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Application of ventilation indices to evaluate
ventilation efficiency in newly-built urban area at

pedestrian level

1. INTRODUCTION

In China, urban ventilation efficiency is becoming an
important concern because of urban heat island effects and
serious air pollution. Many researchers have studied ventilation
efficiency and the distribution of pollutants within urban
domains. Those studies can be categorized into two types:
(1) meso-scale (regional scale and city scale)™ and (2) micro-
scale (neighborhood scale and street scale) . Through both
experimental and numerical methods, countermeasures to
improve urban ventilation performance have been considered,
focusing on modification of urban design arrangments such as
road width, building height, and building array.

In developing countries, many new areas in suburban zones
of cities have expanded to meet the requirements of social and
economic development. Due to limited land resources, newly-
built urban areas still need to meet various social and economic
requirements. For example, total floor area should be firstly
satisfied. Under this restriction, it is worthy systematically
investigating the effects of urban building arrangement (such
as building coverage ratio, building array, and height variation
of buildings) on urban ventilation efficiency in order to
practically guide urban ventilation design in these areas.

The CFD technique with the standard k-¢ model was used
for the evaluation. A simplified urban block model of a typical
existing residential area in Shanghai was adopted as the
reference case, and urban parameters such as building coverage
ratio (BCR), building height (H), passage width (D) and
building array were varied. The urban ventilation efficiency
was evaluated by spatially-averaged wind speed ratio (VR,),
spatially-averaged normalized pollutant concentration (C") and

visitation frequency (VF).

Tingting Hu, Ryuichiro Yoshie

2. MODEL DISCRIPTION

A simplified urban block model (Figure 1a) was designed
to represent a typical residential area in Shanghai (Figure
1b). Figure 1lc shows an enlarged view of a center block in
Figure la. The computational domain contained 8§ blocks
surrounding the central one. All 9 blocks had the same
arrangement. Each block comprised a total of 72 residential
buildings (48m (L) x12m (W) x18m (H)) with 6 stories. The
building coverage ratio (BCR), representing the ratio of
ground floor area to lot area, was 40%, and the floor area
ratio (FAR), representing the ratio of total floor area to lot
area, was 240%.

To compare the ventilation efficiency of different urban
patterns, other BCRs and arrays (Layouts 2-18) were
considered, as shown in Table 1 and Figure 1. The BCR was
changed by increasing the building height while keeping the
FAR constant. The lengths (L) and widths (W) of buildings
were not changed. The passage widths D, and D, between
adjacent buildings (shown in Figure 1f) changed with BCR
and building array. The main road width in these models was
20m for all cases, as shown in Figure la.

Wind conditions at pedestrian level in an urban area play
an important role in the dispersion of vehicle pollutants,
diffusion of heat, and ventilation of buildings. Therefore, it
is necessary to understand the pedestrian wind environment
around buildings 0-2m (z) and to take them into account
in urban ventilation design. A uniform pollutant source
assumed to be a passive scalar was generated throughout
the pollutant source volume (PSV) (0-2m (z) volume of the
center block), as shown in Figure 2, to simulate pollution

from residence areas and vehicles.
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Table 1. Parameters for all layouts
Layout H (m) BCR (%) Array Layout H (m) BCR (%) Array
1 18 40 A 10 36 & 72 13 LH
2 36 20 A 11 54 & 90 10 LH
3 54 13 A 12 12 & 24 40 SH
4 72 10 A 13 18 & 54 20 SH
5 36 20 S 14 36 & 72 13 SH
6 54 13 S 15 54 & 90 10 SH
7 72 10 S 16 36 20 A
8 12 & 24 40 LH 17 27 30 A
9 18 & 54 20 LH 18 27 30 A
Note: A: Aligned array; S: Staggered array; LH: Low and High spaced array; SH: Staggered Height array

Take layout 1 (BCR=40%, Aligned array) as an example:
Pollutant Source Volume (PSV)

Location:0-2m (z) volume of center block

Size:326m (Lg) -326m (Ly)-2m (k) (Note: except building part)
Five surfaces of PSV

a. Front (Windward surface)

b. Back (Leeward surface)

c. Left, Right (side surfaces)

d. Top (upper surface)

Figure 2. Pollutant Source Volume (PSV)

3. ANALYSIS INDICES

Three analysis indices were used to evaluate urban
ventilation efficiency for all cases.

(1) Spatially-averaged Wind Velocity Ratio (VR,)

Spatial averaged wind velocity ratio (VR,) is defined as
the ratio of spatially-averaged wind velocity at pedestrian
level to a reference wind velocity ™, and is calculated as:
VR, =U /Uy )

where U, is the volume-averaged wind speed in PSV (m/
s) and U, is the inflow wind velocity at 10m height (m/s) in
this study.

(2) Spatially-averaged Normalized Concentration (C")

C'is defined as the spatially-averaged normalized
concentration, and is calculated as:

C*=(CxU, W)/ @

where C is the calculated spatially -averaged concentration
(kg/kg), O is the pollution emission rate (m’/s) and W is the
building width (m). W is constant for all the cases (W=12m)
in this study.

(3) Visitation Frequency (VF)

VF represents the number of times a particle enters
the domain and passes through it ™. To calculate VF, the
following equation was applied:

VF=1+Aqp/q, ©)]

n -
A‘?p,in = _leAf (Ejﬁin,i + c;u;n,f) @
1=

Where p is the air density (kg/m®), 4, is the inflow area of

cell face i (m%), C; is time-averaged pollutant concentration
at the boundary of cell face i (kg/kg), I/Tin,i is the time-
averaged normal inflow wind velocity of cell face i (m/s),
and 7 is the cell number at boundary surface of PSV. le is
the concentration fluctuation (kg/kg), and ”{n,i is the inflow
velocity fluctuation (m/s).

g, is the pollutant generation rate g, =PSV*S, (kg/s), PSV
is the Pollutant Source Volume (m®), and S, is the uniform

generation source strength (kg/m’s).
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(b) Layout 18(BCR=30%): 12 row, 4 column
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(¢) VR,, (BCR=30%)

(d) C* (BCR=30%)

(e) VF (BCR=30%)

Figure 3. Effect of passage width
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(b) staggered array

Figure 4. Definition of D and '

4. EFFECT OF PASSAGE WIDTH ON URBAN
VENTILATION EFFICIENCY

The effect of passage width was investigated by adjusting
the widths of two passages D, and D, while keeping other
patterns constant. The two layouts depicted in Figures 3a
and b shared the same BCR (30%), FAR (230%) and H
(27m). The only difference between them was the building
distribution. Layout 17 was arranged in 8 rows and 6 columns
and Layout 18 was arranged in 12 rows and 4 columns. As
shown in Figures 3c-e, layout 17 showed larger VR, and
smaller C"and VF than layout 18 for 8 = 0° and 45°. This was
because of the passage width D,. The larger D, in layout 17
was helpful in bringing more air into the PSV and improved
the ventilation efficiency, while the smaller D, in layout 18

hindered the entry of air. For § = 90°, layout 18 showed larger

VR,, and smaller C" and VF than layout 17 because of the
larger D,.

5. PRACTICAL DESIGN PARAMETER FOR URBAN
VENTILATION

A general parameter needed to be considered for practical
design of urban ventilation. We firstly thought building
coverage ratio (BCR) could be a promising candidate
according to the previous studies of Kubota et al."” and
Yoshie et al. P The relationships between ventilation indices
and BCR were investigated and are displayed in Figures 5a-
c. However, contrary to our expectations, it is difficult to find
a strong relationship between building coverage ratio and
ventilation efficiency indices especially for VR, (Figure 5a).

Bady et al”. evaluated the effect of non-dimensional passage
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Figure 5. Comparison of effects of BCR, H/D and PR on ventilation indices

width ratio H/D (D is the distance between two buildings
(m), and H is building height (m)) on ventilation efficiency
indices of a domain located between two buildings. It has
been observed that with the increase of H/D, the spatially-
averaged pollutant concentration increased and air change
rate decreased. Following this finding, the relationship
between H/D and ventilation efficiency indices were then
investigated (Figures 5d-f). In the figures, D is the passage
width perpendicular to the wind direction and H is the
average building height. For all the ventilation efficiency
indices, H/D fails to be a practical design parameter since
the correlation between H/D and ventilation efficiency

indices are very low.

To improve the correlations, a modified parameter which
we call “Passage Ratio” (PR) was proposed. PR is defined as
follows

PRz(B)x[HiD' ] )
F +D

1 2
where D is the passage width perpendicular to the

wind direction (m). F is the width of the windward facade

D

1

4 —
D, + D, is the

perpendicular to the wind direction (m).
adjustment factor.

In Formula (5), the values of D vary with wind direction
and building array and F changes with wind direction. Their

values are determined as follows:



(1) Non-staggered array (Figure4a)

For 6=0°, D=D,; F=F,

For §=45°, since the ventilation efficiency for =45° is
very similar to that for #/=0° in most cases, D=D,; F=F

For 6=90°: D=D,; F=F;
(2) Staggered array (Figure 4b)

For 6#=0°, since there are two passage widths
perpendicular to the wind direction: D,; is the larger one and
D, is the smaller one, a integrated passage width D, was

defined to consider the effect of both passages:
D,=(D,xDg)"” ®)

In this case, D=D,; F=F

For 0=45°, D=D,; F=F;

For 8=90°: D=D,; F=F,.

Strong relationships between PR and ventilation efficiency
indices were found as shown in Figures 5g-i. With increase
of PR, VR, increased while C" and VF decreased. Therefore,
PR is more appropriate and applicable as a practical
parameter for evaluating urban ventilation efficiency,
which is beneficial for examining basic schemes of urban
development. However, the aspect ratio of the building
model was fixed (L/W = 4:1) in this study, which is typical
in Chinese residential areas. The proposed PR may not be

effective for other building geometries.

6. CONCLUSIONS

In order to investigate the ventilation efficiency of newly-
planned residential areas, CFD simulations were carried out
for various building arrangements. The ventilation efficiency
of the different cases were evaluated by spatial averaged
VR,, C*, and VF. Large passage width improved ventilation
efficiency. Practical design parameter (passage ratio) for
evaluating urban ventilation efficiency, which is useful to
examine basic schemes of urban development was proposed

based on the calculation results.
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