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Abstract: A thousand-meter-high megatall building, which consists of three tear-drop-shaped towers
arranged in an equilateral triangle and a central circular tower, has ten outdoor platforms along the
height at an interval of 100 m to connect the four towers. As the pedestrian-level wind environment
around the outdoor platforms of high-rise buildings has been less studied for higher incoming
wind speeds than those of the ground wind, it is necessary to conduct the related research and
evaluations of the pedestrian-level wind environment around outdoor platforms to ensure pedestrian
comfort and safety. First, based on the flow field analysis of the megatall building model, potential
aerodynamic measures are proposed to improve the pedestrian-level wind environment of outdoor
platforms. Then, the wind tunnel test and CFD simulation of outdoor platforms are conducted with
five aerodynamic measures, and an averaged adjustment coefficient is put forward to establish the
link between the full model and the sub-configuration model for the wind speed amplification factor,
R;, greater than 1.0, so the data obtained from the wind tunnel test can be transformed for further
assessment of the pedestrian-level wind environment. Finally, the Lawson criterion was used to
quantitatively analyze and compare the effects of five aerodynamic measures to improve the wind
environment, thus providing a design that satisfies the requirements of “wind comfort” and “wind
safety” for the thousand-meter-high megatall pedestrian platform. This study contributes to the
further understanding of pedestrian-level wind environment characteristics of outdoor platforms
and the potential aerodynamic measures to improve wind comfort and wind danger.

Keywords: pedestrian-level wind environment; megatall building; wind shield; wind tunnel test;
CFD simulation; wind comfort; wind danger

1. Introduction

The urban wind environment is an inter-discipline of aerodynamics and atmospheric
science for analyzing the interaction between urban buildings and their surrounding wind
field. A good urban wind environment is a prerequisite for ensuring the comfort and safety
of urban residents. During the past few decades, with the development of urbanization
together with the advances in construction techniques, more and more high-rise buildings
have emerged. High-rise buildings can generate high wind speeds at the pedestrian
level because the building or group of buildings will significantly change the wind field
structure in urban areas and deflect the upper-level high-speed wind flows to the ground.
Generally, strong winds would appear at the gates, corners, passageways, and platforms of
high-rise buildings, which could lead to discomfort or even dangerous conditions. And
many such incidents have been reported owing to strong winds. Wise [1] informed that
shops were left untenanted as the bad wind environment discouraged shoppers. Lawson

Atmosphere 2024, 15, 171. https:/ /doi.org/10.3390/atmos15020171

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos15020171
https://doi.org/10.3390/atmos15020171
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-3115-7102
https://doi.org/10.3390/atmos15020171
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15020171?type=check_update&version=1

Atmosphere 2024, 15,171

2 0f 22

and Penwarden [2] published that the dangerous wind environment was responsible for
the death of two old ladies after being blown over by a sudden street wind near a tall
building. Therefore, urban construction authorities currently recognize the importance of
the assessment of the pedestrian-level wind comfort or wind safety and thus require such
studies before granting planning permits for new buildings or urban areas.

The assessment of the pedestrian-level wind comfort and wind safety at a specific loca-
tion requires the combination of the statistical analysis of the local meteorological data, the
detailed aerodynamic information, and a reasonable comfort criterion [3]. Meteorological
data comprise long-term wind speed and wind direction statistics from local meteorolog-
ical stations in open terrain aeras. The aerodynamic information of the pedestrian-level
wind speed is needed to transfer the statistical meteorological data from local meteoro-
logical stations to the building site where the pedestrian-level wind environment is to
be assessed. Once this link is established, providing us with the wind statistics at the
building site, a reasonable comfort criterion is adopted to evaluate the pedestrian-level
wind comfort and wind safety. The wind comfort criterion describes the survey statistics
of people’s perception and feelings on different imposed wind strengths, distinguishing
among various pedestrian activities, such as long-period and short-period sitting, strolling,
and walking fast. Since the 1970s, a large number of scholars have proposed several wind
comfort and wind danger criteria to evaluate the pedestrian-level wind environment, such
as the Isyumov and Davenport criterion [4], the Lawson and Penwarden criterion [2],
the Hunt criterion [5], the Lawson criterion [6], the Melbourne criterion [7], the Soligo
criterion [8,9], the UB and UWO criterion [10-12], the Building Research Establishment
(BRE) criterion [12], the Centre Scientifique et Technique du Batiment (CSTB) criterion [12],
the FORCE Technology-DMI criterion [12], and the NEN 8100 criterion [13-15]. The
aerodynamic information of the pedestrian-level wind speed generally consists of two
contributing parts, i.e., the terrain-related contribution and the design-related contribution.
The former takes into account the terrain roughness and height differences between the
local meteorological stations and the building site, and the latter is related to the planning
design of the target buildings and their surroundings, such as the building geometry,
building orientation, and arrangement of the buildings and surroundings. And the design-
related contribution can be determined via three kinds of research methods according to
the measurement techniques for the pedestrian-level wind speeds and directions: field
measurements, wind tunnel tests, and CFD numerical simulations [15,16].

Based on the above research methods, many studies have been conducted to investi-
gate the pedestrian-level wind environments of high-rise buildings or groups of high-rise
buildings. Sasaki et al. [17] used infrared thermography technology to study the effects
of the relative positions and spacings of two high-rise buildings on the pedestrian-level
wind comfort. Tsang et al. [18] studied the effects of the size and spacing of buildings
and the existence of a podium on the pedestrian-level wind environments around several
tall buildings. The above investigations mainly focused on the pedestrian-level wind
environment characteristics and wind comfort assessments. However, until now, there
have been only a few studies to propose new, feasible, and effective measures to improve
uncomfortable or unsafe pedestrian-level wind environments, and it is believed that the
optimization analysis of urban wind environments has also been of great significance for
improving the urban habitat quality and building a sustainably developed urban spaces.
Youssef [19] reported that the overpass, wind shield, and ceiling could effectively reduce the
pedestrian-level wind speed on streets. Blocken et al. [20] proposed to install an automatic
control door in the passage of Silvertop Towers to improve their pedestrian-level wind
comfort. Mohan et al. [21] suggested that the trees or perforated fences around high-rise
buildings could effectively reduce the pedestrian-level wind speed. Furthermore, different
shelter designs and wind breaks have also been studied [22,23].

Another aspect related to the pedestrian-level wind environment, which has been
less studied, is the pedestrian-level wind environment around the outdoor platforms,
balconies, and corridors high up on high-rise buildings. This is usually a very tough
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and challenging issue for architectural designers because the incoming wind speeds at
these places are usually much higher than those near the ground. And the quality of
the pedestrian-level wind comfort and wind safety is usually very poor for this kind of
issue. Thus, much more attention should be paid to it. In the study by Zheng et al. [24],
based on wind tunnel tests and CFD simulations, the pedestrian-level wind comfort and
wind safety of the outdoor platforms of a thousand-meter-high megatall building were
assessed using the Lawson criterion and NEN 8100 criterion. The megatall building is
composed of three equilateral-triangle-arranged tear-drop-shaped towers and a central
circular tower, together with ten outdoor platforms at an interval of 100 m along the height
to connect the four towers. Figure 1 shows the rendering of this megatall building, and
the terrain roughness of the building site can be determined as Category B in the Chinese
Load Code. According to reference [24], the results showed that the pedestrian-level wind
comfort was very poor in many zones of the most unfavorable outdoor platform with 3 m
high wind shields, especially in the passageways of adjacent towers, owing to “funneling
effects”. And some potential aerodynamic measures should be studied to improve the
wind environmental quality of outdoor platforms to serve as emergency passageways for
evacuation or sightseeing platforms.

Figure 1. Rendering of the thousand-meter-high megatall building.

In view of the unsatisfactory pedestrian-level wind comfort around the most unfa-
vorable outdoor platform of the thousand-meter-high megatall building, several potential
aerodynamic measures are proposed, and their effects are investigated in this study. Sec-
tion 2 is mainly concerned about the flow field around the platforms of the megatall
building, and some potential measures to improve the wind environment are proposed.
Section 3 introduces the setup of the wind tunnel measurement. In Section 4, based on the
validation of the CFD simulation method, the adjustment coefficient of the wind speed
amplification factors to link the sub-configuration model and the full model is studied
via CFD simulations, and the pedestrian-level wind comfort and wind danger of the out-
door platform of the thousand-meter-high megatall building is finally assessed using the
threshold exceedance probability approach. Section 5 summarizes the main conclusions.

2. Characteristics of Wind Field around the Outdoor Platforms of the Baseline Model

As mentioned above, the pedestrian-level wind comfort on the most unfavorable
outdoor platform of the thousand-meter-high megatall building, for which the wind shield
height is 3 m (regarded as the baseline model hereafter), was very poor. A detailed discus-
sion can be found in reference [24]. Therefore, in this section, the wind field characteristics
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of the outdoor platform of the baseline model will be analyzed via CFD simulations, and
some potential aerodynamic measures to improve the pedestrian-level wind environment
will be discussed.

The computational model of the baseline model is a full model, including a podium,
four towers, and ten outdoor platforms, together with several 3 m high wind shields on
the edge of the towers. It should be noted that to establish the model more conveniently
and ensure a better mesh quality, the full model was established based on some minor
simplifications of the prototype building (see Figure 2), especially for the configurations at
the bottom and top parts. Considering a lower incoming wind speed below Platform 1 and
a significant three-dimensional flow effect at top of the full model, the pedestrian-level
wind speeds on Platforms 1 and 10 are believed to be much lower than those on other
outdoor platforms; thus, the above simplifications on the configurations can be acceptable.
So, the pedestrian-level wind environment characteristics of Platforms 2-9 will be analyzed
in the following research.

Platform 10

Platform 9

Platform 2

= Platform 1

100X10

205

L 408 |

(b)

Figure 2. Sketch of the full model in the (a) elevation and (b) floor plan (Unit: m).

The dimensions of the prototype building model are shown in Figure 2. It can be seen
that the height (H) is 1050 m; the maximum distance between the exterior edges of the tear-
drop-shaped towers is 205 m, and the maximum distance between each tear-drop tower
and the outer edge of the outdoor platform is 165.6 m. To describe the planar dimensions
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of the full model more conveniently, we use the characteristic size, which is the diameter of
an equivalent circle with a same area as that of the cross-section of the model, and its value
is determined as 150 m. The diameter of the central circular tower is 48 m.

According to Revuz et al.’s [25] suggestion, the computational domain is determined
with the dimensions of 7650 m in length (20B + D + 30B), 7950 m in width (268 + B + 26B),
and 5250 m in height (H + 4H), with a blockage ratio of 0.38%. The computational domain
is discretized using the hybrid grids, with a total of 7.18 million grids.

The velocity inlet is employed as the inlet boundary condition of the computational
domain. The incoming wind speed is determined by Equation (1) as follows:

[ Uypo(z/10)"  z<zg
U(Z) - {U10(Zg/10)a zZ>2ZG (1)

where Uqg = 34.64 m/s is the wind speed at the 10 m height, « is the power-law exponent,
and zg is the gradient wind height. According to the terrain roughness of Category B in the
Chinese Load Code [26], « and zg are determined as 0.15 and 350 m, respectively. Therefore,
the gradient wind speed at the zg height is 59.05 m/s. The incoming wind speed above zg
is determined as a constant with a same value as that at zg. The Reynolds number of the
prototype building model is about 6.112 x 108, which is in the post-critical zone.

The outflow is used for the outlet boundary condition of the computational domain,
and the symmetry is adopted to simulate the side and top wall boundary conditions of the
computational domain. In addition, the no-slip wall is used for the bottom wall boundary
condition of the computational domain and all the surfaces of the computational model.

The realizable k- turbulence model, which was developed by Shih et al. [27] in 1995,
is employed to solve the 3D incompressible governing equations. The SIMPLE algorithm
is employed to solve the coupled pressure and velocity equations, and the second-order
upwind scheme is employed to discretize the turbulent kinetic energy and dissipation rate
terms, respectively. The non-equilibrium wall function is adopted to simulate the complex
flows near the walls. For more detailed information about the computational model, grids
discretization, and boundary conditions of the computational domain and the solution
strategies, please see reference [24]. The reference height in the numerical simulation is set
as zpr = 1050 m, and the reference wind speed is set as Up, = 59.05 m/s.

According to reference [24], the pedestrian-level wind environment above Platform
4 is the most unfavorable. Figure 3 shows the contours of the wind speed amplification
factor, Ry;, acquired by numerical simulations, and the path lines on two typical planes of
Platform 4 (i.e., the plane 2 m above Platform 4 and the vertical symmetric plane) in the
0° wind direction. Ry; is defined as the ratio of the wind speed, Uj, to the reference wind
speed, Uy, to describe the influence of aerodynamic information.

As shown in Figure 3a, when the incoming flow passes into the passage of two up-
stream towers, it will be contracted gradually, accompanied by a significant acceleration in
wind speed due to the “funneling effects”, and the maximum Ry,; occurs at the narrowest
passage. Downstream of the passage, the flow is extended gradually, accompanied by a
deceleration in wind speed. Therefore, R,; is greater than 1.0 in the passage zones, with
a maximum R,; of 1.6 at the narrowest passage, and is less than 1.0 in the other zones
of the platform. To avoid the significant “funneling effects”, extra wind shields could be
placed near the narrow passages. In view of this point, a similar measure called a “divider
screen” was adopted to improve the wind environment for the outdoor platforms of the
Burj Khalifa Tower in Dubai [28]. Moreover, some roadside trees could be planted near the
narrow passages to reduce the wind speed for practical considerations.

Besides the contraction of incoming flows in the passages, the acceleration of the
pedestrian-level wind speeds can also be attributed to the separated flows induced by the
wind shields and the downwash flows due to the blockage by the central tower, as shown
in Figure 3b. The incoming flows, denoted as “1”, will move upward or downward when
blocked by the platform and will separate at the top of the wind shield, resulting in the
acceleration of the pedestrian-level wind speeds in the wake. Therefore, if the wind shield
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height is increased, a guide plate is added at the top of each wind shield, or extra wind
shields are placed downstream of the existing wind shields, the vortex shedding will be
delayed and then the downstream zones with low pedestrian-level wind speeds will be
enlarged. The incoming flows denoted as “2” are blocked by the central tower, a part of
the flows will separate and shed to the downstream zones in the horizontal plane, while
most of the flows will move downward to generate the downwash flows, thus bringing
the upper-level high kinetic energy to the wind speed at the pedestrian level. Therefore, if
a transversal shelter or screen is placed above the platform at a suitable height (e.g., 5 m,
the same height as that of each floor), the downwash flows or the reattached flows of
upstream wind shields will be obstructed; the vortex generation will be restrained, and the
pedestrian-level wind speeds will be significantly reduced.

(b)
RN | [ [ [ [T [ [ [ [ [ [ F

0 0.07 015022 029 0.37 044 052 0.6 066 0.74 0.81 0.88 096 1.03 1.11 1.18 1.251.33 14

Figure 3. Contours of R; and path lines on the (a) pedestrian-level plane and (b) vertical symmetric
plane around Platform 4 in the 0° wind direction.

To sum up, some potential aerodynamic measures, such as extra wind shields; roadside
trees; the increased height of wind shields; and added guide plates, shelters, or screens
higher than the pedestrian level, could be proposed to improve the pedestrian-level wind
environment on outdoor platforms. The following study will focus on the quantitative
analysis of the improvement of the pedestrian-level wind comfort using these measures to
provide a feasible design proposal for the wind environment around the outdoor platforms
of the thousand-meter-high megatall building.
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3. Setup of Wind Tunnel Test
3.1. Test Models

The wind tunnel test was conducted in the Joint Laboratory of the Wind Tunnel and
Wave Flume located at Harbin Institute of Technology, China. The dimensions of the
small test section are 4.0 m in width, 25.0 m in length, and 3.0 m in height. Owing to the
restraint of the blockage ratio, less than 5%, and the requirement of sufficient probes, a
three-platform sectional model (also called the “sub-configuration”, see Figure 4) with a
length scale of 1:300 was employed as the test model. And Platform 2 was selected as the
research object to investigate the pedestrian-level wind environment. For more information
about the determination of the test model, please refer to reference [24].

Platform 3

Platform 2

Platform 1

- 325 _ +_3§£1_+§§‘1_+1_6_7.|

Figure 4. Sketch of the three-platform sectional model (Unit: mm).

The dimensions of the three-platform sectional model in the vertical direction are
shown in Figure 4. It can be seen that every two outdoor platforms were placed at a distance
of 334 mm (corresponding to 100 m for the full model), and the distance from Platform 1 to
the ground was lengthened to 525 mm to avoid the ground’s disturbance. Figure 5 shows
the dimensions of the cross-section of the sub-configuration model and the locations of
18 simplified wind-speed probes on Platform 2. The simplified wind-speed probes, which
were developed based on the omni-directional pressure sensor principle [29], were adopted
to measure the pedestrian-level wind speeds (at 6.7 mm height above Platform 2). For more
detailed information about the simplified wind-speed probes, please see reference [24].

A \45°

60°

Figure 5. Location of the simplified wind-speed probes on Platform 2 (Unit: mm).
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To improve the pedestrian-level wind environment on the outdoor platform of the
baseline model, several aerodynamic measures of the wind shields, such as a 5 m high
wind shield, a 5 m high wind shield plus a 1 m high wind deflector, a 5 m high wind shield
plus a 1 m high wind suppressor, and double layers of the wind shield, were adopted, As
shown in Table 1. The dimensions of the above wind shields are given in the prototype
scale, and the corresponding length scale is 1:300 for the wind tunnel test models. The
above aerodynamic measures are schematically depicted in Figure 6. To clearly show
the configuration of each aerodynamic measure, Figure 6b—d removes the four towers.
Therefore, the “5 m high wind shield plus 1 m high wind deflector” model refers to the
addition of a 1 m high wind deflector based on a 5 m high shield, inclining the deflector to
the platform at an angle of 30°. Correspondingly, the “5 m high wind shield plus 1 m high
wind suppressor” model refers to the addition of a 1 m high wind suppressor based on a
5 m high wind shield, inclining the suppressor to the outside of the platform at an angle of
30°. The spacing, L, indicates the distance between the interior wind shield and exterior
wind shield.

Table 1. Setup for the test cases in the wind tunnel test.

Case No. Different Aerodynamic Measures of Wind Shields =~ Wind Direction 0 (°)
1 5 m high wind shield 0; 15; 30; 45; 60
2 5 m high wind shield plus 1 m high wind deflector 0; 15; 30; 45; 60
3 5 m high wind shield plus 1 m high wind suppressor 0; 15; 30; 45; 60
4 3 m high e.xterlor. wind shleld.plus 5 m high interior 0; 15; 30; 45; 60
wind shield at a spacing of L =9 m
5 5 m high double wind shields at a spacing of L =9 m 0; 15; 30; 45; 60
v ’ ‘ 300

(b)

\o4

(©) (d)

Figure 6. Schematic diagrams of different aerodynamic measures for wind shields: (a) 16.7 mm high
wind shield; (b) 16.7 mm high wind shield plus 3.3 mm high wind deflector; (c) 16.7 mm high wind
shield plus 3.3 mm high wind suppressor; (d) double wind shields.

3.2. Generation of the Wind Field

According to reference [24], the pedestrian-level wind environment on Platform 2 was
determined as the most unfavorable under the condition of the uniform inflow. Therefore,
the uniform inflow condition is utilized as the velocity-inlet in the wind tunnel test, and the
incoming wind speed is set at 13.5 m/s when considering that the simplified wind-speed
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probes have a higher measurement precision at higher wind speeds [29]. Thus, the reference
wind speed, Uer, is 13.5 m/s, and the wind-speed scale is 1:4.374. So, the Reynolds number
of the wind tunnel test model is about 4.658 x 10°. In addition, the turbulence intensity, I,
of the generated wind flows is set at a constant with the value of 0.0821 according to the
specification for the terrain roughness of Category B in the Chinese Load Code [26].

Several self-made wooden grids (see Figure 5) were adopted to simulate the target
wind field and after several attempts and comparisons, the ideal blockage ratio was fi-
nally determined as 37.5%. Comparisons of the generated mean wind-speed profile and
turbulence-intensity profile with the corresponding theoretical wind profiles, which are
denoted by the dashed lines, are shown in Figure 7. It can be seen that the two wind profiles
show good agreement with each other. And the pedestrian-level height above Platform 2,
for which the height is 0.891 m, is in the main experimental height of the uniform flow. The
instantaneous wind pressures of the simplified wind-speed probes were sampled using a
DSM3400 pressure scanner at a sampling frequency of 625 Hz and a total measurement
time of 60 s.

Turbulence intensity I (%)

6 8 10 12 14 16 18 20
1'8 T T ; T T T T T T T T :I
1.6 * ® mean wind speed . .
I ! ® turbulence intensity !
14 o = -
1.2 . " 4
E : =
v 1.0 | L] - E
£t . .
Tosp e .
= I ° "
0.6 ¢ n iy
3 @ .
04 o . -
- | o® ;o
0.2 ) u ' -
@ ] l
F ' [ | '
0.0 L 1 : L 1 L hod 1 L 1 L 1 .. 1 : 1
0 2 4 6 8 10 12 14 16

Mean wind speed U /m-s !
Figure 7. Mean wind-speed and turbulence-intensity profiles.

4. Results Analysis and Discussions
4.1. Characteristics of the Pedestrian-Level Wind Environment

Based on the wind tunnel test, the contours of the pedestrian-level wind-speed am-
plification factor, R.;, around Platform 2 with different aerodynamic measures of wind
shields are compared with that of the baseline model in Figure 8, and the incoming wind
direction angle is 0° (see Figure 5). It should be noted that we use the reference wind speed,
Uer =13.5 m/s, to calculate Ry;.

It can be seen in Figure 8 that the distribution patterns of R; are quite similar for
Platform 2 with different wind shields: the R,; values are almost symmetrically distributed
along the x-axis (see Figure 5); in front of the circular tower, R, is relatively low owing to
the obvious “shielding effects” induced by the upstream wind shields. Similarly, a low R;
is also observed behind the central circular tower; however, significant “funneling effects”
can be observed in the passageways of two adjacent towers, and the wind speeds are
significantly accelerated, with maximum values of R,; ranging from 1.228 to 1.469 in the
middle of the two towers for different wind shields. Then, R,; decreases gradually in the
downstream zones.

To quantitatively describe the influence of different wind shields, the following maxi-
mum wind-speed reduction factor, RFg, is defined by Equation (2) for the pedestrian-level
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(d)

wind-speed amplification factor, R,;, because wind discomfort and wind danger are mainly
caused by high wind speeds:

maxXx { Rei,C }
max{Re;p}

REg =1- @
where R;c and R, g are the pedestrian-level wind-speed amplification factor at point i
around Platform 2 with different wind shields and with a 10 mm high wind shield (baseline
model), respectively. Table 2 shows the maximum Re; and corresponding RFy for different
wind shields in all the wind directions.

(e) (f)

Figure 8. Contours of the pedestrian-level wind-speed amplification factor, R;, around Platform
2 with different aerodynamic measures based on the wind tunnel test in the 0° wind direction.
(a) Baseline model and (b—f) test cases 1—5.

Table 2. The maximum R,; and corresponding reduction factor, RFg, for different wind shields in all
the wind directions.

No. of Test Cases 0 1 2 3 4 5
maximum Ry; 1.49 1.40 1.26 1.28 1.25 1.29
RFR — 6.04% 15.43% 14.09% 16.11% 13.42%

As shown in Table 2, the maximum R,; for the baseline model is 1.49 (also see
reference [24]), and different aerodynamic measures can reduce the maximum pedestrian-
level wind speed on Platform 2, resulting in a positive RFg. When the height of the wind
shield is increased from 10 mm to 16.7 mm, the maximum Re; can be reduced to 1.40, with
a reduction of 6.04%. And when a 3.3 mm high wind deflector or wind suppressor is



Atmosphere 2024, 15,171

11 of 22

added based on the 16.7 mm high wind shield (cases 2 and 3), the maximum Re; is further
reduced, especially for the former one (with a reduction in the maximum R,; by 9.39%),
which indicates that further increasing the wind shield height is very effective for reducing
the pedestrian-level wind speed. For the double wind shield conditions, the maximum
Re; and corresponding RFR are close to those in cases 2 and 3, and it can be inferred that
the pedestrian-level wind speed will be significantly reduced in the areas between the
double wind shields, so their effects will be better. Among all the aerodynamic measures,
case 4, with an RFR of 16.11%, is the most effective aerodynamic measure to improve the
pedestrian-level wind environment.

4.2. The Link between the Sub-Configuration Model and the Full Model

Because the three-platform sectional model was used in the wind tunnel test and the
full model of the megatall building will be adopted in the assessment of the pedestrian-level
wind environment (see Section 4.3), CFD simulations are described in this section to create
a link between the sub-configuration and the megatall building. The main objectives are
as follows: (1) to compare the CFD results of the pedestrian-level R,; on Platform 2 in the
sub-configuration model with the corresponding experimental R,; data to validate the CFD
simulation method; (2) to determine the adjustment coefficient, Cg, for the pedestrian-level
Ry; on Platform 2 in the sub-configuration model with different aerodynamic measures and
on the most unfavorable outdoor platform in the full models to create a link between them.
Then, the pedestrian-level R; based on the wind tunnel test and the adjustment coefficient,
CRr, could be used in the following assessment of the wind comfort of the megatall building.

4.2.1. Validation of the CFD Simulation

The feasibility of the CFD simulation method is validated by comparing the experimen-
tal data and corresponding CFD results. Owing to the limited space, only the pedestrian-
level R; values of 18 simplified wind-speed probes on Platform 2 in the sub-configuration
with different aerodynamic measures in the 0° and 60° wind directions, including the R,;
values acquired by the wind tunnel test and the R,;; values acquired by the CFD simulation,
are compared in Figure 9. It can be seen that the CFD results are almost consistent with the
corresponding experimental data, though there are some errors for some specific probes
behind the wind shields (e.g., probe 10# in the 0° wind direction) or the towers (e.g., probes
1#—3#, 17#, and 18# behind the central circular tower in the 0° wind direction; probes
3#—5# behind the central circular tower in the 60° wind direction; and probes 12# and 14#
behind Tower 3 in the 60° wind direction). Fortunately, the pedestrian-level R; values of
the above individual probes with large discrepancies are usually less than 1.0 and may not
contribute much to the following assessment of the wind comfort because wind discomfort
is mainly caused by high R; values.

To further analyze the errors between the experimental data and CFD results, Table 3
shows the relative errors of the wind-speed probes for which the experimental data, R,
are greater than 1.0 (focusing on the accelerated wind-speed zones) in the 0° and 60° wind
directions. It can be seen that the maximum error is 27.71% (located at probe 7# in test
case 5) in the 0° wind direction, and the average error for these probes is only 21.64%;
however, in the 60° wind direction, the discrepancies are relatively smaller than those in
the 0° wind direction, with a maximum discrepancy of 14.57% (located at probe 7# in test
case 5) and an average discrepancy of 12.52%, indicating good agreement between the
experimental data and CFD results. The reason for the discrepancies can be attributed
to two aspects: First, there are some errors in the processes of model manufacturing and
measuring in the wind tunnel test; second the realizable k-¢ turbulence model used in
this paper has some defects in simulating complex flows, such as the flow separation,
vortex shedding, and wake flows around bluff bodies with complicated configurations. In
general, the CFD numerical simulation based on the RANS approach can more accurately
predict the wind-speed distribution. In addition, the relative errors of test cases 4 and
5 are generally higher than those of the other aerodynamic measures, and the possible
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more complex.

Table 3. Error analysis of the CFD results and experimental data for R,; greater than 1.0.
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Figure 9. Comparisons of the experimental data and corresponding CFD results of pedestrian-level

R; values on Platform 2 with different aerodynamic measures of wind shields in wind directions of
(1) 0° and (2) 60°; (a—e) test cases 1—5. (e.g., (a2) denotes test case 1 in the 60° wind direction).
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4.2.2. Link between the Sub-Configuration and Full Model

The three quartile and maximum values of the pedestrian-level amplification factor, R;,
on Platform 2 in the sub-configuration and each platform in the full model are compared in
Figure 10.
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Figure 10. Box plot of R; on outdoor platforms in the full and sub-configuration models: (a) 5 m wind
shield +1 m wind deflector; (b) 5 m + 5 m double wind shields, L =9 m.

As shown in Figure 10, the pedestrian-level R; distributions in the full model are
basically the same, and the R; distributions from Platform 2 to Platform 9 first increase and
then decrease. Figure 10a shows the box plot of R; on outdoor platforms in the full and
sub-configuration models of the 5 m wind shield +1 m wind deflector. It can be seen that
the three quartiles of the pedestrian-level wind speed around Platforms 2-8 are relatively
close, and the values are about 0.27, 0.48, and 0.81, respectively. By comprehensively
comparing the quartiles and maximum values of the pedestrian-level wind speed ratio,
R;, it was found that R; has the highest values on Platform 4; thus, the pedestrian-level
wind environment around Platform 4 is the most unfavorable. The corresponding values
on Platform 2 in the sub-configuration model are lower than those of Platform 4 in the full
model. Figure 10b shows the box plot of R; on the outdoor platforms in the full model and
the sub-configuration of the 5 m + 5 m double wind shields. It can be seen that in addition
to Platform 5, the three quartiles of the pedestrian-level wind speed from Platform 2 to
Platform 8 are relatively close, and the values are about 0.13, 0.40, and 0.76, respectively.
The quartiles of Platform 5 are greater than those of the other platforms, so Platform 5
is determined as the most unfavorable wind environment platform. The corresponding
values on Platform 2 in the sub-configuration model are lower than those on Platform 5
in the full model. And the reason can be attributed to the large number of downward
air flows below the stagnation point of the windward tower in the full model, which is
beneficial to increase the pedestrian-level wind speed above Platform 3-Platform 5.

The wind-speed adjustment coefficient, Cg, is defined as the ratio between the pedestrian-
level R; on the most unfavorable wind environment platform in the full model and those
on Platform 2 in the sub-configuration model. Figure 11 shows the variations in the Cg
values for the pedestrian-level R; in the sub-configuration model. The results show that
the change in Cy is very large (from 0.05 to 5.85) for R; < 1.0, and when the R; values are
greater than 1.0, the Cr values gradually converge to a constant. Considering that the wind
discomfort and wind danger are mainly caused by high wind speeds, the R; values greater
than 1.0 are retained to calculate the average Cr. Therefore, the average Cr is determined
as 1.15 and 1.1 for the 5 m wind shield +1 m deflector and 5 m + 5 m double wind shield
models, respectively. The R; values acquired by the wind tunnel test should be multiplied
by Cr to be used in the wind-comfort assessment.
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Figure 11. Adjustment coefficient, Cg, of the pedestrian-level wind speed amplification factor, R;:
(a) 5 m wind shield +1 m wind deflector; (b) 5 m + 5 m double wind shields, L =9 m.

According to the above analysis, the link is established between the pedestrian-level
R; values in the sub-configuration model and the full model. A related research method
that combines wind tunnel tests and CFD simulations and research objects that combine
the sub-configuration and full models to study the wind environments of complex building
structures can provide a useful reference for similar studies in the future.

4.3. Assessment of the Pedestrian-Level Wind Environment

According to several previous studies [3,4,18,19], mainly three kinds of approaches
have been utilized to assess the wind comfort and wind danger, i.e., the wind-speed
amplification factor approach, the Beaufort scale approach, and the threshold exceedance
probability approach.

Among them, the wind-speed amplification factor approach is the simplest method,
and it assesses the wind environment using the wind-speed amplification factor, which is
defined by the ratio between the pedestrian-level wind speed and incoming wind speed.
This method does not consider the absolute wind-speed value and cannot reflect people’s
feelings and wind comfort. The Beaufort scale approach defines the relative comfort and
regulates the maximum number of times that it can exceed the allowable wind speed. But
it cannot consider the occurrence frequency of wind speeds in different wind directions.
The threshold exceedance probability approach takes the wind comfort and wind safety
requirements into account, combines the detailed aerodynamic information and local
meteorological data, and introduces the wind-speed threshold value and its exceedance
probability to construct the comfort criterion [3,12,15]. The threshold exceedance probability
approach is the most accurate method to assess wind environments and is widely used.
Therefore, the threshold exceedance probability approach is employed in this paper.

A complete framework to assess the pedestrian-level wind comfort or wind danger of
the outdoor platforms is shown in Figure 12 and consists of five steps in reference [24].

According to the Lawson criterion [10,11], the effects of various aerodynamic measures
to improve the wind environment are quantitatively analyzed from the perspectives of the
comfort and safety levels. Table 4 shows the threshold values for the hourly mean wind
speed, Uy, 1, and their exceedance probabilities for different pedestrian activities. And
the threshold values for the gust-equivalent hourly mean wind speed, Uy, Gem, and their
exceedance probabilities are the same as those in the table. Only the wind comfort levels
for “strolling” and “walking fast” are analyzed in the following section.
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Figure 12. Framework of the wind comfort or wind danger assessment.

Table 4. Wind comfort and wind danger according to the Lawson criterion.

Pedestrian Activity Uy, (m/s) Prax (U > Uy,,)
Sitting long 5%
. Sitting short 5%
Wind comfort Strolling 5%
Walking fast 10 5%
Wind danger 20 0.022%

The Lawson criterion has a wind-speed threshold of 8 m/s for “strolling” and a 5%
exceedance probability limit. Figures 13 and 14 show the results of “strolling” for the
gust-equivalent hourly mean wind speed and the hourly mean wind speed. The dotted
line in the figures shows the exceedance probability of 5%.
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Figure 13. Probability of gust-equivalent hourly mean wind speed exceeding 8 m/s.
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Figure 14. Probability of hourly mean wind speed exceeding 8 m/s.

As shown in Figure 13, the exceedance probabilities of the gust-equivalent hourly
mean wind speed higher than 8 m/s in the 3 m wind shield model (the baseline model)
are almost less than 5%, except for probes 1#, 7#, 9#, and 13# for which the exceedance
probabilities are slightly higher than 5%. In general, the pedestrian-level wind environment
has been considerably improved under different aerodynamic measures.

It can be seen in Figure 14 that under different aerodynamic measures, most of the
probes do not meet the requirement for “strolling”. The exceedance probability values
of probes 1#, 7#, and 13# are significantly higher than the those of the remaining probes.
Overall, the aerodynamic measures of the 5 m wind shield, 5 m wind shield + 1 m deflector
(1 m suppressor), and 3 m (5 m) + 5 m double wind shields can reduce the probability of the
hourly mean wind speed exceeding 8 m/s from 17% to 12%. Therefore, the comfort level of
the pedestrian-level wind environment has slightly increased, but it is still far higher than
the 5% limit of the Lawson evaluation criterion.

The Lawson criterion has a wind-speed threshold of 10 m/s for “walking fast” and a
5% exceedance probability limit. Figures 15 and 16 show the results of “walking fast” for
the gust-equivalent hourly mean wind speed and the hourly mean wind speed. The results
show that when compared with the 3 m wind shield (the baseline model), the probability
of the hourly mean wind speed exceeding 10 m/s is reduced by 10—40% owing to the
aerodynamic measures, and the exceedance probabilities of almost half the probes are less
than 5%. That means nearly 50% of the platform area meets the requirements of “directional

walking”, and the pedestrian-level wind environmental quality of the connecting platform
has been significantly improved.
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Figure 15. Probability of gust-equivalent hourly mean wind speed exceeding 10 m/s.
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Figure 16. Probability of hourly mean wind speed exceeding 10 m/s.

According to the Lawson criterion, wind safety requirements are met when the prob-
ability for the hourly mean wind speed or gust-equivalent hourly mean wind speed
exceeding 20 m/s is less than 0.022%. The wind-safety-exceedance probabilities of each
probe under different test conditions are shown in Figures 17 and 18.
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Figure 17. Probability of gust-equivalent hourly mean wind speed exceeding 20 m/s.
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Figure 18. Probability of hourly mean wind speed exceeding 20 m/s.
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Figure 17 indicates that the probabilities for the equivalent hourly mean wind speed
exceeding 20 m/s under different aerodynamic measures are less than 0.022%, especially
for the double wind shields for which the exceedance probabilities are close to 0. Figure 18
indicates that the aerodynamic measures significantly reduce the probability of an hourly
mean wind speed above 20 m/s at the pedestrian-level compared to the 3 m wind shield.
The maximum exceedance probability of the 18 probes decreased from 0.37% to 0.17-0.22%;
the reduction was over 42%, and the wind environment has been significantly improved.
Except for probes 1#, 3#, 7#, and 13#, the wind-speed threshold exceedance probabilities
of all the probes are less than 0.022%. So, most areas of the platform satisfy the wind
safety requirements.

According to the pedestrian-level wind environmental assessment of the most unfa-
vorable outdoor platform using the wind-comfort criterion based on the hourly mean wind
speed, the Kriging interpolation method is used to obtain the practical partition of the wind
comfort and wind safety on the platform with different aerodynamic measures, as shown
in Figure 19. The “strolling” and “walking fast” levels satisfy the pedestrian-level wind
comfort and safety environmental requirements of the Lawson criterion, respectively. The
“safety” level means that the wind environment in the area does not satisfy the comfort
requirements, but pedestrians will not have safety hazards due to excessive wind speed.
The “danger” level means that the wind environment does not satisfy the “safety level”
requirements of the Lawson criterion, and supplementary measures should be considered
to improve the pedestrian-level wind environment.

strolling  walking fast safety danger

Figure 19. Partitions of pedestrian-level wind comfort and wind safety of the most unfavorable
platforms with different aerodynamic measures: (a) 3 m wind shield, (b) 5 m wind shield, (c) 5m
wind shield + 1 m deflector, (d) 5 m wind shield +1 m suppressor, (e) 3 m + 5 m double wind shields,
and (f) 5m + 5 m double wind shields.
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As shown in Figure 19a, most areas in the baseline model (3 m wind shield) outdoor
platform cannot satisfy the wind comfort level, and many areas are at the “danger” level.
It can be seen in Figure 19b—f that aerodynamic measures, such as increasing the height
of the wind shield (from 3 m to 5 m), further adding a deflector or a suppressor, and
using double wind shields, can effectively increase the area of the outdoor platform to
satisfy the requirements of “walking fast” but cannot satisfy the requirements of “strolling”.
Therefore, the “safety” level on the platform is effectively improved after adopting different
aerodynamic measures. The “danger” area is reduced, and many areas are gradually
transformed to the “safety” or “walking fast” areas. That is, more areas on the outdoor
platform can satisfy the requirements for safe evacuation in an emergency.

It should be noted that more optimal aerodynamic measures to improve the wind
environmental performance in bad cases can be explored in future studies.

5. Conclusions

The pedestrian-level wind environment around the outdoor platforms high up on a
thousand-meter-high megatall building was studied via wind tunnel tests and CFD simula-
tions, and the wind comfort and wind danger of the most unfavorable outdoor platform in
the full model was assessed using the threshold exceedance probability approach based on
the Lawson criterion. The main conclusions are summarized as follows:

1.  The distributions of the pedestrian-level wind-speed ratio, R;, for the outdoor platform
with different aerodynamic measures are similar. Owing to the “funneling effects”,
pedestrian-level R; values in the area between the outer tower and the central tower
are significantly higher, and the maximum R; value is present in this area;

2. The pedestrian-level wind-speed distributions of two typical aerodynamic measures
(5 m wind shield + 1 m deflector and 5 m + 5 m double wind shields) are similar on
the outdoor platform in the full model, and the wind-speed-adjustment coefficients,
CRr, of the most unfavorable wind environment platform in the full model are 1.15 and
1.1, respectively;

3. The evaluation results based on the Lawson criterion show that different aerodynamic
measures can effectively reduce the pedestrian-level wind speed and improve the
wind environment, but a part of the platform cannot satisfy the requirements of
the wind comfort and wind safety. Therefore, more aerodynamic measures, such as
roadside trees or high-up shelters, should be further investigated to improve the wind
environmental quality in the “wind danger” region;

4. This study contributes to the provision of a new research method to study the wind
environments of complex building structures by combining wind tunnel tests and
CFD simulations with sub-configuration and full models. In addition, it should be
noted that the pedestrian-level wind environments around outdoor platforms that
are high up on high-rise buildings have been less investigated in previous studies,
and this study contributes to the further understanding of the pedestrian-level wind
environmental characteristics of outdoor platforms. For poorly performing wind
comfort and wind safety on outdoor platforms, the aerodynamic measures proposed
in this study can provide important references to improve the pedestrian-level wind
environment in future studies and engineering applications.
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