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Abstract. The present study aims to estimate the wind ventilation performance for pedestrian level
domains from the air quality point of view. Three typical models of a dense urban area were considered
and numerically simulated in order to examine the effects of the geometry of such models on wind flow
characteristics, which in turn affect the air quality, within the pedestrian domain of a street canyon located
within this area. The calculated flow fields were employed to estimate the exceedance probabilities within
the study domain using a new approach: air exchange rate within the domain. The study has been applied
to nine cities in Japan: Tokyo, Osaka, Sapporo, Niigata, Fukuoka, Nagoya, Sendai, Yokohama, and Kyoto,
based on their mean wind velocity data. The results demonstrated that the exceedance probability analysis
of the pedestrian wind environment could be a valuable tool during the design stage of inhabited areas for
the evaluation of pollutant-removal efficiency by the applied wind. Also, the calculated probabilities
demonstrated substantial dependence on both the geometry of building arrays and the wind conditions of
the nine cities.
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1. Introduction

During the design stage for populated areas, it is quite important to assess the wind conditions at
ground level, since these control the air quality within the pedestrian domains of such areas. The
pedestrian wind conditions may strongly affect the dispersion of pollutants around buildings at the
pedestrian level. Consequently, demonstration of a satisfactory wind environment is required to
ensure a reasonable level of air quality for inhabitants (Richards, et al. 2002). From this perspective,
the present research sheds light on how to analyze pedestrian wind environments within dense urban
areas through the application of exceedance probability to assess the wind conditions of such areas.
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Many researchers have studied wind conditions in urban areas and used the exceedance
probability analysis to assess the safety and regular wind discomfort in such areas. Most of these
studies focused on pedestrian-level winds. Melbourne (1978) studied assessment of prospective
environmental wind conditions regarding a proposed building development in Australia. He
described a method for predicting the probability of occurrence of a given wind speed at a particular
location. Murakami, et al. (1986) constructed criteria for assessing wind conditions on the basis of
wind speed and survey of residents’ opinions over a long period of time. They used the exceedance
probability analysis based on the Weibull distribution to describe their criteria, and they applied
such criteria in evaluating the wind conditions in a typical city center area. Ohba, et al. (1998)
carried out actual field measurements in order to study wind conditions at ground level around a
redevelopment area in Tokyo. They used 17 measurement points to assess whether the wind
conditions were acceptable or not based on three published criteria: Murakami (1978), Melbourne
(1978) and Davenport, et al. (1975). Their study results demonstrate that Murakami’s criterion is
midway between those of Melbourne and Davenport. Similar to the previous study, Ratcliff and
Peterka(1990) carried out wind tunnel measurements of pedestrian wind speeds for nine building
projects to evaluate five different criteria using exceedance probability. Visser and Cleijne (1994)
carried out wind tunnel experiments and full scale measurements to predict the wind climate around
two buildings through the application of the exceedance probability approach. Murakami, et al.
(1983) conducted observations of wind flow at ground level over a period of 2 years around a high-
rise apartment building in a built-up area in Tokyo. They derived approximation of the exceedance
probability for mean wind velocity and gust wind velocity at ground level by the Weibull
distribution and they concluded that the approximation by the Weibull distribution becomes more
accurate if the wind data for each wind direction is approximated separately and then those
distributions are summed up. As an overview of previous studies, Stathopoulos (2006) addressed
experimental and computational evaluations of the wind on people in an urban environment and
focused on the development of human outdoor comfort criteria by considering a wide range of
parameters, including wind speed, air temperature, relative humidity, solar radiation, air quality,
human activity, clothing level, age and the like. He described an approach for establishing an
overall comfort index taking into account, in addition to wind speed, the temperature and relative
humidity in the urban area under consideration. Blocken, et al. (2004) carried out numerical
simulations in order to assess the wind climate in the passages of three high-rise residential
buildings in the city of Antwerp, Belgium. They found that the wind climate is highly unacceptable
and accordingly, the authors have designed and analyzed an automatic control system to modify the
wind climate in the passages. The exceedance probability was used not only for the assessment of
wind climate but also -and especially- for the analysis of the automatic control system. In another
study by Blocken and Carmeliet (2008), the exceedance probability was employed to assess the
wind comfort at outdoor platforms for different design modifications of a high-rise apartment
building. Based on their study, structural remedial measures for the considered building succeeded
to bring the discomfort probability estimates down to acceptable levels.

From the above overview, it is demonstrated that there is only one approach for estimating the
exceedance probability, i.e., wind velocity. In this paper, the exceedance probability was introduced
via a new approach: air exchange rate (AER), as a reflection of the air quality of the considered
domain. The new approach is introduced based on the fact that the air exchange rate is proportional
to the wind velocity. Moreover, the previous work demonstrated that the calculation of exceedance
probability was carried out based on the velocity at one point located within the study domain,
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while it is very important to consider the entire volume of the pedestrian domain. The present paper
takes this issue into account.

In order to carry out this study, firstly, computational fluid dynamics (CFD) simulations were
performed in order to calculate the flow fields within the wind environment. An extensive amount
of wind tunnel experiments were carried out in the same time to measure wind velocities and
pollutant concentrations along the sides of the street domain for different geometries and different
wind directions, Bady, er al. (2008). Then, the calculated flow fields were evaluated by comparing
numerical and experimental data for wind velocity and gas concentrations within the street domain.
Secondly, the calculated flow fields were employed to estimate air exchange rates within the
pedestrian domain of the street. Thirdly, the exceedance probability was calculated for nine cities in
Japan, namely Tokyo, Osaka, Sapporo, Niigata, Fukuoka, Nagoya, Sendai, Yokohama, and Kyoto,
based on their mean wind velocity data.

2. Model description

Three typical models of a densely built-up area are illustrated in Fig. 1, and the geometry of the
central part of model (I) is shown in Fig. 2. In Fig. 1, the white blocks express detached houses,
while the grey area represents traffic roads and voids between adjacent buildings. The study domain
(in all of these models) is the pedestrian volume located along a street surrounded by type-A and
type-B blocks (shown in Fig. 2) and a fence of 1.5 m height around these blocks. The study domain
has the same dimensions as the street (40 m x 4 m) and extends to a height of 5.5 m.

Models (I), (II), and (III) have the same building arrangements and dimensions, but they differ in
the geometry of the central part which surrounds the street (marked with black dashed lines). In
model (I), the central part consists of eight type-A and two type-B blocks. Narrow gaps of 1 m
width exist between the types-A buildings, and also between the type-B buildings. In model (1), the
central part forms a solid U-shape. With respect to model (III), the street buildings are the same as
those of model (I), while the outer blocks which surround them form a solid U-shape.
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Fig. 1 Simplified diagrams for the three typical models of a dense urban area
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Fig. 2 Street characteristics in the case of model (I)

Many factors were born in mind during the design of these three building patterns. First, these
models suit the nature of existing small-lot residential areas in Japan, as demonstrated by Katsumata
(2004). Second, the three models were nominated to examine the optimum design for densely
inhabited areas, which will induce more wind inside urban domains and will improve their air
quality. Third, model (II) represents an unfavorable choice for dense urban areas, due to the
blocking effect of its geometry in some wind directions. The U-shape of the central part of such
model decelerates the wind motion and hence traps pollutants within the pedestrian domain of the
street. Fourth, model (I) represents a spatially uniform-building array. Fifth, model (III) exhibits a
combination between models (I) and (II), and as a result, it is expected to demonstrate behavior
between these two models.

3. Methodology

As previously mentioned, the exceedance probability is introduced in this paper via air exchange
rate, as a reflection of air quality of the considered domain. This approach is introduced based on
the fact that air exchange rate is proportional to the wind velocity.

3.1. Air exchange rate

Air exchange rate represents the rate at which the total volume of air within the study domain is
replaced with fresh air. It is calculated by dividing purging flow rate (PFR) by the volume of the
corresponding domain:

AER = PLR

x 1000 (1)

p
where, PFR is the purging flow rate (m%/s), V), is the domain volume (m®) and p refers to pedestrian.
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Purging flow rate is defined as the effective airflow rate required to purge/remove the pollutants
from such domain (Bady, et al. 2008, Huang, et al. 2006). In other words, PFR represents the rate
by which pollutants are flushed out of the domain, which represents the removal capacity by the
wind from the domain. Purging flow rate is estimated using the concept of passive pollutants, which
means that the flow field is not influenced by the pollutants. This makes it possible to calculate the
flow field first, and then the calculated flow field is used to estimate PFR. The following Eq. (2) is
used to calculate PFR (Bady, et al. 2008 and Huang, et al. 2006):

PFR = —Io_ )
c, % p
where ¢, denotes the pollutant generation rate (kg/s), p is the air density (kg/m?), and c, is the
domain’s average concentration (kg/kg).

It is important to mention that PFR can be defined for a source point, not for the whole domain,
but in this study, it is defined as common to the domain. Moreover, in addition to average
concentrations, PFR can be estimated using the peak concentration of the domain. In such cases, the
calculated PFR reflects dilution properties more than removal properties. In this study, purging flow
rate is used to evaluate the air quality of the study domain.

3.2. Exceedance probability
The exceedance probability is a measure of the ventilation performance of the applied wind within

a certain urban domain. It is described by the Weibull distribution which, for any azimuth direction
a, (i.e. a,= N, a;=NNE... a;5= NNW), is expressed as (Murakami, 1986 and Ohba, et al. 1998):

Vg K(a,)
PV e V) = Aa) < exp) 755 G)

In Eq. (3); P(Vexceea > Vg ) is the probability of exceeding a reference velocity ¥, (shown in Fig.
3), A(a,) is the relative frequency of occurrence, and C(a,) and K(a,) are Weibull parameters for
each wind direction.
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Fig. 3 Definition of V, and V,
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Eq. (3) is used to estimate the exceedance probability at the considered reference height. In order
to calculate the probability at ground level, the following procedure is applied: a reference velocity
referred to as Vg, as illustrated in Fig. 3, is introduced. For such velocity, the air exchange rate
within the study domain is calculated through CFD simulations to be AER,;. The velocity V,
represents any reference velocity at the same height and the calculated air exchange rate at such
velocity is AER,. Since the wind velocity is proportional to the air exchange rate, then:

AER,
g Vgl
AER,,

“4)

Substituting Eq. (4) into Eq. (3), gives:

P(V AER, ) A ( AER, )K(%) 5
. > m—— = X exXpy—| —m—mmm—
exceed AERgl g1 a, p AERgl < C(an) gl

Rearranging the above Eq. (5) to get:

Voo AER, K(a,)
P(MAERg1 >AERg) = A(a,) x exp —(— Vgl) (6)
v, AER,, x C(a,)

By defining AER ;. ccq tO be:

AER = %’AE&I (7

exceed
gl

So, the exceedance probability based on air exchange rate for any wind direction a, is:

AER, K(a,)
PAE(R,yceca> AER,) = A(a,) x exp _(A—ER < Cla )Vglj ®
gl n

where P (AER,...a™> AER,) is the probability of exceeding a reference air exchange rate 4AER,.

In order to calculate the total exceedance probability for all directions, integration of Eq. (8) from
0° to 360 is required. It is an easy task if the integration is done manually using a coarse sector of
22.5° In this case, there will be sixteen wind directions (i.e. i = 0, 1... 15) and the final eq.
becomes:

P(AER AER) = S A(a) { __AER, K(a")} )
excee > = a,) X eXp _( )
¢ g ,,,Z::() AERgl X C(an) ¢!

Fig. 4 illustrates the procedure for calculating the exceedance probability. For each one of the 16
directions of the building array (i = 0~15), there are sixteen wind directions (# = 0~15). This means
that in order to estimate the total exceedance probability in all wind directions, 256 cases must be
dealt with for every building model. In Fig. 4, the case of an array direction of ENE is illustrated as
an example. In such case, the array is set at ENE direction while the incident wind direction is
varied from N (i = 13) to NNW (i = 12) in a clockwise rotation with steps of 22.5°.

In this study, nine Japanese cities were selected to conduct the exceedance probability calculations
on. These cities are Tokyo, Osaka, Sapporo, Niigata, Fukuoka, Nagoya, Sendai, Yokohama, and
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Fig. 4 Explanation of the method for calculating the exceedance probability
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Fig. 5 Map of Japan showing the nine assessed cities

Kyoto. Fig. 5 presents a map of Japan showing the nine cities. The selection of these cities was
based mainly on the fact that these cities are the most important cities in Japan, representing a
significant proportion of the Japanese population and the site of many residential houses. In
addition, these cities cover Japan from north to south, stretching from Sapporo to Fukuoka, which
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* The numbers in brackets refer to the observation height in meters.

Fig. 6 Wind roses of the nine cities based on mean wind velocity (averaged over 10 minutes) (Murakami
1986)

means that the calculations of the exceedance probabilities for the nine selected cities will also be
useful for other cities located nearby. Another important feature of the selected cities is that they
have different characteristics, with some being coastal cities (both along the Sea of Japan and the
Pacific Ocean) and others inland cities (i.e. such as Kyoto), and the wind regimes in coastal regions
are different from those of inland areas. These reasons make the investigation of wind
characteristics of such cities very important to ensure a reasonable level of air quality for the
inhabitants of these cities.
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Table 1 Weibull parameters for the 16 azimuth directions in the nine selected Japanese cities (Wind Engineering
Institute of Japan 2005)
City Parameter NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW N
A(a,) 7.0% 6.7% 7.0% 4.6% 39% 2.9% 23% 6.6%5% 11% 24% 1.5% 1.7% 4.8% 20.6% 12%
(71;?,]?1?1)* C(a,) 334 352 36 328 302 264 248 3.67 3.85 439 239 1.92 248 382 4.06 358
K(a,) 261 253 255 250 246 271 292 291 250 237 235 223 1.88 191 251 257
Aay) 12.6% 133% 44% 2.0% 14% 1.7% 19% 1.4% 1.9% 6.3%9.8% 11.6% 5.6% 6.1% 82% 11.7%
C(a,) 224 274 224 194 1.53 1.75 195 206 3.14 4.03 410 4.06 299 252 212 2.08
K(a,) 243 2.04 162 152 1.85 198 213 194 1.81 246 257 242 212 213 226 240
A(a,) 1.8% 1.9% 1.9% 3.2% 9.0% 17.0% 12.8% 5.2% 2.6% 2.3% 3.0% 4.8% 6.4% 13.4% 10.2% 4.1%
(S;?‘l"’rﬁ; C) 170 173 197 250 323 386 436 297 265 262 292 332 409 549 462 2.62
K(a,) 217 211 205 191 2.11 194 155 1.50 146 146 1.63 1.78 1.74 192 197 1.90
A(a,) 57% 39%2.7% 2.7% 3.1% 83% 82% 11.9% 9.9% 6.8% 6.3% 6.6% 5.6% 6.5% 5.4% 6.0%
Niigata oy 346 263 218 2.0 303 522 302 252 293 344 558 586 5.54 488 425 339

Osaka
(229 m)

(15.0 m)
K@) 235 241 253 237 161 166 209 254 265 223 206 208 2.17 229 233 268
A 47% 22% 15% 2.0% 39% 164% 8.8% 5.1%5.7% 4.8%2.8% 4.6% 53% 4.6% 13.1% 14.7%
fz‘zkgor‘;z)‘ Cla) 337 273 236 204 197 225 203 217 223 177 249 351 402 341 425 466

K@) 170 160 153 182 195 206 171 145 1.60 209 181 194 196 173 2.15 203
Al 40% 27%1.7% 22% 5.0% 108% 8.7% 6.5%3.7% 3.1%3.1% 6.7%9.7% 9.7% 13.0% 9.2%
(Ssggdfril) Ca) 263 212 1.88 175 222 356 365 3.19 270 251 327 465 550 424 356 3.70
K(a) 180 1.80 1.67 155 1.82 203 189 191 1.83 189 1.64 1.64 1.68 176 2.14 192
A@)  5.1% 32%26% 1.6% 2.6% 65% 8.6% 45%23% 18% 1.6% 22%94% 15.8% 19.3% 12.7%
(I}I%Ofna) Cla) 198 173 173 146 211 3.16 400 346 2.66 257 253 321 479 444 331 253
K(a,) 253 245 241 217 198 208 212 213 222 212 195 171 211 204 227 251
Ala)  92% 3.7%4.1% 8.1% 52% 3.5% 3.6% 53%7.0% 10.0%39% 1.5%09% 1.0% 5.3% 27.6%
‘ﬁl;oshig;a C(a) 3.17 235 292 343 286 275 3.65 396 491 548 456 283 272 275 370 444
K(a) 273 289 255 284 300 264 210 237 220 228 194 204 200 185 249 257
A 11.0% 8.1% 5.7% 42% 24% 24% 34% 52%6.1% 49%53% 56%78% 65% 9.1% 12.2%
&?{’% C@) 151 1.60 221 248 203 172 180 2.18 230 190 195 185 1.71 168 220 198
K@) 229 200 181 170 153 164 190 193 187 189 200 196 206 189 181 182

*The numbers in brackets refer to the observation height.

Graphical representations of the parameter A(a,) for the nine cities are given in Fig. 6. The
Weibull parameters for these cities were estimated through the regression of the data of mean wind
velocity which was measured every three hours for a period of 10 years starting from 1995 until
2004, and averaged over 10 minutes. Values of the Weibull parameters for the sixteen azimuth
directions in the nine selected Japanese cities are given in Table 1 (see Ref. (25)).

Since the velocity measurement heights in the nine cities are not equal, a correction factor has to
be applied. Considering Tokyo is the reference city, the correction factor is estimated as:

B 025

F = Upyy ) (10)
hTokyo

where ' is a correction factor, Uryy, 1s the reference velocity of Tokyo (i.e. 1 m/s), Ay, is the

reference height of the considered city (such as Osaka, Sapporo...etc), and /iy, 1s the reference
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height of Tokyo (i.e. 74.6 m).
3.3. Numerical simulations

Numerical simulations were carried out through the CFD code STAR-CD, based on a finite-volume
discretization method. Steady state analysis was adopted and the Monotone Advection and
Reconstruction Scheme MARS (Star-CD Methodology, 2004) was applied to the convective term, and
the central difference scheme was used for the diffusion terms. The pressure/velocity linkage is solved
via the SIMPLE algorithm (Patankar 1980) and the first order upwind scheme (UD) was considered in
solving the scalar eq. (i.e. Eq. (13)). Although the UD scheme provides a considerable amount of
numerical diffusion (Patankar 1980), it was chosen here because it provides a stable solution.

Since many real flows are anisotropic and the standard &-& model eqgs. don’t account for the anisotropy, a
non-linear version of the k- model was preferred to simulate the turbulence effects. In this study, the cubic
high Reynolds number k-& model (Star-CD Methodology, 2004) was used because this model caters for
the above defect by adopting non-linear relationship between Reynolds’s stresses and the rate of strain.

In expectation of greater simulation accuracy, a structured grid system was used to simulate the

fence
Block Al Block A5
Block A2 Block A6

Block A3 Block A7
(b)
Block A4 Block A8

Block A1l

Block A2

(a) ©

Fig. 7 Schematic representation of grid system to simulate the array of model (I); (a) grid system of the whole
array; (b) grid system of the study domain; (c) grid system of the narrow passages between buildings
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building arrays. Fine meshes were applied near the walls and around the buildings, and coarse ones were
used far from them. In addition, as the passages between street buildings are a very important aspect for
the simulation results, very fine meshes were used across the width of each passage, as mentioned by
Blocken, et al. (2006). This arrangement was considered to ensure a proper resolution of the boundary
layers and of the air flow in the study domain. Fig. 7 shows a schematic of the grid system for the
building array of model (I) together with the grid characteristics of the study domain and the passages.

At the inflow boundary, a constant flux layer was assumed for the turbulent energy k, and
turbulent intensity was assumed to be 10% of the inflow wind velocity at a representative height
(z,) of 74.6 m. The turbulent kinetic energy was calculated as given by Eq. (11), while the turbulent
dissipation rate was calculated according to Eq. (12), which arises from the assumption of local
equilibrium P, = & (P : production term for k eq.) (Murakami, et al. (1988), Mochida, et al. (2002)
and Tominaga, et al. (2008)).

k=15(u,x1) (11)
2 ou
ezC, xkxg (12)

where k is the turbulent kinetic energy (m%s?), u, is the reference wind velocity (m/s), [ is the
turbulent intensity of the applied flow, u is the wind velocity (m/s), ¢ is the dissipation rate and C,
is a constant.

The sides and the top of the computational domain are modeled as slip walls (zero normal
velocity and zero normal gradients of all variables). The generalized logarithmic law with the
parameter £ = 9 (m) was applied to the building walls and ground surface as smooth walls. Table 2
summarizes the parameters used in the simulations together with the applied boundary conditions.

A uniform generation rate of the pollutant within the study domain is considered to be
independent of the source location within the domain. The feature of applying uniform generation is
that it is not necessary to consider the location of the pollutant source within the study domain.
Then, pollutant concentration was calculated through the solution of the convective-diffusion eq. for
a scalar (Ferziger, et al. 1997):

2puC) o (o
. 6_36[([(6_)@) s (13)

Table 2 CFD simulation parameters together with applied boundary conditions

Turbulent Model The cubic k- model
MARS Scheme (Star-CD Methodology, 2004)
Differential schemes Diffusion term: Central difference scheme

Concentration: First order upwind scheme (UD)

u = uy(zhy)">, u,= 1 m/s & h, = 74.6 m
k= 1.5(u,xI)*, I=10.10

Inflow conditions 2 oz
e=C,, " xkx=,C, = 0.09
0z
Outflow conditions Zero normal derivatives
Side and top boundaries Free slip

Building walls and ground Generalized logarithmic law (£ = 9)
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where ¢ denotes pollutant concentration (kg/kg), K is the diffusivity coefficient for the concentration
(kg/m/s), x; are the Cartesian coordinates (m), u; are the Cartesian components of the velocity (m/s),
and S is the pollutant source strength (kg/m?/s).

An important issue to be mentioned here is related to the diffusivity coefficient K which is a
function of the turbulent Schmidt number (K= v;/ Sc,). It is known that the numerical results are
quite sensitive to the value of the turbulent Schmidt number (Blocken, et al. 2008). In addition, the
value of Sc; is not constant and varies from one location to another within the same calculation
domain. In high concentration regions — which mean high concentration gradients — the turbulent
Schmidt number is less than one, while in low concentration regions — which means that the mixing
of pollutants with ambient fluid is almost finished — its value is sometimes greater than one. This
means that the diffusivity coefficient does not equal the eddy diffusivity of the momentum. In order
to determine the optimum value of Sc in urban areas through the regression of the observed data, a
lot of studies have been carried out, such as Tominaga, et al. (2007), Moriguchi, et al. (1995) and
Yoshikawa, et al. (1997). In these studies, it was found that Sc < 1 has good regression. Accordingly, in
the present work, the turbulent Schmidt number was assumed to be constant and its value is the
default value of STAR-CD which is 0.9 (Star-CD Methodology, 2004). The assumption of constant
Schmidt number has been applied in many of the previous studies, such as Xiaomine, et al. (2005)
and Tsai, et al. (2004), and gave reasonable results.

It is worth mentioning here the fact that the numerical simulation for diffusion is sometimes not
accurate. This can be attributed to two main reasons — the insufficient spatial resolution and the
steep concentration gradients that exist within the same calculation domain. This steep gradient is
explained as follows: in the upwind side of a source, the concentration is zero; while in the region
closest to the source, the concentration is a maximum and decreases as the plume travels downwind
of the source. Accordingly, there is a significant variation in the concentration values between the
adjacent cells, which leads to steep concentration gradients. In order to overcome these two
problems, a huge number of cells is needed to produce gradual concentration gradients, which is
computationally expensive. In this paper, in order to overcome the problem of insufficient spatial
resolution, a grid-convergence analysis has been carried out during the design of the mesh systems
of the three building models and in each case; a reasonable number of cells was attained.

Dimensions of the wind environment domain around the building arrays were not fixed. It was
varied according to the applied wind direction. For example; when the wind direction was normal to
the street (i.e. & = 0°) the domain dimensions were 430 mx220 m (796589 cells), and when the
wind angle was 315° the domain dimensions were 430 mx420 m (872045 cells)...etc. However, the
domain height was 82 m for all cases.

3.4. Wind tunnel experiments

Since the exceedance probability is calculated based on CFD simulations. So, it is very important
to demonstrate that the numerical results are accurate. Thus, wind tunnel experiments were carried
out to validate the calculated flow fields through measuring wind velocity and pollutant
concentrations. These experiments were performed in the boundary layer wind tunnel of the
University of Tokyo. In such experiments, the building patterns were represented by 1:100 scale
wooden models and wind velocity and tracer gas concentrations were measured along the two sides
of the street over an extended range of incident wind directions. Six directions have been considered
and applied to each model. These directions were: 0°, 22.5°, 45°, 90°, 270°, and 315°. In each case,
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wind velocities and tracer gas concentrations were recorded along the two sides of the street at 1.5-
m height. For more details about the experiments, see Bady, et al. (2008).

4. Results and discussion
4.1. Comparison between numerical and experimental results

Some examples for comparing CFD simulation results with the experimental data for wind
velocity at three levels of z = 1.5 m, 3.0 m and 9.0 m are presented in Figs. 8-10. Fig. 8 (a) shows
the wind velocity in the region y = 0~40 m along the two sides of the street of model (I) at 1 m
apart from the street center line. In the subplot (a), the calculated and the measured scalar velocities
along the left hand side of the street (X = —1 m) at the three considered heights is shown. In
numerical and experimental approaches, a general observation can be noticed that the velocity tends
to increase from the inner end of the street (y = 0 m) to its open end (y = 40 m), which is located
alongside the traffic road. Also, the figure shows satisfactory agreements between the numerical and
experimental results along the inner half of the street (0<y<20) at z =15 m and z = 3.0 m.
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Fig. 10 Comparison between numerical and experimental wind velocities along the sides of the street of
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However, a considerable difference is observed along the second half of the street (20 <y <40).
These differences could be attributed to the fact that the measurement points near the traffic road
(y = 40 m) are in locations of highly complex circulatory flow regions. In the same time, there are
peak values for the wind velocity along this side of the street for these two wind directions near the
narrow spaces between the street buildings. This behavior reflects the importance of the presence of
such spaces between adjacent buildings to induce more wind through urban domains. Fig. 8(b)
shows the wind velocities along the right hand side of the street (X = 1 m). Similar to the case of
X = -1 m, good agreements are observed along the inner half of the street, while near the road side
the differences between the two approaches are larger than those of the case of (X = —1 m). In Figs.
8(a) and 8(b), at z = 9 m, a large difference between the calculated and the measured velocities are
shown. The velocities calculated by CFD simulation underestimate the measured velocities. This
can be attributed to the shortage of the turbulence model in predicting the velocity gradient near
building walls and roofs.

In Figs. 9 and 10, the similar comparisons of numerical predictions with the experimental results
for models (II) and (IIT) in the two wind directions are shown, respectively. Similar to the results of
model (I), the numerical predictions of the two models, overall, are in satisfactory agreement with
the experimental results, but the major discrepancies are present at z = 9.0 m. In addition to the
shortages of the k-& model in predicting the velocity gradient near walls and roofs, the computational
errors include the inaccuracies introduced by the discretization scheme, parameter selection, and
algebraic eq. solutions. In general, however, the overall agreement between numerical predictions and
experimental measurements is good.

4.2. Air exchange rate within the study domain

Fig. 11 shows the air quality parameters: average pollutant concentration and air exchange rate,
within the pedestrian domain of the street for the three building patterns versus the applied wind
direction. Such quantities were estimated at a reference wind velocity of 1 m/s measured at a
reference height of 74.6 m.

The results demonstrate a significant dependence on the wind direction and also on the building
array geometry. In the range from 0~180°, models (I) demonstrate good ventilation performance
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Fig. 11 Air quality parameters within the study domain for the three patterns (#, = 1 m/s); (a) Average
domain concentration, (b) Air exchange rate

compared with the other models. The behavior of such model for this wind direction range reflects
the high removal efficiency of the pollutants by the wind, which is attributed to the presence of
narrow gaps between street buildings. The narrow gaps induce more wind to the street domain,
which improves the ventilation process. The effect of these gaps clearly appears in the case of
model (III) also, which demonstrates good performance compared with model (II), which has the
lowest ventilation performance among the three models in this range of wind directions. It is
thought that the geometry of the solid U-shape in model (II) and the outer U-shape of model (III)
are the main reasons for these trends in this range of wind directions. The U-shaped geometry
prevents the removal of pollutants by the applied wind in specific wind directions, which leads to
an increase in the returning flux of these pollutants to the domain. The pollutants then accumulate
and the concentration increases.

In the range from € = 180°~360°, models (II) and (III) clearly demonstrate high ventilation
performances. The effect of wind direction in such range can be understood by realizing that most
of the wind which enters the street domain comes through the shear layer at building roof level,
while a low percentage of wind enters the domain through the traffic road side and the narrow gaps
between street buildings. The wind flow through the narrow gaps creates lateral flows, which appear
clearly in model (I) compared with model (III), while these flows disappear completely in the case
of model (II). The interaction between these flows and the main flow coming across the shear layer
creates a number of vertices within the street, which affect the purging capability of the main flow.

4.3. Application of exceedance probability

Results of calculating the exceedance probabilities within the study domain for the case of model
(I) are presented in Fig. 12. In order to maintain the brevity of this paper, among the nine cities
considered, only the probability curves of three cities are presented. These cities are: Tokyo,
Sapporo and Yokohama. For each city, there are sixteen curves representing the sixteen directions
considered for the building arrays. Each curve represents the total exceedance probability for the
considered direction of the array. For example, the curve of NW-direction represents the total
exceedance probability from the sixteen wind directions when the array direction is NW.

The figure shows that at higher exceedance probabilities, the difference between AER values from



470 Mahmoud Bady, Shinsuke Kato, Yoshihiro Ishida, Hong Huang and Takeo Takahashi

—<+NNE = NE —+ENE —<E —+-ESE -=SE -+-SSE —-8
~+-88W -+-8SW  -+-WSW W “=WNW —=-NW -e-NNW -=-N

100%
£ 90% - Tokyo
% 80% -
Q 70% -
5 60% -
® 50% - Q
8 v
'g 30% -

8 200 - \
g -
& 10% A %
0% T T T ; 7
0 20 40 60 80 100 120
Air exchange rate (1/h)

—~+-NNE = NE —+ENE —*E —+-ESE -&-SE  -#SSE —S
-+-8SW_ —--SW  -WSW W “=WNW —=NW -o-NNW -=N

2 90% - Sapporo

probab
(2] (o]
LIS
S
. .

n
w &
22
S
.

7

/

7
/i
7

_\

S

S
.

1

j

0 20 40 60 80 100 120
Air exchange rate (1 /h)

—~+NNE =NE —+ENE —<E —~+ESE -=SE -+-SSE —-S
~+-8SW -o-SW  -»+=WSW —+W -=WNW —--NW -e-NNW -=-N

100%
> 4
£ 0% Yokohama
a 80% -
-8 70% -
S 60% -
8 50%
€ 40% -
3 30% -
8 20% - S
i 10% - —

0% T T T T :

0 20 40 60 80 100 120

Air exchange rate (1/h)

Fig. 12 Exceedance probability curves of model (I) in Tokyo, Sapporo and Yokohama

one direction to another is very small, while at low probability values, such differences are
considerable. For example, in the case of Tokyo, at a probability value of 70%, the AER is about 30
1/h in almost all directions of the array with no considerable differences between these directions.
However, at an exceedance probability of 20%, the AER ranges from 50 1/h in the NNE direction to
65 1/h in the W direction. Also, the figure demonstrates that for a specific air exchange rate and a
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specific array direction, the probability values vary from one city to another due to the variation of
the wind characteristics between these cities. In addition, the figure demonstrates the low
dependence of model (I) on the array direction for almost all cities. This appears clearly in the
convergence between the probability curves in the sixteen directions of the array. This means that
the change in AER is very small with changes in the array direction in these kinds of densely urban
areas. Another important point to note from this figure is that model (I) has low probability values
at higher ventilation rates in Tokyo. This can be attributed to the wind characteristics of Tokyo,
reflected by the values of the parameters C(a,) and K(a,).

The results of Fig. 12 demonstrated that it is difficult to evaluate the calculated exceedance
probabilities for all 16 directions due to the high density of the curves. Accordingly, it was preferred
here to compare the ventilation performance of the three building models based on specific values
of air exchange rate.

4.3.1. Assessment of wind conditions based on AER

Fig. 13 shows the exceedance probabilities of the three building patterns within the study domain
for the considered nine cities. The sixteen model directions -starting from N to NNW in a clockwise
rotation- are signed with numbers from 0~15 and used as the horizontal axis in such figure. The air
exchange rate was considered as the key parameter and it is changed from 15 1/h to 120 1/h with a
step of 15 1/h. The limited number for the values of AER is considered here since it is impossible to
show the whole range on the same graph.

The exceedance probability distribution of Tokyo is shown in Fig. 13(a). At AER = 15 1/h, the
probability trends are almost constant for models (I) and (III) at a probability value of about 90%,
while model (II) shows little variation with model direction. The variation of the exceedance
probability with the model direction becomes large as the air exchange rate increases, where the
significant difference between the maximum and the minimum probabilities are occurred at AER =
60 1/h, which is the same at almost all cities.

Fig. 13(d) shows the exceedance probability curves of Niigata. In such case, the probability trends
are shifted up compared with the other cities due to the strong wind of Niigata. In the same subplot,
the exceedance probability at air exchange rate of 120 1/h is shown too. For this value, the exceedance
probability is about 5%. The probability trends of Niigata demonstrate that; the variation of the
probability with the model direction is fairly large. The variation of exceedance probability with model
direction at AER of 120 1/h is still greater than that of Yokohama shown in Fig. 13(h). Similarly,
the variation of the exceedance probability with the model direction at the specific air exchange
rates of the other cities can be read from Fig. 13.

4.3.1.1. Influence of building geometry on exceedance probability distribution

In order to investigate the influence of the three building models on the ventilation performance
within the study domain, the case of AER = 60 1/h is focused here. In the case of model (I), the
exceedance probability variation with the array direction is the lowest among the three models. This
reflects the influence of the 1 m space between the adjacent buildings in achieving high ventilation
performance of the applied wind. Model (II) is a series of adjacent buildings where no space exists.
The exceedance probability variation with the array direction is very large, where the difference
between the maximum and the minimum probabilities at certain cities exceeds 30%. With respect to
model (III) which is a model that the detached houses are surrounded by a series of building, the
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Fig. 13 Exceedance probabilities within the domain for the three building models in the nine cities

variation of the exceedance probability with the array direction is in-midway between models (I)
and (II) in almost all cities.
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4.3.1.2. Comparison between the exceedance probabilities of the nine cities

Fig. 14 presents a comparison between the exceedance probabilities of the nine cities within the
study domain for the three building patterns. The figure shows the maximum and the minimum
exceedance probability trends estimated at an air exchange rate of 60 1/h. Also, the figure shows the
directions at which these probabilities were calculated.

Fig. 14 (a) shows the maximum and the minimum probability trends of Tokyo. In such figure, the
difference between the maximum and the minimum probabilities of model (I) (difference between
0 and M) is small, while such difference becomes large in the case of model (II) (difference
between A and A). Although, model (III) shows a behavior between the two models (difference
between O and @), it demonstrates the highest probability values among the three models. In Fig.
14 (d), it is clear that the differences between the maximum and the minimum probabilities become
smaller in Niigata compared with Tokyo which is attributed to the wind rose of the two cities.
Referring to Fig 6, the wind rose of Tokyo has two peaks at NNW and SW, while that of Niigata is
almost forming an oval. This means the sensitivity of the probability to wind direction in Tokyo is
larger than that of Niigata. In addition, the slope of the probability trends of Tokyo is larger than
Niigata. This is attributed to the distribution of the Weibull parameter C,, which has the same units
of velocity according to Eq. (10). The greater the value of C,, the smaller the slope of the trends
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Fig. 14 Maximum and minimum 60 times/h air exchange rate -based exceedance probability for the three
models in the nine cities together with the model directions of each case

(and vice versa). In Tokyo, the parameter C, is almost distributed on a circle while that of Niigata is
not uniform and its values are greater than Tokyo.

For the case of Nagoya -shown in Fig. 14(f) - the differences between the probability trends of
the three models are greater than those of Yokohama. This can be referred to the wind distribution
along the wind rose, which is concentrated on the NNW-SSE axis. Also, the parameter C, of
Nagoya is distributed on an oval and its values are lower than those of Yokohama. This gives a
gradual decrease for the probability trends in Yokohama compared with Nagoya.

Fig. 14(c) shows the probability trends of Sapporo. In such case, the differences between the
maximum and minimum probability trends of the three building patterns are smaller than those of
Nagoya. Similar to Nagoya, the main wind direction in Sapporo is concentrated along the NW-SE
axis which makes the wind characteristics in these two directions differ greatly from the other
directions. The figure shows also that; the slopes of the probability curves are almost the same as
those of Nagoya, since the distribution of the parameter C, in the two cities is nearly the same.
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With respect to case of Kyoto, shown in Fig. 14(i), the applied wind intensity is quite low in all
directions as shown in Fig. 6(i). Thus, the difference between the maximum and the minimum
probability curves of the models are small (see Fig. 13(i)). Also, since the parameter C, is almost
distributed on a circle, the slope of the trends is quite large.

From the above discussion, it is clear that; when the wind ventilation performance in a certain
area is investigated, the wind rose of such area is very important for reflecting its wind
characteristic. The wind rose reflects the behavior of the incident wind at a certain direction for the
16 model directions. This means that; Fig. 6 together with Fig. 14, are important to study the wind
performance in built-up areas.

4.3.1.3. Assessment based on 85% and 15% exceedance probabilities

In order to assess the wind conditions of the three building patterns in the nine cities based on the
calculated exceedance probabilities, a reasonable measure is required. This measure should exhibit a
time relevance of a repeating nature. Accordingly, it is adopted here to use the wind occurrence of a
week as a base of comparison. One day per week reflects a probability of occurrence of 15% (1/7 =
0.1428~15%) and six days per week reflect a probability of occurrence of 85% (6/7=0.857 = 85%).
So, the investigation of AER values at these two probabilities will be informative.

Table 3 presents the values of AER for the three building patterns in the nine cities at P = 85%
and 15%. As an example, consider the case of model (I) in Tokyo. According to Table (3), it is

Table 3 AER values at the exceedance probabilities of 15% and 85% together with models directions

Cit Model (I) Model (IT) Model (III)
i
Y 85% 15% 85% 15% 85% 15%
SSW w ESE w NNE w
Tokyo
28.57 69.45 20.25 71.66 27.77 71.68
w SE WNW SE E NW
Osaka
15.36 57.52 10.4 55.1 13.57 56.55
ENE NE NW ENE NNW SW
Sapporo
18.82 78.99 24.13 71.79 16.35 76.00
B ENE E E w ESE w
Niigata
25.39 68.62 18.17 65.83 23.31 69.35
NE WSW WSW SW NNW ENE
Fukuoka
12.92 63.23 9.95 64.52 11.85 64.38
w WSW E ENE ESE ESE
Nagoya
21.41 67.49 14.48 71.07 17.74 71.99
. SW WSW ENE ENE ENE ENE
Sendai
17.22 70.08 12.50 70.42 14.96 71.86
SE E SE w SSE w
Yokohama
28.75 79.46 23.8 76.69 28.07 78.19
WNW WNW ESE ESE ESE ESE
Kyoto

5.99 46.80 4.49 42.04 5.34 44.92
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expected that the air exchange rate within the pedestrian domain of model (I) will be more than 28
1/h for six days/week, and more than 69 1/h for one day/week. Also, in the case of Kyoto, the
number of air changes can be expected to be about 46 1/h for one day/week, and more than 6 1/h
for six days/week. Clearly, these rates are quite lower than those of Tokyo. Another example is the
case of Sapporo. In such case, the air exchange rate will be more than 18 1/h for six days/week
which is lower than Tokyo and more than 79 1/h for one day per a week which is greater than
Tokyo. This can be attributed to the fast decay of the probability curves in Sapporo at low AER
values and also to the gradual decrease of the probability curves of Sapporo compared with Tokyo
at high AER values, according to Fig. 14.

Moreover, based on Table 3, the lowest AER values within the study domain for the three models
are found in Kyoto at both P = 85% and 15%, while the highest values float between Yokohama,
Sapporo and Niigata. This note demonstrates that the wind conditions in these tree cities are better
than those of the other cities, even in weak wind conditions. In addition, the table demonstrates that
model (II) has the lowest AER values among the three models, while models (I) and (III) show
nearly the same AER values. Since the minimum standard values of the air exchange rate within
these cities are not exactly determined in the present stage of this study, it is difficult to state that
model (II) is unacceptable.

5. Conclusions

Three typical models of a dense urban area were studied and numerically simulated to examine
the effects of the geometry of these building patterns on wind flow characteristics within the
pedestrian domain of a street located within this area. The exceedance probability was considered to
assess the performance of the wind environment of the three models. A new approach for
calculating the exceedance probability was introduced based on air exchange rate within the study
domain as a reflection of air quality. The study was applied to nine cities in Japan, based on their
mean wind velocity data. The study revealed the following:

1) The exceedance probability seems to be an effective tool for evaluating wind conditions within
urban domains. It affords the ability to estimate the optimum direction for building arrays that
provide a good wind environment for inhabitants of such areas by improving the air quality.

2) Dense building arrays with some narrow gaps can be set in any direction within the
construction site. The presence of narrow gaps leads to a decrease in differences between air
exchange rates for variable wind directions.

3) Since the study target is to assess the wind environment of the building arrays in nine selected
Japanese cities, the wind conditions of Yokohama, Sapporo and Niigata seem to be better than
those of the other cities, reflected by the AER values at the minimum probability values. This
conclusion is drawn from the weak wind point of view.

4) The exceedance probabilities strongly depend on the geometries of the building arrays as well
as the wind conditions of the construction site.
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