=900 m. These features
of wind velocity were observed in both calculations
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Fig. 8. (a) Mean velocity at y=0m, the center position of the calculation domain. The solid lines and squares indicate the results
of calculations and wind tunnel experiments, respectively. (b) Velocity vectors around the ridge at y=0m. (¢) Configuration of

the ridge terrain.
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Fig. 9. As Fig. 8(a) but for turbulent kinetic energry.

and experiments. were obtained at the ridge crest at x=0m, in the vici-
Large calculated values of turbulent kinetic energy nity of the ground. This was because the terrain also
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had a significant effect on the calculated turbulent
kinetic energy results at x=0m, similar to that on the
velocity profile, as shown in Fig. 8. The increase in
velocity at x=0m in the vicinity of the ground caused
the increase in velocity strain; thus, turbulent kinetic
energy might also increase there. Large calculated
values of turbulent kinetic energy were also obtained
above the cavity region, viz., at elevated positions
around z=50-100 m, behind the ridge at x=200 and
900 m. This was due to the large velocity gradient in
the vertical direction due to the formation of the cavi-
ty region behind the ridge, and the production of tur-
bulent kinetic energy might have occurred there. Al-
though there were some discrepancies in the turbulent
kinetic energy profiles, as mentioned above, calculat-
ed profiles were similar to those obtained from experi-
ments, including those leeward of the ridge at x=200
and 900 m.

The calculated profiles of mean concentration in the
vertical and lateral directions are shown in Figs. [0
and 11, respectively. Because the tracer gas was rele-
ased at x= 1,000 m from an elevated source at z=50
m and transported under the flat-plate condition, the

UC/Q(X 1079 m™) periments, respectively.

plume center in the vertical direction was calculated
to be located at an elevated position at x=-300 m.
At x=0m, the tracer gas reached the ground and high
values of concentration were detected there. High con-
centrations were also obtained at elevated positions
behind the ridge at x=500 and 900 m, and this was
because the tracer gas was transported at an elevated
position and could not easily diffuse into the cavity
region. This effect was estimated to be large in the
calculation, and the concentrations near the ground at
z<200 m and x=900 m were smaller than those in
experiments, as shown in Fig. 10. For these reasons,
the calculated values of lateral concentration at y~0
m and x==900 m, as shown in Fig. 11, were also small-
er than those in experiments. Despite some discre-
pancies between the calculations and experiments,
they were generally in good agreement.

5. CONCLUSION

A numerical simulation method based on the turbu-
lence closure technique for atmospheric flow and the
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Lagrangian particle model for stack gas diffusion in
the atmosphere has been developed. Before applica-
tions of the model to actual complex terrains contain-
ing buildings, this model was separately applied to a
single cubical building and to a two-dimensional ridge
terrain in this study. Some discrepancies of calcula-
tion results were, for instance, obtained for the small
lateral plume spreads under the flat-plate condition
when compared with so-called P-G chart (in the Fig.
2), the small calculated turbulent kinetic energy in the
vicinity of the ground surface and building roof (in
the Fig. 4) and, further, small calculated tracer gas
concentration (in the Fig. 10 at x=900 m). However,
the calculated flow and stack gas diffusion results
were compared with those obtained by wind tunnel
experiments, and good agreement between the results
of the calculation and the experiment were obtained
for both wind velocity and stack gas concentrations,
even though relatively coarse calculation grids were
adopted around the building in this study. Dependence
of the simulation accuracy on the grid resolution will
be examined in the further studies where the model

UC/Q(x107°m™2) z=50m.

will be applied to the actual terrain containing build-
ings.

NOMENCLATURE

A : tensor of coordinate transformation <=

ag* >

ox!

a' : coefficient of particle motion

bl : coefficient of random motion

Cu> Cie, Cye, Ok, O¢ : model constants (=0.09, 1.44,
1.92, 1.0, 1.4, respectively)

C,, : model constant in modified k-€ model

Cy : model constant in diffusion model

g, : density function of released particles

T :Jacobian of coordinate transformation

k :turbulent kinetic energy

n : unit vector normal to ground and building sur-

face in vector notation

P : pressure

P, : production term of turbulent kinetic energy
transport equation (=v,S?)
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Q :source strength
S : shear strain rate scale
:\/7i<8ui oz, o, a§a>2
2\09E* ax)  9E* ox!
t :time

U : mean velocity in calculation domain, free stream
velocity

: mean velocity in physical domain (=u;)

: friction velocity

: mean Eulerian velocity in vector notation (=U")

: the Reynolds stress in vector notation (=V)

- velocity of released particle in vector notation
(=u)

: coordinate in physical domain (x streamwise, y
lateral and z vertical)

X :position of released particle in vector notation

(=x)
zy : roughness of ground and building surface (=10
cm)

€ :dissipation rate of turbulent kinetic energy

E* : coordinate in calculation domain

K : von Karman constant (=0.4)

Vv viscosity of air

v, :eddy viscosity

Oy, 0, : plume spreads in y and z directions

1 /du; 9E*  du; 9E*\?
Q : vorticity scale =\/<—U—‘E"~ﬂ£>
2\9E* ox) 9g* ox

e <cEgF*=
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