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Abstract—The objective of this study is to conduct computational
fluid dynamic (CFD) simulations for evaluating the cooling efficacy
from vegetation implanted in a public park in the Taipei, Taiwan. To
probe the impacts of park renewal by means of adding three pavilions
and supplementary green areas on urban microclimates, the simulated
results have revealed that the park having a higher percentage of green
coverage ratio (GCR) tended to experience a better cooling effect.
These findings can be used to explore the effects of different greening
modifications on urban environments for achieving an effective
thermal comfort in urban public spaces.

Keywords—CFD simulations, green coverage ratio, urban heat
island, urban public park.

[. INTRODUCTION

S urban development continues to increase, natural

vegetation cover is being replaced with the constructed
buildings and the infrastructure, forming a well-known heat
island effect which can noticeably raise temperatures in densely
built-up urban areas during the summer months. Urban parks
are known to be useful for providing cool microclimates and
mitigate the urban heat island (UHI) outcome attributable to the
presence of vegetation cover. Various studies have been
extensively conducted to utilize green space in moderating
urban climates [1]. Researchers consistently suggested an
effective way to alleviate the UHI effects via increasing tree
cover area and density [2]. In recent times, the computational
fluid dynamics (CFD) tool has become increasingly important
to perform pre-evaluation and design simulations of
quantitatively analyzing the cooling effect of green spaces in
the development of urban planning. Several vegetation models
were proposed and assessed in literature for reproducing the
aerodynamic effect of trees on the airflow. In addition, to ease
the urban heat island effect, Taha developed a vegetation model
mainly classified as trees, green roofs and surfaces [3]. Bruse
and Fleer utilized the microclimate CFD model, ENVI-met, to
study the impact of ground coverage on thermal stress over a
small park [4]. Dimoudi and Nikolopoulou employed CFD to
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address the cooling effect of different vegetation arrangements
in a generic building setup [5]. Alexandri and Jones conducted
the CFD studies to describe the thermal influences of green
walls and green roofs on the microclimate for nine different
climates and urban canyon geometries [6]. Frohlich and
Matzarakis used the ENVI-met software to analyze the impacts
of urban street design and surface material on the human
thermal comfort [7]. Besides, Vidrih and Medved validated a
three-dimensional CFD model by comparing the measured
results with the predicted air temperatures in tree crowns,
demonstrating the sufficiency of proposed CFD procedure to
correctly simulate the thermo-flow processes in the city park
environment [8]. Srivanit and Hokao focused on the strategies
of greening modification through adding more greening area,
including an on-site measurement and a numerical simulation
model that uses ENVI-met [9].

The goal of this research is to perform CFD simulations for
assessing the vegetation efficiency of a public park (with
different greening types, e.g. trees and plants, green roofs,
vertical green walls and grass lawns) and its influence on the
atmosphere of bordering locality in a densely urbanized area in
Taipei, Taiwan, which has a hot and humid climate. Numerical
simulations were extended to investigate the influences of
adding three pavilions and supplementary green areas on urban
microclimates during the park renewal. The findings of this
research will support better prediction of the influences of park
renewal and spatial arrangements of different greening
modifications, helping urban planners and managers mitigate
increasing temperatures associated with climate change as well
as to achieve an effective thermal adaptation of urban public
spaces.

II. DESCRIPTION OF BUILDING MODEL

Xinsheng Park in this research was part of the urban
redevelopment project in Taipei, Taiwan. Taipei City
Government has unveiled three new pavilions (“Pavilion of the
Future”, “Pavilion of Angel Life” and “Pavilion of Dreams” in
the park for the 2010 Taipei International Flora Exposition.
These pavilions were designed by the local architect Chang
Ching-Hwa and constructed around old trees with their
rooftops and walls populated by vegetation. After the expo, all
fair pavilions were arranged to serve as activity venues for
public events. During the park renewal, considerable endeavors
were made to preserve the original condition of the park with
main improvements of adding more green areas. The key
vegetation design factors with different greening types were to
have a positive impact on users’comfort level by decreasing the
air temperature. Fig. 1 demonstrates the aero-photographs of
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the Taipei city and the photographs of featured scenic sites for
three pavilions (Dreams, Angel Life and Future) in Xinsheng
Park. It is located in northern Taiwan (25°04°16.1"N and
121°3153.0"E) and is the second largest urban public park in
Taipei, covering an area of 19.5 hectares. Taipei has a humid
and subtropical climate. The meteorological data shows the
coldest and warmest months are January and July, with the
mean temperatures of 16.1 and 30.4 °C, respectively. In
addition, the past study has found that the urban heat maximum
in Taipei occurs at noon in summertime, with a heat island
intensity of 4.9 K [10]. Therefore, this paper will focus on the
microclimate study of the Xinsheng Park in July.

Fig. 1 Aero-photos of the Taipei city and three pavilions of Xinsheng
Park

III. COMPUTATIONAL ANALYSIS

To conduct the digital analysis for predicting the comfort
level of the outdoor wind environment, this investigation
considers the ambient wind flowing over three pavilions of the
Xinsheng Park in Taipei Flora Expo. The modeling software
SolidWorks® was further employed to refine the solid model
for preserving the buildings details. The exact shapes were
precisely recreated using their real dimensions of the full-scale
building from two- and three-dimensional architectural design
drawings in an AutoCAD® data file format. The solid model
was then readily transferred to the preprocessor of the CFD
software ANSYS/Fluent® for flow was used to model the
related atmospheric processes. Numerical computations by the
ANSYS/Fluent® were performed to resolve the wind field
structure characterized by the interaction between buildings
and vegetation. The computational analysis was based on the
steady-state three-dimensional conservation equations of mass,
momentum and energy for the incompressible turbulent flow
with the governing equations given as:

Ou, (1)
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u; represents the velocity component in the 7 axis; p, p, T, i, ys
g; and S, signify the pressure, density, temperature, dynamic
viscosity, turbulent viscosity, gravity acceleration and source
term describing the loss of wind speed owing to drag forces
from plants, respectively. The present model treats density as a

constant value in all equations, except for the buoyancy term in
the momentum equation. The Boussinesq approximation, p=
Pres B (T-T,op) in (2), was implemented to characterize the
buoyancy-driven flow [11]. The properties of air at 30.4 °C (the
mean radiation temperature of Xinsheng Park from
10:00-17:00 h, 14 July 2014) and 1 atm were applied to
thermo-flow simulations. Moreover, the energy equation can be
written in terms of sensible enthalpy h as
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The terms A and A, are the molecular and turbulent
conductivity, 7; the deviatoric stress tensor, and §j, the energy
source term relating heat exchange at the plant surface to the
atmosphere. The detailed description of S;, will be given later.

To select the turbulent model, the realizable k-¢ model,
developed by Shih et al., has demonstrated its substantial
improvements over the standard k-¢ model for simulating the
flows involving separation, vortices, rotation, and recirculation
[12], [13]. In this work, the intricate geometry of the urban park
in the core of Taipei city suggested the complex flow
phenomena, and thus the realizable k-& model was adopted for
turbulence closure, as:
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where , is C, pk’/e, k the turbulent kinetic energy, & the
turbulent energy dissipation rate and the variable S= (ZSijSij)O'S
with S;=0.5( 5 ui/ 6 Xj+ 6 U/ 6 Xi+). The factor C,;= max [0.43,
n/(M+5)] and n= S(k/e). The constants C,, oy and c;were given
as 1.0, 1.0 and 1.2, respectively. The density, viscosity and
conductivity of air are 1.163 kg/m’®, 1.877x10” N-s/m’ and
0.0265 W/m-k at the mean temperature of 30.4 °C.

In simulations, the vegetation cover was modeled as porous
medium to interact with the airflow. Specifically, the source
terms were added to the transport equations in (2)-(5) to
account for the effects of vegetation on the airflow and
temperature. In (2), the local source term Sui can be expressed
as [14]:

s =—%p‘Cd-LAD-u,~u. (©)

uj

where C, the drag coefficient of plant elements with a specified
value of 0.2, u the velocity magnitude and LAD the leaf area
density in m’m * of the plant. Four types of trees are planted in
different parts of the park: Sterculia foetida, Dillenia indica,
Ficus microcarpa and Ficus benjamina. These trees have been
successfully used as street trees in various designed urban tree
systems in Taiwan. The Sterculia foetida is a large, straight,
deciduous tree that can grow up to a height of 20 m or more.
The Dillenia indica is a medium sized deciduous tree. The
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Ficus microcarpa is a lush and very popular evergreen tree. The
Ficus benjamina, which is 30 m tall in natural conditions and
commonly known as the weeping fig, makes itself a very large
and stately tree for parks and other urban environments, such as
wide roads. All four vegetation species were parameterized
with the observed LAD profiles of formed plants. These data
were then written into the User- Defined-Functions (UDFs) to
characterize the three-dimensional canopy of the greening
features in CFD simulations [15]. In the energy conservation
equation, the source term S, is used to relate heat exchange at
the plant surface to the atmosphere and is modeled as [4]:

S,=LAD -J ,,. @)
Jo,=11r T, -T). (3
r, = A(D /W), )

where the symbol J;, is the direct heat flux, T, the temperature
of the air and 7} the foliage temperature. The aerodynamic
resistance r, is a function of the leaf geometry and wind speed,
where W is the wind speed at the leaf surface. The values of the
parameter A are 87 and 200 s"’m' for grass and trees,
respectively. D is the typical leaf diameter, ranging from 2 to 7
cm [4]. In (4) and (5), the local source terms S, and S, model the
generation and the dissipation of turbulence by the plants. It can
be expressed by [16]:

S, =p-C,-LAD -u}. (10)
Sg=%-p~Cd~LAD~u. (1n

Equations (6), (7), (10) and (11) for modeling the effects of
vegetation on air flow and temperature were implemented as
the UDFs in CFD simulations [17].

This research treated the atmospheric boundary layer (ABL)
flow to simulate the related atmospheric processes at the inflow
boundary [18]. From a local meteorological station, the wind
rose chart around Xinsheng Park at a height of 10 m in July
2014. In view of the wind conditions in terms of the speed,
direction and probability, the wind speed occurred most
frequently at 4.85 m/s from the south east (113°) of Xinsheng
Park on July 17, 2014, which was used to calculate the neutral
ABL velocity, U,p;, turbulent kinetic energy, k, and turbulence
dissipation rate profiles, &, as the incoming wind flow
conditions at the inlet of the computational domain [19], [20].

v :u;iln[z+zo ] (12)
K z,
L) (13)
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The ABL friction velocity u*,5, can be computed from a
specified velocity Uh at a reference height h as:

KU, (14)

uleL =7
ln(h + zoj
2

The symbols z, and K stand for the aerodynamic roughness
and the von Karman’s constant (= 0.4). Equations (12)-(14)
were applied to generate the mean inlet velocity at the height of
z (Uy4pr), the turbulence kinetic energy (k) and dissipation rate
(¢) profiles within the ABL. In essence, roughness can increase
the drag when the wind crosses the terrain surface, causing that
the logarithmic law for the velocity profile, being the basis of
the standard wall function approach, is incorrect in the presence
of roughness [21]. In the ANSYS Fluent® software, the effect
of real blockages on the wind was modeled by the roughness
wall function setup to simulate the drags (from barriers) applied
to the bottom surface. In consideration of the area bordering
Xinsheng Park, the aecrodynamic roughness was prescribed to
be 2 m (z)) based on the updated Davenport roughness
classification for the city center with a complex involving
high-rises and low-rise concrete frame mixed-use commercial
and residential buildings [22].

In the present study, the radiation heat fluxes have to be
considered in the simulations to correctly determine the wall
surface temperatures, because the radiation influence can be
crucial as compared to the heat transfer rates from convection
or conduction. Hence, solar radiation was determined using the
solar irradiation calculator of ANSYS Fluent®, which imposed
the incident radiation on the exposed surfaces according to the
sun position, varying with respect to the time, date and global
location. Given that the geological coordinates of Xinsheng
Park are at the latitude of 25°04°16.1"N and longitude of
121°3153.0"E, the variations of total solar irradiation on July
17, 2014. Besides, the solar load model’s discrete ordinates
(DO) irradiation option in ANSYS Fluent® was employed. The
solar irradiation was straightly applied to the DO model to
determine the radiant heat fluxes between the surfaces of the
computational domain through solving the radiation intensity
transport equations (RTEs) for gray diffuse walls. The
structures in the park were made of concrete, and the street was
covered with asphalt in calculations. The spectral optical
properties and thermos-physical properties of involved
materials were given in [23]. The air emissivity of external field
€0 Was set as 0.05 with the external radiation temperature of
36.5 °C. Besides, the heat transfer coefficients (4.) of building
surfaces were evaluated via the following empirical correlation,
which is independent of the wind direction and is suitable for
high wind velocities [24]:

h,=57+3.8V,,. €)
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Model Area, % Case1| Case 2| Casel
Buildingcoverage DN [ 16.8| 307 188
Tree coverage | 75| 149 219
Grasscoverage [Nl |  48.9| 396 358
Green roof coverage 2 .| 130
Ground | 1| 148 111
Total 100 100 100

Fig. 2 Three cases of greening and associated coverage ratios

Here V,; is the airflow velocity. In simulations, the plant was
considered to be semi-transparent in the radiative model. Part
of the solar radiation incident on the tree was reflected, whereas
another part tended to penetrate through the tree canopy with

Case 1

Case 2

occurrence of absorption and transmission of radiation [14].

To treat the boundary conditions at the outlet, the constant
static pressure (1 atm) was employed at the exit of the
calculation domain. The zero normal gradients of p, k and ¢
were imposed on the solid surface, with the log-law wall
functions applied for the next-to-surface grids of buildings [24].
The top and lateral boundaries were placed at 10 H from the
ground and 1.5 W from the centerline of computational domain,
where H and W were the maximum height of object buildings
and the width of built area, respectively. The symmetry
boundary conditions were employed by prescribing the zero
normal component of velocity and zero normal derivatives for
all flow variables at the top and lateral boundaries.

\;elocity
Magnitude
Unit: mfs 0 1 2 3

Temperaturs (N

28 29 30 31 32 33

Fig. 3 Predicted velocity magnitude and temperature contours at a height of 1.75 m

The aforesaid mathematical equations were discretized by
the finite control volume approach. This study used a
second-order accurate central difference scheme to model the
convective terms with adaptive damping for handling
non-physical oscillations. To appraise the diffusion terms, a
second-order accurate central difference scheme was employed
in numerical solutions. An iterative semi-implicit method for
pressure-linked equations consistent (SIMPLEC) numerical
method was used for velocity-pressure coupling [25]. A steady
solution was obtained with convergence of the normalized
residual errors of flow variables (u, v, w, p, T, k and ¢) to 107
and the mass balance check lower than 1% for achieving the
wind field environments.

IV. RESULTS AND DISCUSSION

This research attempted to simulate realistic urbanized

environs with detailed geometries of buildings and street
canyons for exploring the vegetation covering effect on the
associated flow and thermal processes. The CFD simulations
were conducted using the ANSYS/Fluent® and the present
computational model was validated by comparing the
predictions with the measurement results. The geometric
dimensions of 230 m long, 170 m wide and 16 m average high
for three pavilions. For the mesh system modeling a
representative public building in urbanized area, the averaged
cell size was around 0.63 m with the least spacing of 0.019 m to
resolve steep variations of flow properties associated with the
interaction of airflow with buildings. In this research,
numerical computations were performed on the total number
grids of 63157691. In this investigation, we illustrated the CFD
simulation results of outdoor and indoor airflow characteristics
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to appraise the quality of ventilation. In view of the wind
flowing over the target buildings from the east side of the
Xinsheng Park during the exhibition period in the summer
weather conditions, this research analyzes the general wind
environment around three pavilions at the pedestrian plane of
1.5 m high of the pavilions of Future and Angel Life. CFD
simulations were conducted to examine the effects of cooling
potential for different greening modifications on urban
microclimates by considering the original form of Xinsheng
Park (before renewal) as Case 1, addition of three pavilions to
the park (after renewal) as Case 2, and realization of the

Case 1
Case 2

Case 1
Case 2

supplementary green areas as Case 3 (the current form). Fig. 2
exhibits three cases showing various types of greening and the
related coverage ratios with Case 1 as the baseline condition. In
this case, trees/shrubs and grasses enveloped 17.5% and 48.9%
of the total ground area, respectively, corresponding to a green
coverage ratio (GCR) of 66.4%. In Case 2, three pavilions were
constructed in the park with only limited existing vegetated
areas removed to attain a GCR of 54.5%, whereas the overall
GCR of the park increased to 71.6% by planting more trees and
cultivating the grass on the roofs of three pavilions in Case 3.

™
[}
0
©
(@)
Velocity
Magnitude
Unit: mls
™
o)
0
©
&

Unit *C |-

28 20 30 31 32 33

Fig. 4 Predicted velocity magnitude and temperature contours at a height of 1.75 m

Fig. 3 illustrates the predicted results of velocity magnitude
and temperature contours at a height of 1.75 m in the pedestrian
level. The simulated results were used to better understand the
influences of different greening modifications on the thermal
and flow fields in the park renewal process. The color bar charts
of the velocity magnitude and temperature contours were
retained in the same ranges for easier comparison. Considering
the airflow blowing over Xinsheng Park from the south east at a
speed of 4.85 m/s, the predicted velocity distribution at the
pedestrian level before park renewal revealed that the fresh
airflow entering the park was partially blocked by a baseball
field with the wind speed ranging from 0.4 to 1.7 m/son both
sides of the audience area. High velocities up to 3 m/s (in a
green color) were observed in the center and upper right region
of the park owing to the relatively lower flow resistance of flat
ground surfaces. In Case 2, high velocities merely appeared in
the mid park with significant velocity decrease occurred around
three pavilions. In Case 3, an increase in flow resistance

resulting from supplementary plants caused a drop of the
airflow speed ranging approximately 0.3-1.5 m/s in those green
areas (i.e. a labyrinth and a cluster of bushes). In consideration
of the outdoor thermal environments, it was observed that the
presence of three pavilions in Case 2 produced elevated
temperatures (to around 32-33°C), as compared to the
temperatures of 30.6-31.8°C for the scenario without built
structures in Case 1. Furthermore, the CFD predictions
obviously revealed the reduction of temperature to 28.8-31.3°C
after adding the aforementioned green areas of trees and other
plants to cool the environment in Case 3, making vegetation a
simple and useful way to lessen urban heat islands.

Numerical calculations were further conducted to achieve a
better understanding of the outdoor thermo-flow environments
for three zones of Xinsheng Park. In Fig. 4, illustrating the CFD
predictions in Zone 3, the wind speed and temperature ranged
1-3 m/s and 30-32°C over a large unused flat area without built
structures in Case 1. For the scenario of constructing three
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pavilions during park renewal (in Case 2), the predictions
obviously revealed substantial reduction of the wind speed to
0.5-2.3 m/s because of the blocking outcome of three pavilions.
On the other hand, the outdoor temperatures were increased up
to 33°C in consequence of the straight exposure to solar
radiation and lack of greenery in that area. Although the wind
speed distributions for Case 2 and 3 were similar, the computed
results of Case 3 revealed a notable temperature difference
between the states with and without planting trees and grasses
around the pavilions. The ambient temperatures were reduced
to 29.1-31.4°C due to additional green areas, as compared to
those in Case 2.

V.CONCLUSION

The objective of this study was to investigate the influences
of vegetation on the improvement of urban microclimates after
the renewal of a public park (Xinsheng Park) in Taipei, Taiwan.
Numerical simulations and field measurements were performed
to examine the thermo-flow behaviors in the Xinsheng Park,
allowing architects and planners to better understand the
impacts of the park design through adding three pavilions and
supplementary green areas on urban microclimates for decision
support. The major results are summarized as below: From the
predicted velocity magnitude and temperature contours, it can
be seen that trees and vegetation are effective to provide
shading from solar radiation to buildings, and accordingly
reduce surface temperatures of the environments. The average
temperature was reduced by 2.42°C to achieve a cooler locality
by augmented tree/grass coverage ratios of 4.3/21.8%. The
findings suggest a useful measure via implementing greening
modifications in public parks to enhance cooling result for
mitigation of urban heat island effect in Taipei, Taiwan.
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