378 Ying et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(5):378-388

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

www.zju.edu.cn/jzus; www.springerlink.com

E-mail: jzus@zju.edu.cn

JZUS

Developing planning indicators for outdoor wind

environments of high-rise residential buildings”

Xiao-yu YING'', Grace DING?, Xiao-jun HU', Yin-qi ZHANG®
('Department of Architecture, Zhejiang University City College, Hangzhou 310015, China)
(*School of the Built Environment, University of Technology Sydney, Sydney NSW 2007, Australia)
(*Department of Building Innovation Technology, Shanghai Research Institute of Building Sciences (Group) Co., Ltd., Shanghai 310015, China)
"E-mail: yingxiaoyu@zucc.edu.cn

Received Jan. 20, 2016; Revision accepted Feb. 3, 2016; Crosschecked Apr. 7, 2016

Abstract: The construction of a building may change the microclimate in the vicinity, and planning indicators in a master plan
may directly affect the outdoor physical environmental quality in residential areas. An inappropriate plan for a site may accelerate
wind and intensify vortexes over places on the pedestrian levels, which leads to an adverse outdoor environment. Therefore, the
design of a cluster of buildings should not focus only on the buildings but also provide a good outdoor environment around the
buildings. To tackle the problem of inadequate wind environment, the relationship between the building’s floor area ratio and
height was identified in this study as the main planning indicator to be examined on its effects on the outdoor wind environment. A
computational fluid dynamics (CFD) model was hence developed to simulate the wind conditions generated by some typical site
layouts with different values for planning indicators under relevant weather conditions, which were typical of those in Hangzhou,
China. The simulated wind conditions are assessed using the wind speed ratio over the whole area of the building cluster at the
pedestrian level. The effects on the local wind condition due to the varying of the planning indicators are discussed whilst con-
sidering the potential construction costs. The indicators resulting in better external conditions are highlighted in the conclusion as
the recommendation which could be used as a rule of thumb by architects and planners at the master planning stage. The study
disproves the common belief in the practice that a lower floor area ratio means fewer buildings and therefore greater external
comfort. In fact, the higher the building, the greater the outdoor comfort wind zone for pedestrians. However, the increment in
comfort area is limited to buildings extending from 25 to 30 levels.
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1 Introduction mental problems of outdoor wind patterns have be-

come increasingly prominent (He et al., 1997; Mu-

With rapid urbanization and continuous im-  rakami, 1997; Yoshie ef al., 2007). For example, high

provement of construction techniques, a variety of
high-rise buildings with different layouts have
emerged in large numbers and resulting environ-
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wind velocity in narrow channels between high-rise
buildings and increased wind velocity can make pe-
destrians uncomfortable, disturb their outdoor activi-
ties or even expose them to potential risks, such as
walking with difficulty and being blown over by the
wind (Blocken et al., 2008). Alternatively, improper
building layouts or building size may contribute to the
formation of a dead air eddy zone between the
buildings, a stagnant area with poor circulation (Ying
et al.,2013). Therefore, it is necessary to explore how



Ying et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2016 17(5):378-388 379

wind conditions are created to avoid adverse wind
environments.

The main approaches to predict the wind envi-
ronment around buildings are field measurements,
wind tunnel tests, and numerical simulation (Statho-
poulos and Baskaran, 1996; Chang and Meroney,
2003). At present, there are still some errors in pre-
dicting the subtle pressures of building surfaces using
numerical simulation, but the overall wind environ-
ment has been simulated with high accuracy and
practical value (Stathopoulos and Baskaran, 1996;
Cochran and Irwin, 1999). Stathopoulos and Baska-
ran (1996) applied numerical simulation to a group of
seven rectangular and parallel buildings and found
that the resulting wind velocity distribution around
the buildings was in good agreement with wind tunnel
test results. Chang and Meroney (2003) applied Flu-
ent (a computer software program) and four different
k-¢ models (turbulent models) to calculate the vortex
condition within a street canyon where high-rise res-
idential buildings were arranged in parallel, analyzing
the influence of the width-height ratio of the building.
Stathopoulos (1997) studied the influence of variation
in the height of buildings on wind velocity around the
streets using a wind tunnel test. Hu and Wang (2005)
used Phoenics (a computer software program) to
carry out numerical simulation. The results showed
that when a central building and the surrounding
buildings were of equal height, the calculated and
experimental values agreed with each other, while
they differed if the heights were unequal. Taking the
impact of different spacing into account, Li (2001)
used Fluent to simulate three models based on exist-
ing high-rise buildings. In general, recent studies have
focused on a single or simple layout of buildings and
there has been no systematic analysis or assessment of
the impact of a series of layout changes on the wind
environment.

Oke and his colleagues, who have studied the
relevant urban form and urban thermal environment,
presented the effects of residential area patterns on
outdoor air temperature (Oke, 1973). Arthur-Hartranft
et al. (2003) pointed out that the pattern of significant
land use would affect microclimate changes in a city.
Further, Voogt and Oke (2003) identified the mech-
anism of impact of the outdoor landscape on urban
climate. Atkinson (2003) discussed a computer model
of heat island effects on urban areas of 20 km’.

Overall, research has focused on larger urban areas
and has not considered thermal environment issues in
smaller scale residential areas. This should be of great
concern as residential areas constitute the major part
of urban construction in a developing city.

On the other hand, Coceal et al. (2006; 2007)
investigated small building layouts, taking four ho-
mogeneous building cubes with a staggered layout, to
develop a computer model (building density 1=0.25).
The distribution of surrounding air and eddies was
observed. Coceal et al. (2006) expanded the layout of
the building cubes to staggered, aligned, and square
arrays (Fig. 1), and compared the air flow for each
layout. Claus et al. (2012) focused on a model where
all buildings were of the same height. They recorded
the differences in the airflow field when changing the
initial wind direction in the model. Ying et al. (2013)
analyzed the wind environment around a group of six
square high-rise buildings. Their studies were con-
fined to layouts with a fixed height and did not ex-
amine the relationship between a series of floor area
ratios and building heights. However, designers such
as architects need such studies during the planning
stage of an actual design project.

(a) |-h—|'_\

Fig. 1 Plan view of computational domains with staggered
(a), aligned (b), and square (c) arrays of dimension
4h*x4hx4h (h is the cube height). Reprinted from (Coceal
et al., 2006), Copyright 2006, with permission from
Springer Science+Business Media

In this study, a computational fluid dynamics
(CFD) model developed and validated by Ying et al.
(2013) was used to study the influence of two plan-
ning indicators, namely the floor area ratio and
building height, in the layout of a residential area on
the wind environment. It was developed by Reynolds
averaged equations and the renormalization group
(RNG) k-¢ turbulence model (Ramechecandane and
Gravdahl, 2012). By analyzing and comparing the
wind speed ratios at the pedestrian level (1.5 m), the
relationship between the wind environment condition
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and the layouts was obtained. This was then used to
provide a reference and evaluation indicators for the
layout of a residential area.

This study examined the influence of height
variation and the distribution density of buildings on
wind velocity around buildings using a computational
simulation tool. By comparing the size of the area
with a comfortable wind speed ratio, the study pro-
posed developing indicators for outdoor wind envi-
ronments to assist in planning high-rise residential
buildings.

2 Research method and simulation model

The building density and floor area ratio are two
major building capacity control indicators in a master
plan. Planning and management departments control
the development intensity and space usage comfort
through developing these two indicators. This helps to
avoid wasting land by building fewer houses, or re-
ducing comfort because of high building density. The
designers will follow the general process of a resi-
dential design project since they get the project task.
The first step is to calculate the average residential
building storeys by dividing the floor area ratio by
building density. The height of the building is the
average residential building storeys multiplied by the
height of typical floor. Then the allowable maximum
number of buildings in the site can be determined
with the height of buildings. Following these indica-
tors calculated, designers will seek reasonable build-
ing cluster layout and the number of the buildings in
the site under the dual control of sunshine spacing
analysis and fire spacing requirements through the
“trial and error” method only.

2.1 Definition of indicators

The building density is a term used in master
planning that refers to the construction coverage. The
development density of a project is calculated by
dividing the base area by the total site area in square
meters. It reflects the extent of the land use and
building density.

The floor area ratio is calculated by dividing the
total floor area by the total site area. It will determine
the proportion of the land price in the total housing
cost for developers and is directly related to the living
comfort of the occupants.

The building height refers to the height of the
roof surface layer above the outdoor ground level.

The average residential building storey is the
ratio of the total square footage of the residential
building to the total base area, which reflects the
characteristics of the space, form, and landscape of
the residential area.

The fireproof distance is a requirement for fire
fighting, security personnel evacuation, and reduction
of fire thermal radiation between two adjacent
buildings. In consideration of high-rise building fires,
the planning and management department requires
that the fireproof distance between two adjacent
buildings should not be less than 13 m (MOHURD,
2005).

2.2 Assessment method

The research was designed to develop an as-
sessment to assess the effect of the layout on the local
wind conditions. The three indicators included in the
model are the floor area ratio, building density, and
building height. In a typical high-rise residential
project in China, the floor area ratio is usually be-
tween 2.0 and 4.5. This is because when the floor area
ratio is less than 2.0, multi-level buildings will dom-
inate the site. However, if the floor area ratio is larger
than 4.5, the buildings would be higher than 100 m
(30 floors), resulting in a substantial increase in con-
struction cost. This is unusual for residential devel-
opment in China. According to China’s construction
regulations, buildings with different floor numbers
require different fire separation spacing and minimum
sunlight intervals. Consequently, buildings with 11,
18, 25, and 30 floors are commonly accepted by de-
signers and planners.

For simplicity and clarity, each layout is coded
with the “floor area ratio-number of floors”. For
example, the layout 2.0-11f represents a building with
a floor area ratio of 2.0, with 11 floors (Table 1).

Table 1 Cases designed and simulated for comparison

. Code
Floor area ratio
11f 18f 25f 30f
2.0 2.0-11f  2.0-18f  2.0-25f  2.0-30f
2.5 2.5-18f  2.5-25f  2.5-30f
3.0 3.0-18f  3.0-25f  3.0-30f
3.5 3.5-25f  3.5-30f
4.0 4.0-30f
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2.3 Layout model setting

Using the indicators of floor area ratio and
building density, architects calculate the building
capacity and list the possible combinations of the
project construction quantity and the height of the
building (the average number of storeys). A prelimi-
nary design is then developed. A typical master plan
involves setting buildings along the boundary of the
site and developing a concentrated green space in the
middle area. Another plan involves arranging the
buildings in a uniform pattern and combining the
entrance and high-rise buildings in favor of highly
efficient land use. In this study, the layout of all the
cases was designed following this principle.

Most high-rise buildings residential develop-
ment projects in China have the same number of
storeys and a similar load-bearing structure because
variable building storeys would make the architec-
tural design and main load-bearing structures more

complex (Chao et al., 2010). Therefore, the simula-
tion cases in this study had the same number of
storeys.

Based on statistical data from the Planning Bu-
reau of Hangzhou, China and by considering the ef-
fectiveness of the simulation results, the study as-
sumed that the total site area in the model was about
100000 m* (350 mx290 m) (Fig. 2). The study did not
consider inner streets which do not form part of a
planning indicator. As streets will not affect the
volume rate and building density, they are also not
considered. The buildings were all point-type
high-rise buildings and the typical floor area of each
building was 1000 m* (about 31.6 mx31.6 m).

According to the planning regulations in Hang-
zhou, China, the distance between adjacent buildings
must meet the fireproof requirements and should not
be less than 13 m apart (MOHURD, 2005). Fig. 2
shows the possible layouts of the case study buildings
with floor area ratios from 2.0 to 4.5.
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Floor area ratio = 3.0

Land area = 100,000 m*

Gross floor area = 300,000 m*
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Fig. 2 Possible layout cases for floor area ratios from 2.0 to 4.5 and results of sunlight analysis (a)—(f)
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The planning and management department has
developed an assessment of sunlight distance among
buildings to avoid mutual occlusion of sunlight due to
the high density and building height, and to allow
some natural lighting of the indoor space (MOHURD,
2005). A sunlight analysis was conducted according
to Tarch (a computer software program) to simulate
the path of the sun. The results indicated that seven of
the 20 layouts did not meet the sunlight standard of
2 h of full window sunshine during the day with the
lowest annual elevation angle of the sun.

Consequently, after considering all these re-
quirements, Table 2 summarizes 13 possible layouts
with different floor area ratios.

Table 2 Thirteen possible layouts with floor area ratios
from 2.0 to 4.0

Floor  Gross Value

area floor area Item

ratio (m?) 11f  18f 25f  30f
i‘;ﬂgilt‘;g 18% 11% 8% 7%

2.0 200000
Number of 18 p 7
buildings

\2&
2.5 250000 Y

Number of 10 8
buildings
Bulld'lng E\O& 17% 12% 10%
density
Number of
buildings \ZK - o

Building 5, 14%  12%
density
Number of
buildings
%‘;ﬂ‘:iltnyg K&’&\lﬁ»& 13%
4.0 400 000 Number of
buildings
A cell with a diagonal strikethrough means this layout does not
meet the requirements of fire safety regulation distance or sunlight

spacing. The 4.5 floor area ratio was deleted because it did not
meet the requirements for any number of floors from 11 to 30

3.0 300000

3.5 350000

2.4 Boundary conditions

The approaching wind was created from a
power-law model to approximate the mean velocity
profile:

U(z)=U,(z/z,)". @)

The gradient height zg was assumed to be 400 m and
the mean wind velocity Ug at the gradient height was
13 m/s. Since the k-¢ model was used, the values of k&
were required to account for the turbulence in the
approaching wind. The turbulent kinetic energy & can
be calculated if the turbulence intensity at a given
height is known. The turbulence intensity was set to
12%—13% at a height of 50 m above the ground, as
suggested by Hu and Wang (2005).

The ground at the bottom of the computing do-
main was simulated by a rough wall, as it was as-
sumed that the model buildings were mounted on a
plate with roughness of 0.28 (Janour et al., 2005) in
their wind tunnel test. The power-law wall function
was applied to resolve the flow field near the walls
and the building surfaces. The other boundary condi-
tions, such as the outlet and the upper boundary, were
not modified and thus the default settings were used.
The boundary conditions applied in the computing
domain are summarized in Table 3.

Table 3 Boundary conditions for the computing domain

Position Boundary condition

Inlet U(2)=Uq(z/z6)">, Ug=13 m/s, zg=400 m;
k=ul/(Cp)*, Cu=0.09; &(z) =u./(xz),
x=0.41

Outlet Gauge pressure is 0

Bottom  Wall, using the power-law wall function, the
roughness is 0.28

Top Free slip, flux normal to the boundary is zero

Sides Free slip, flux normal to the boundary is zero;

symmetric boundary conditions is applied

u~is the friction speed; x is the von Kaman constant; Cu is constant
in the standard k-¢ model

2.5 Domain size

There are no explicit rules dictating the size of a
computing domain. Many researchers determine their
domain size by a trial-and-error approach because the
domain size influences the computation results, as
demonstrated by Baetke et al. (1990). Baskaran and
Kashef (1996) suggested that the size of the domain
can be a multiple of the characteristic height of the
building and that the distance between any edge of the
domain and the buildings must be at least five times
the H (characteristic height of the building). Follow-
ing this suggestion, for this study the domain size was
13.8H, 14.6H, and 5H in the longitudinal (x), lateral
(»), and vertical (z) directions, respectively.
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This study follows research which compared
CFD wind field modeling and field measurement data
to study wind resources in a highly complex terrain
(Jimenez et al., 2014). The comparison showed a
good agreement between measured and modelled data
that improved the simulation accuracy for long-term
estimations. The validated model is modified and
applied in this study.

2.6 Evaluation criterion

This study aimed to analyze the typical wind
conditions around buildings in the east China mon-
soon region, where Hangzhou city is located. Alt-
hough wind in the real environment is in an unstable
state with velocity and direction, there is a wind di-
rection in summer or winter which occurs much more
frequently than other directions, ignoring the effect of
the terrain. Therefore, this analysis was based on the
direction of the prevailing winds.

When comparing wind speeds around different
layouts in the actual environment, the situation is
complicated due to the difference between the initial
value of the wind inflow into the layouts in the
boundary condition settings and the actual wind ve-
locity. Therefore, the wind speed ratio was introduced
so that the impact of the building layout on the wind
environment could be assessed (Kubota et al., 2008;
Kono et al., 2010). The wind speed ratio is the ratio of
wind velocity (scalar velocity) at each point
(height=1.5 m) to the wind velocity at the identical
height at the inflow boundary. The wind speed ratio
equation is

R=—=, 2
% (2)

where R is the wind speed ratio, ¥ is the velocity of a
point, and V' is the inflow velocity.

The areas where the wind speed ratios are larger
than 2.0 are recognized as strong wind flow areas. In
these areas people would feel uncomfortable. On the
other hand, the areas where the wind speed ratios are
less than 0.5 are recognized as weak wind flow areas
(Kubota et al., 2008; Kono et al., 2010). A comfort-
able wind speed ratio for all the year round is from 0.5
to 2.0, typically taken as about 1.85 (Kubota et al.,
2008). This ratio is considered as the main criterion
for judging different layouts.

The assessment also compared the cost of dif-
ferent master plan cases. This helps architects to make
economical, practical, and acceptable designs for
clients who are more concerned about the value of
construction.

3 Results and analysis

After wind simulation, the wind speed distribu-
tion was plotted for all the 13 layouts. Fig. 3 shows
the wind speed distribution of layout 2.0-11f as an
example.

By masking areas with uncomfortable wind
speed ratios, we could clearly identify the comfort
zones of different layouts and make comparisons
(Fig. 4).

Further, using the histogram plot tool in Pho-
toshop CS (a graphic software program), the per-
centage of the area in the comfort zone can be calcu-
lated (Table 4).

Velocity (m/s)
4.000000
3.750000
3.500000
3.250000
3.000000
2.750000
2.500000
2.250000
2.000000
1.750000
1.500000
1.250000
1.000000
0.750000
0.500000
0.250000
0.000000

Fig. 3 Wind velocity distribution in a simulation result
(layout 2.0-11f)

R=2.0

R=0.5

Fig. 4 Areas with a comfortable wind speed ratio between
0.5 and 2.0 (layout 2.0-11f)
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3.1 Analysis of wind simulation results

Due to the high density of buildings, the form of
an 11f building layout could not meet the standard
sunlight spacing. The simulation result revealed that
under the 2.0-11f layout, the proportion of the area in
the comfort zone was only about 43%, which was the
lowest among all the combinations. It was known that
intensive building distribution would cause low wind
speed. Therefore, if considering the external wind
environment, 11f is not a suitable option for floor
levels (Table 4).

During the stage of building layout planning,
when the level reaches 18, the lower floor area ratio
would normally be associated with a higher comfort
area ratio:

385

The comfort area ratio was 66% when the floor
area ratio was 2.0, 61% when the floor area ratio was
2.5, and only 50% when the floor area ratio was raised
to 3.0.

For a residential site of development, it is un-
acceptable to have only half of the outdoor area con-
sidered to be within the comfort zone. Hence, during
the planning stage of a residential site, if the floor area
ratio is specified as 3.0, the architect should avoid the
use of 18-level individual buildings in the design.

When the building level was greater than 25, no
significant difference was observed when the floor
area ratio varied.

When the building level reached 30, the comfort
area should rank from high to low: 3.0-30f=3.5-30f>
2.0-30>2.5-30f>4.0-30f. Generally speaking, a lower

Table 4 Proportion of comfort zone in 13 possible layouts

Floor area

Layout

. Item
ratio

2.0

11f
Comfort zone T it B o '

18f

25f

30f

43%
18

Proportion
Number of buildings

Comfort zone
2.5

Proportion
Number of buildings

Comfort zone
3.0

Proportion
Number of buildings

Comfort zone
3.5

Proportion
Number of buildings

Comfort zone
4.0

Proportion
Number of buildings

62%

13

A cell with a diagonal strikethrough means this layout cannot meet the requirements of fire prevention or sunlight spacing
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floor area ratio means fewer buildings and greater
external comfort areas. However, the simulation re-
flected different results.

3.2 Comparison of construction costs due to the
increasing number of floors

From the analysis in Section 3.1, the increase in
the number of building storeys did not bring signifi-
cant improvement in the external wind environment.

Because of the requirements for elevators, wires,
and civil water, introducing an additional level will
increase the construction costs of a high-rise building.
According to the statistics of construction cost of
high-rise residential buildings in Hangzhou, the cost
of completing a building unit of 11f to 18f was
somewhere about 2750-2800 CNY/mz, and the cost
for 25f to 30f was about 3450-3500 CNY/m”.

Fig. 5 indicates that the construction costs fell
into two groups: one containing 11f and 18f, and the
other containing 25f and 30f. Comparing Fig. 6 with
Fig. 5, it can be concluded that:

During the building layout planning, for the
purpose of improving the outdoor wind environment,
simply replacing the 11f—18f units with building
units above level 25 may raise the comfort area size
of the external wind environment by only 2%—5%
(the floor area ratio would be 2.0, 2.5, or 3.0).
However, the capital investment would increase
dramatically, by 22%—-24%. Thus, this layout is not a
cost-effective option.

Furthermore, the only layout option of 4.0-30f
turned out to be a less suitable choice because of
the low comfort area ratio and the high cost of
construction.

Overall, if dealing with a layout with a floor area
ratio of 2.0, any combination is viable except for a
layout of 2.0-11f. When the ratio is 2.5, the solution
could be either a 2.5-18f or 2.5-25f layout. When the
ratio is 3.0, a layout of 3.0-18f is a cost-effective
choice while 3.0-25f are 3.0-30f layouts are also
suitable if sufficient funds are provided. When the
ratio is 3.5, there is only a minor difference between
layouts 3.5-25f and 3.5-30f. Hence, we recommend
considering both options during planning. When the
ratio is 4.0, only one type of layout is suitable, namely
4.0-30f. This requires significant finance and the
enhancement of the wind environment is only modest.
Therefore, special designs should be considered, such

as introducing a bottom overhead or body reverse
effect to optimize the wind environment.
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Fig. 5 Gross construction cost of each layout cost per
square meter: 2750 CNY/m” of 11f; 2800 CNY/m” of 18f;
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4 Conclusions

This study considered the layout planning of 13
common types of high-rise building in Hangzhou,
China with floor area ratios from 2.0 to 4.0.

Through simulations and comparisons of the
outdoor wind environment and consideration of po-
tential construction cost increments induced by rais-
ing building height, we draw the following conclu-
sions as a reference for architects who wish to achieve
a balanced state between the living space and the
outdoor physical environment in their designs:
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1. With increasing numbers of storeys, the out-
door wind zone is more comfortable for pedestrians.
However, the increase in the comfort area is limited
when the number of floors increases from 25 to 30.

2. In the case study of 2.0-11f with a building
density of 18%, the proportion of the area in the
comfort zone was only 43%. We do not recommend
increasing the number of building units in this case
because it will worsen the outdoor wind environment
around the building. This result contradicts the tradi-
tional opinion that a lower floor area ratio means
fewer buildings and greater external comfort areas.

3. The cases of 2.5-18f with a building density of
14% and 2.5-25f with a building density of 10% could
be given prime consideration when planning the
layout of a cluster of buildings.

4. The case of 3.0-18f with a building density of
17% is an economical strategy for a master design.
The cases of 3.0-25f (with a building density of 12%)
and 3.0-30f (with a building density of 10%) could be
considered if the project is adequately financed.

5. There was not much difference between the
cases of 3.5-25f (with a building density of 14%) and
3.5-30f (with a building density of 12%). Thus, both
are recommended.

6. In the case with a floor area ratio of 4.0, only a
cluster of 30-storey buildings met the sunlight re-
quirement. Moreover, special design features should
be considered, such as a bottom overhead or a twisted
building shape, to improve the outdoor wind envi-
ronment around the buildings.

One limitation of this study is that the assess-
ment did not take account of the buildings around the
site which can greatly influence the wind environ-
ment and external comfort. In particular, the number
of storeys in these buildings may be a major factor
affecting the external environment. In addition, the
plans of all the buildings were square in this study.
However, in practice there are various plan forms.
Different kinds of plans and building shapes would
also be influencing factors. In future study, the
method proposed in this study should find an appli-
cation to a real plan and show how it can help in
decision-making.
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