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Abstract

Lift-up design can increase building permeability without sacrificing land use, and its effectiveness for
pedestrian-level wind (PLW) comfort improvement has been confirmed. However, the subjects of
previous studies are primarily rectangular- or square-plan building models. Modern buildings are not
uniform but have various configurations, which exhibit different aerodynamic features. The PLW
comfort around an isolated lift-up building with various unconventional configurations has not yet been
systematically investigated. This study thereby aims to fill the research gap. A series of computational
fluid dynamics simulations were performed to evaluate the PLW comforts around lift-up building
models with 22 unconventional configurations. The tested configurations include polygonal, slab-like,
cruciform, trident, and assembled models, derived from existing buildings in Hong Kong. The results
indicate that the PLW comfort around an isolated building is sensitive to the incident wind direction,
building configuration, and precinct size. Lift-up design can dramatically improve PLW comfort in the
near field of a building. However, the improvement efficiency weakens with the wider size of the
research region. The impact of lift-up design on the full-field wind comfort around a building may
become negligible or negative. Several configuration parameters were identified, including the number
of sides, projected width, building depth, included angle, converging and diverging flows, surface
curvature, and surface discontinuity. Their impacts on the PLW comfort and lift-up design’s
comprehensive effectiveness were also justified. These findings can considerably enrich the knowledge
of lift-up design’s performance for wind comfort improvement, and contribute to creating a sustainable

and livable microenvironment.

Keywords: Pedestrian-level wind comfort, Lift-up design, Building configuration, CFD simulation.



47

48

49

50

o1

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

1. Introduction

The pedestrian-level wind (PLW) environment has attracted enduring attention since the late 20th
century. On one hand, the mechanical effects of wind force on people (i.e. wind comfort) determine
human activity forms[1]. For instance, sitting, strolling, and walking fast require different wind comfort
levels[1]. On the other hand, wind condition is a key environmental factor affecting the urban living
quality. Owing to rapid urbanization, modern cities are characterized by dense populations, tall
buildings, and compact space. Therefore, the weak wind condition at the pedestrian level has become a
pressing wind-related issue for many high-density cities over the past two decades. For instance, the
annual mean wind speed over urban areas in Hong Kong underwent a steady decline of 0.2 m/s per
decade between 1996 and 2015[2]. Low wind speed contributes to many environmental problems[3-
13], including poor ventilation, heat and pollutant accumulation, worsening air quality, enhanced urban
heat island effect, and outdoor thermal discomfort. More severely, poor air circulation provides
beneficial conditions for airborne transmission of infectious diseases, such as the Coronavirus disease
2019 pandemic[14-18], Middle East respiratory syndrome[19], severe acute respiratory syndrome[20],
and influenza[21]. Therefore, the imperative of solving various environmental issues and creating a

comfortable microenvironment is to improve the low wind velocity at the pedestrian level.

Tropical and subtropical densely populated cities, such as Hong Kong and Singapore, are facing
increased pressure on improving the PLW environment for concurrent heat stress and thermal comfort
issues. The annual mean temperature in Hong Kong showed a rising trend of 0.13°C per decade during
1885-2019[22]. Furthermore, the increasing rate sped up, reaching 0.21°C per decade in the past 30
years[22]. To improve urban sustainability and livability, the Hong Kong SAR government issued the
air ventilation assessment scheme of “the more wind the better”[23]. Later, Du et.al proposed a new
wind criterion that suitable for the weak wind condition, which was based on the threshold mean wind

velocity and the maximum exceedance probability[1].

Compact and bulky buildings are the primary causes of wind blockage in urban areas[24]. Many
urban forms or building designs have proven effective in improving the PLW environment, including
wind passage[23], building height variation[3, 25], lower building packing density[6, 25, 26], building
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array arrangement[10, 27], arcade[28-30], and lift-up design[5, 31-35]. In lift-up buildings (also known
as void decks or elevated buildings), the ground floor is replaced with supporting pillars or shear walls,
and thus, an open space is formed for wind penetration into pedestrian areas. The benefits of lift-up
design for weak wind conditions have been justified by a series of studies. Xia et al., through wind
tunnel experiments, found that lift-up design can increase the downstream mean wind speed by ~3%-—
11%[32]. Du et al. conducted computational fluid dynamics (CFD) simulations to confirm the wind

comfort improvement effects of lift-up design for “-,” “L,” “U,” and “[]"-shaped buildings, which

originated from the typical building configuration in a university campus[33]. The “-” -shaped building
was the basic configuration, which comprised of a cuboid and two cylinders. The conducted water
channel experiments indicated a double increase in PLW velocities in idealized urban street canyons
after being modified with lift-up design[36, 37]. Although the surrounding buildings can adversely
affect PLW comfort in the lift-up area, wind amplification is still observed[35]. Moreover, owing to
ventilation improvement, lift-up design can improve pollutant dispersion[5, 38-40]. For high-density
cities in tropical and subtropical climate zones, the shading effect of lift-up design is advantageous.
Thermal comfort is the state of mind which expresses satisfaction with the thermal
environment[41]. Wind speed and incident radiation are two important factors influencing thermal
comfort. As expected, a lift-up building has better thermal comfort at the pedestrian level in the
neighborhood than the corresponding normal building without lift-up design[9]. The open space
underneath a lift-up building is thermally comfortable in the summer of Hong Kong[9, 42]. Du et al.
further demonstrated that the lift-up area can serve as a cooling spot in summer, without becoming a

cold site in winter[43].

As lift-up design gained more recognition, an increasing number of parametric studies started
being conducted to enrich the knowledge of PLW comfort around and underneath lift-up buildings. The
impacts of the lift-up core dimension, building dimension, corner modification, and incident wind
direction on PLW comfort were systematically evaluated[31, 34, 44-46]. Furthermore, two
multivariable optimization approaches were developed to determine the optimal PLW comfort around

and beneath an isolated lift-up building[44, 45]. Du et al.[46] and Liu et al.[35] extended the PLW
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comfort study on an isolated building to that on building arrays, and further developed a multistage
optimization method for determining the most desirable microenvironment for an idealized urban
canyon with lift-up design[47]. Chew and Norford[36, 37] further identified the impacts of void deck
height, building height, street aspect ratio, and building height variation on the PLW environment in
idealized urban street canyons with void decks. Moreover, although the mean wind velocity gained

maximum attention, the gust wind velocity around lift-up buildings was also investigated[35, 48].

The aforementioned studies involved various influential parameters and provided insightful
findings on PLW comfort around lift-up buildings; however, most of them utilized traditional
rectangular- or square-plan building models. Nevertheless, modern buildings are not uniform but have
various configurations. An advancement in construction materials and methods immensely inspires
architects’ creativity in unconventional building configurations. Some building configurations are
adopted as aerodynamic treatments to detrimental wind effects[49, 50]. Table 1 enumerates some
commercial properties and public housings in Hong Kong. These unconventional configurations exhibit
unique aerodynamic performances, and thereby, have different effects on PLW comfort[50-52]. The
findings derived from lift-up buildings with conventional configurations may be insufficient to
represent those with unconventional configurations. However, PLW comfort on lift-up buildings with
various unconventional configurations is yet to be systematically evaluated. This study thereby aims to
fill this research gap. Here, 22 building configurations are selected and modified as test models
according to the existing buildings in Hong Kong (Table 1). Each configuration is examined under
several incident wind directions. CFD simulations are utilized to reproduce the flow field around the
buildings, whose accuracy is first validated using wind tunnel data. A comparative analysis between
lift-up and normal buildings is conducted to investigate the impacts of lift-up design on PLW comfort
under different configurations. Some configuration parameters are identified for further evaluating the
influence of the performance of lift-up design. Specifically, the mean wind velocity is more
representative for depicting the actual wind environment of interest precinct than the gust wind velocity,
which is commonly measured for 2-3 s, especially under weak wind conditions[53]. Therefore, this

study only concerns the mean wind velocity at the pedestrian level. It focuses on PLW comfort around
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lift-up buildings with unconventional configurations, which can provide a more comprehensive
understanding of lift-up design’s performance for improving PLW comfort for city planners and

architects.

The rest of this manuscript is organized as follows. A validation study of the adopted CFD
simulations is presented in Section 2. Section 3 draws a detailed description of the 22 building
configurations and incident wind directions. Then, Section 4 presents the simulation results of PLW
comfort around the lift-up buildings. A quantitative analysis is conducted to examine the effects of
configuration parameters on PLW comfort and the performance of lift-up design. Some limitations of

this study are discussed in Section 5. Finally, Section 6 concludes the study.

Table 1. Some commercial properties and public housings in Hong Kong, China (snapshotted from Google earth).

%

Windsor House

Tsz Lok estate Merry court Faber Garden Tsz Oi Court

(c) Slab-like buildings
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(d) Trident buildings
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Scenic Villa

) (e) Assembled building

e

Tung tau estate Chak On Estate

Nomenclature

PLW Pedestrian-level wind
H, W, D Height, width, and depth of building
d, h Length and height of lift-up core
U Mean wind velocity
Uret Reference wind velocity at the height of 150 m in the prototype scale

| Turbulence intensity




Re

XYz

SRANS

NMSE
FAC2
N
0
a
slab-90, slab-120
slab-135, slab-150
crcfrm, crcfrm-A
crcfrm-B, crcfrm-C
trgl, rctglr, sqr, trpzd,
pntgn, hxgn, octgn, crcl
L
MVR
MVR_DEF
MVRLr

MVRng

Reynolds number

Kinetic viscosity coefficient

Frictional velocity

Dynamic roughness height

Von Karman constant (x = 0.4187)

Turbulence kinetic energy and turbulence dissipation rate
Model constant (C.= 0.09)

Roughness height and roughness constant

Stream-wise, lateral or span-wise, vertical directions
Steady Reynolds-averaged Navier-Stokes

Correlation coefficient

Normalized mean square error

Fraction of predictions within a factor of two of observation
Number of sides

Incident wind direction

Interior angle of equilateral polygonal models

Slab-like models with included angles of 90° and 120°
Slab-like models with included angles of 135° and 150°
Basic cruciform model, A-type cruciform model

B-type cruciform model, C-type cruciform model
Triangular, rectangular, square, and trapezoidal models
Pentagonal, hexagonal, octagonal, and circular models
Linear model

Mean wind velocity ratio

Difference between MVR values of normal and lift-up buildings

MVR values around the lift-up and normal buildings

MVR values around the normal buildings
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K200 Ratio of threshold wind velocity to reference mean wind velocity

UFWC Unfavorable wind comfort
AWC Acceptable wind comfort
UAWC Unacceptable wind comfort
LWv Low wind velocity
MWV Moderate wind velocity
HWV High wind velocity
DWvV Dangerous wind velocity
ARc Avrea ratio of the target wind comfort zone
C Category of the target wind comfort zone
Ac, Ar Avreas of the target wind comfort zone and the selected research region
ARurwc Area ratio of the unfavorable wind comfort zone
ARnwy Avrea ratios of the high wind velocity zone
ARawc Avrea ratio of the acceptable wind comfort zone
AARc Difference in ARc between normal and lift-up buildings
ARng ARc in the case of normal building
ARLET ARc in the case of lift-up building
AARUFwC Difference in ARurwc between normal and lift-up buildings
Pi Occurrence probability
LES Large eddy simulation

2. Validation of CFD simulations

2.1. Description of wind tunnel experiments

The wind tunnel experiments conducted by Xia et al.[32] were adopted in this study to validate
the accuracy of CFD simulations in predicting the mean flow field at the pedestrian level around an
isolated building with and without lift-up design. The experiments were accomplished in the CLP Power
Wind/Wave Tunnel Facility (width x height x length: 3 m x 2 m x 29 m) at the Hong Kong University

9
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of Science and Technology. Fig. 1(a) presents the geometric dimensions in the prototype scale of two
building models—normal building and lift-up building, each having dimensions of 50 m height (H), 75
m width (W), and 25 m depth (D). The lift-up building was lifted off the ground by three central
supporting pillars, each of which had the same dimensions: 8 m (d) x 8 m (d) x 3.5 m (h); the spacing
between the adjacent pillars was 17.5 m. The approaching wind was perpendicular to the windward
plane of the building. Thus, the streamwise, lateral, and vertical directions were along the x-, y-, and z-
coordinate axes, respectively. The origin coordinate was located at the center of the building’s bottom
plane. The blockage ratio was an important index for assessing the lateral-wall effects of wind tunnel
experiments, which was defined as the projected area of building models divided by the cross-sectional
area of the wind tunnel. The blockage ratio of the lift-up building model was ~1.6%, which was below
the reference threshold value of 3%[54]. The pedestrian level was set as 2 m (z = 0.04H) off the ground,
where all measuring sensors were installed. Before being placed in the wind tunnel, the two building
models were scaled at a ratio of 1:200. Ai et al.[55] demonstrated that reduced-scale models in CFD
simulations of wind-related issues can save considerable computation resources without degrading the
prediction accuracy. Accordingly, the numerical simulation models had the same scales as the wind-
tunnel models. The measurement data on three horizontal lines (x = -0.25H, x = 2H, and x = 3.25H) at
the pedestrian level (Fig. 1(b)) were utilized to validate the CFD simulation results. Fig. 1(c) shows the
vertical profiles of the normalized mean wind velocity (U(z)/Ure) and turbulence intensity 1(z) profiles
for the approaching flow[32], where U denotes the mean wind velocity at a reference height of 150 m

in the prototype scale, whose measured value in the wind tunnel was ~10 m/s. The approaching flow
velocity was ~8.2 m/s at the building height; thus, the reference Reynolds number (Re = UU—H where H

is the characteristic height of the building and v is the kinetic viscosity coefficient) equaled ~14 x 10
The Re value exceeded the threshold value of 1.5 x 10% ensuring that the flow field met the Re-
independent similarity standard[55]. More detailed information about the wind tunnel experiments can

be obtained from the literature[32, 33, 48].

10
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Fig. 1. (a) Geometric dimensions of normal and lift-up building models in the prototype scale, (b) schematic of
measured points for validation (lift-up building as an example), (c) vertical profiles of normalized mean wind
velocity and turbulence intensity for the approaching flow, and (d) computational domain, and () medium grid

arrangements for normal and lift-up buildings.

2.2. Computational settings and parameters

The size and discretization of the computational domain were referred from the best practice
guidelines[54, 57, 58]. The distances between the building and the inlet boundary, lateral boundaries,
top boundary, and outflow boundary were 5H, 5H, 5H, and 15H, respectively, as shown in Fig. 1(d).
Thereby, the blockage ratio was ~2.2%. The domain was discretized with structured hexahedral grids.
The maximum stretching ratio of adjacent grids was 1.17. Three grid arrangements were constructed to
conduct the grid sensitivity test. The minimum grids for coarse, medium, and fine grid arrangements
were 0.001, 0.002, and 0.004 m, respectively. The total elements for normal building model were 609,
322 (coarse grid), 1, 300, 536 (medium grid), and 2, 046, 618 (fine grid), respectively. The total
elements for lift-up building model were 1, 010, 793 (coarse grid), 2, 146, 725(medium grid), and 3,
605, 321 (fine grid), respectively. Fig. 1(e) displays the medium grid arrangements for normal and lift-

up buildings.

As shown in Fig. 1(c), the measured approaching wind profile can be interpolated into a log-law

curve. Thus, the velocity-inlet boundary condition in the domain was prescribed by the fitting log-law

12
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profile (Eqg. (1)). Thereinto, the frictional velocity (u*) was 0.53 m/s, the dynamic roughness height
(zp) was 0.00035 m, and the von Karman constant (x) was 0.4187. Note that the values of u* and
7, were obtained by fitting Eqg. (1) with measured data. The turbulence intensity vertical profile was
also obtained from fitting the wind-tunnel measurement data. Therefore, the turbulence kinetic energy
(k) profile was determined by Eq. (2)[54]. By assuming a local equilibrium between the turbulence
production and dissipation terms, the inlet profile of the turbulence dissipation rate (&) can be described
by Eq. (3)[54], where C, = 0.09 is the model constant. The ground and building surfaces were defined
as the no-slip wall boundary. To minimize the horizontal inhomogeneity of the atmospheric boundary
layer in the domain, the ks-type wall function (Eq. (4))[59] was adopted for the ground surface, where
ks indicates the sand-grain roughness height and C; indicates the roughness constant. In this paper, for
the value of ks to be less than the distance from the center of the wall-adjacent grid to the wall, ks was
set as 0.00045 m. The top and lateral sides of the domain were specified as symmetry boundaries,
namely setting normal velocity and normal gradients of all variables to zero. The outflow boundary
condition was adopted at the domain outlet as the domain downstream was long enough to ensure a

fully developed outlet flow.

U(z)=%In ), @)
k() = 2(I(2)U(2)?, ¥
£(z) = Cék(z) e, ®)
ks = 222, (@)

Cs

ANSYS Fluent 13.0[60] was used to perform the CFD simulations. Because this study only
focused on the mean flow, steady Reynolds-averaged Navier-Stokes (SRANS) equations were adopted
to predict the flow field to save the computational cost. According to the review papers on the
application of CFD simulations to the wind environment, SRANS is the most widely used approach[61,

62]. The realizable k-£ turbulence model proposed by Shih et al.[63] was employed for the equation

13
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closure, which has proven sufficiently accurate and reliable in modeling the PLW environment[50, 64-
71]. The SIMPLEC algorithm was selected for pressure-velocity coupling. Both convective and
diffusive terms of the governing equations were discretized by the finite volume method with the
second-order discretization scheme. The underrelaxation factors for the pressure, momentum, turbulent
kinetic energy, and turbulent dissipation rate terms were set as 0.3, 0.7, 0.8, and 0.8, respectively. The
iteration computation for all governing equations lasted until the residual curves were approximately
stable and the residuals were below 10, Specifically, the convergence residuals were below 10 for the

continuity equation, 107 for the momentum and k equations, and 107 for the £ equation.

2.3. Validation study

Fig. 2 presents three horizontal profiles (x = -0.25H, x = 2H, and x = 3.25H) of the normalized
mean wind velocity (U(z)/Urr) around the normal and lift-up buildings at the pedestrian level (z =
0.04H). The results indicated that the simulated profiles matched the wind-tunnel data well at most of
the measured positions. A distinct underestimation mainly occurred in the wake region (x = 2H and x =
3.25H), which is an intrinsic deficiency of the SRANS approach due to its incapability of reproducing
vortex shedding in the wake region[61, 62, 65, 72]. In addition, the discrepancy of the simulated profiles
between medium and fine grid arrangements was negligible, indicating that the medium grid
arrangement is sufficiently suitable for obtaining a stable flow regime independent of the grid systems.
To quantify the accuracy of the employed CFD model, four statistical metrics were calculated using
wind-tunnel data and simulation results from medium grid arrangement, namely the correlation
coefficient (R), the fraction bias (FB), the normalized mean square error (NMSE), and the fraction of
predictions within a factor of two of observation (FAC2). According to the literature[73-75], the
statistical performance metrics for a good prediction should meet the following criteria: R > 0.8, |FB| <
0.3, NMSE < 4, and FAC2 > 0.5. As presented in Table 2, for lift-up building models, the employed
CFD model tends to underestimate the mean wind velocity (FB > 0). For normal building models, the
underestimation is also observed at x = -0.25 H and 3.25H (FB > 0) except at x = 2 H (FB < 0).
Nevertheless, the discrepancy is acceptable as the values of NMSE (0 — 0.31) and FB (-0.062 — 0.068)

are small. Overall, because the values of R, FB, NMSE, and FAC2 are all within the recommended

14



248

249

250

251

252

253

254

255

256

criteria, it can be concluded that the employed CFD model could predict the mean flow field with

satisfactory accuracy.

As the minimum grid resolution of the medium grid arrangement was 0.002 m, the average value

of near-wall y* for the building surface and domain ground was ~30. Furthermore, there were four to

five grid layers below the pedestrian level. Consequently, the SRANS approach with a realizable k-&

turbulence model, standard wall function and medium grid arrangement could predict PLW flow fields

around both normal and lift-up buildings with acceptable accuracy and economical computation cost.
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Fig. 2. Comparison of wind-tunnel and CFD simulated U(z)/U s at the pedestrian level (z = 0.04H): (a) normal

building model, (b) lift-up building model.

Table 2. Summary of validation metrics for U(z)/U et values.

Normal building (Fig. 2(a)) Lift-up building (Fig. 2(b))
x =-0.25H X=2H X =3.25H x =-0.25H X=2H X =3.25H
R 0.989 0.994 0.995 0.971 0.984 0.993
FB 0.007 -0.062 0.045 0.015 0.068 0.027
NMSE 0.0003 0.008 0.016 0.0007 0.019 0.031
FAC2 1 1 1 1 1 0.6

3. Description of tested configurations

3.1. Case arrangement

As shown in Table 3, 22 building configurations were studied, which were classified into five
groups: “polygonal,” “slab-like,” “cruciform,” “trident,” and “assembled.” Each configuration had two
building forms: normal building without lift-up design and lift-up building. Thus, there were 22 normal
and 22 lift-up building models, all of which were 50 m high (H) in the prototype scale. The lift-up
buildings were directly elevated off the ground without any pillar. The lift-up height (h) was 3.5 m in
the prototype scale. The lift-up core dimension proved to influence the PLW comfort around/underneath

the building[31, 34, 43]. The core structure was thereby omitted, as the research focus was building

16
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configuration. Such simplification of the lift-up design has been accepted previously[5, 36, 37]. The
basic plan area for the building models was set as 1344 m2, based on the typical floor plan of Hong
Kong public rental housing estates[72]. The plan area deviation among different configurations was
within 2%. All building models, except for a few special ones, were tested under three typical wind

directions (6). The detailed information regarding this is given in the following paragraphs.

The polygonal models included triangular, quadrangular, pentagonal, hexagonal, octagonal, and

circular models, which were abbreviated to “trgl,” “rctglr,” “sqr,” “trpzd,” “pntgn,” “hxgn,” “octgn,”
and “crcl,” respectively. Each polygonal model was equilateral, except for the quadrangular models,
which included three plan forms of square, rectangle, and trapezoid. These equilateral models’ interior
angles () were 60°, 90°, 108°, 120°, 135°, and 180°, respectively. Considering the axial symmetry law
of a regular polygon, the tested wind directions were set as 0°, 0.5x (180° - &), and 0.25x (180° - ),
successively. For instance, three typical wind directions for the square model were 0°, 22.5°, and 45°.
Note that the circular model only had one tested wind direction, which was perpendicular to the
windward surface. The rectangular model was tested under &= 0°, 45°, and 90°, while the trapezoidal

model was tested under an additional wind direction of 180°.

Slab-like models comprised two symmetric identical slabs, including slab-90, slab-120, slab-135,
and slab-150, with included angles of 90°, 120°, 135°, and 150°, respectively. The arc-150 model was
one-sixth of a circular ring, designed as a contrast case of slab-150 model. Studies conducted on the
passage flow between two nonparallel buildings indicated that the converging and diverging flows
exhibited quite different flow patterns[67, 77-79]. Similarly, the distinction between the converging
flow (6= 0°) and diverging flow (6= 180°) was investigated in this study. Hence, three typical wind

directions were set as 0°, 90°, and 180°.

The cruciform model and its variants are widely used in residential blocks. In this study, the
following four types were selected: “crcfrm,” “crcfrm-A,” “crcfrm-B,” and “crcfrm-C.” The crcfrm
model was the basic one, and comprised rectangular-plan blocks; its configuration referred to the

standard block typical floor plan of Hong Kong[72]. The crcfm-A model had a cavity in the center of
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each extended part, making the surface more uneven. In the crcfm-B model, eight sharp corners were

modified to the recessed corners. As for the crcfm-C model, the right-angle notches were padded to be

flatter. These models were tested at = 0°, 22.5°, and 45°.

Trident and assembled models are also common configurations for public rental housing estates

of Hong Kong[72]. The Y model can be regarded as a variant of model slab-120, in which all three

included angles are 120°. In the T model, three obtuse angles are converted into two right angles and

one straight angle. The tested wind directions for the trident models were thereby set consistently with

slab-like models. H, I, and linear (L) models were assembled by two or three rectangular models, with

tested wind directions of 0°, 22.5°, and 45°.

Table 3. Geometric information regarding the tested building configurations in the prototype scale.

Type (a) Polygonal models
Quadrangular
Configurations Triangular Pentagonal Hexagonal Octagonal Circular
of floor plan “trgl” Rectangular Square Trapezoidal “pntgn” “hxgn” “octgn” “crcl”
“rctglr” “sqr” “trpzd”
Pyl 28m 22.8m 16.7m 41.4m
Schematic W lesm |:| D\f’o'zm =X
ey 54m S -

Number of sides 3 4 4 4 5 6 8 Infinite
Plan area (m?) 1358 1350 1369 1350 1349 1351 1347 1346
'”ter(';’{o?”g'e 60 90 90 124.2/55.8 108 120 135 180
Wind direction 0,225, 0, 45, 90, 0,115,

00) 0, 30, 60 0, 45, 90 45 180 0, 18, 36 0, 15, 30 295 0

Definition of & 0=0° 1 0-45- - Ie: 180°

-
Type (b) Slab-like models

Configurations slab-90 slab-120 slab-135 slab-150 arc-150

of floor plan
\@“ Iy ' 3 S8, 398 37.2, %
", .o i 1y #3.5m

Plan area (m?) 1344 1344 1344 1342.4 1340.4

Included angle 90 120 135 150 150
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308

309

310

311

312

313

314

315

a(”)

Wind direction

00) 0, 90, 180 0, 90, 180 0, 90, 180 0, 90, 180 0, 90, 180

. 9=0°1 0= 90° Ie=180°
Definition of 6 Converging flow ) Diverging flow

Type (c) Cruciform models
Configurations

of floor plan crcfrm crcfrm-A crcfrm-B crcfrm-C
ﬂ 15m
Schematic Ile L5om o ] 52m IlZm
3 ISm g
> 1
16m 18m “m [ []zsm 16m
[

Plan area (m?) 1344 1344 1344 1360
W'"d;‘g)ec“"” 0,22.5,45 0,225, 45 0,225, 45 0,22.5,45
Definition of 6 0=0° 1 0= 22~5°‘ 0= 45°\

Type (d) Trident models (e) Assembled models
Configurations v T H | L‘llne’:a\r

of floor plan L
.\}Gm 16m = _5am g
| 26m
Schematic ~ ) [ 22m  30m
Ll o6 26m . 42m Ilem
+— 16m 34m

Plan area (m?) 1359 1344 1344 1348 1344
Wind ;Eg)ectm” 0, 90, 180 0, 90, 180 0, 45, 90 0, 45, 90 0, 45, 90
Definition of 6 0=0° 1 0= 450\ 0; o’ IH: 180°

3.2. Computational settings and parameters

Similar to the modeling approach described in Section 2, all building models in CFD

simulations were scaled by 200 to the prototype sizes, which was consistent with the validation tests in

order to save computation resources. The computational domain size was set similarly to that in the

validation cases in Section 2. The maximum blockage ratio of the domain among all cases was ~2.4%,

which is less than the maximum acceptable value of 3%[53]. The computational domain was discretized

into structured hexahedral cells (e.g. Fig.3) with a minimum resolution of 0.002 m. The total number
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316  of hexahedral cells for each case ranged from ~1.4 million to 3.2 million. All cases were computed with
317  the same inflow wind profiles and boundary conditions of validation cases. Furthermore, the turbulence
318  model, discretization method, wall function, solution scheme, and convergence criterion used for all

319  cases were in accordance with the settings of the validation cases.

320

321  Fig. 3. Mesh arrangements for triangular and pentagonal models.

322 4. Results

323  4.1. Wind parameters and wind comfort criterion

324 The mean wind velocity ratio (MVR) is adopted as a wind parameter to indicate the PLW
325  comfort. It is defined as the ratio of mean wind velocity (U) of interest points at the pedestrian level to
326  the mean wind velocity (Ure) of the inlet flow at the reference height without any influence of the urban
327  blocks (Eqg. (5))[23]. In this paper, the reference height is assumed to be 4H[48, 80], namely 1 m,
328  corresponding to 200 m in the prototype scale[33, 34, 43, 45]. Specifically, according to the inlet wind
329  velocity profile, the value of Uyt is 10 m/s. Besides, MVR_DEF is employed to quantitatively evaluate
330 the effects of lift-up design on PLW comfort[33]. It represents the difference between the mean wind
331  velocity fields of normal and lift-up buildings. As shown in Eq. (6), MVR.sr and MVRys denote MVR

332 values at the same position around the lift-up and normal buildings, respectively.

U

333 MVR =
Uref

(®)
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MVR_pr—MVRyp

MVR_DEF = (6)
MVRyg

Recently, a series of PLW criteria applicable to either strong or weak wind conditions have
been proposed. As this study concerns PLW comfort under weak wind conditions, two wind comfort
criteria [1, 34] (shown in Table 4(a—b)) suitable for weak wind conditions of Hong Kong are adopted
as references. They accept the comparable threshold values for low wind velocity (1.5-1.6 m/s) and
unacceptable wind velocity (5-5.3 m/s). The long-term mean wind velocity measured at a reference
height of 200 m over Hong Kong is ~5 m/s, with a 50% probability of exceedance[1, 33, 34]. Thus,
when the value of MVR falls between 0.3 and 1.06, the PLW comfort is identified as acceptable;
otherwise, it is considered unfavorable (MVR < 0.3) or unacceptable (MVR > 1.06). Although the gentle
breeze (3.5-5.3 m/s) begins to disorder hair and flap clothing[81, 82], it is still acceptable for the
pedestrians. On this basis, a value of MVR between 0.7 and 1.06 is defined as high wind velocity, while
that between 0.3 and 0.7 is referred as moderate wind velocity. Table 4(c) provides a detailed description

of the wind comfort criterion adopted in this study.

Table 4. Novel PLW comfort criteria for weak wind conditions of Hong Kong.

(a) Wind comfort criterion proposed by Du et al.[1]

Category Threshold wind velocity MVR Remarks
Unfavorable <15 <0.3 N/A
<18 <0.36 Sitting long
Acceptable <3.6 <0.72 Sitting short
<5.3 <1.06 Strolling
Tolerable <7.6 <1.52 Walking fast
Intolerable >7.6 >1.52 Not suitable for activities
Dangerous >15 >3 Dangerous

(b) Wind comfort criterion proposed by Zhang et al.[34]

Category Threshold wind velocity K200 Remarks
Low wind speed <1.6 <0.3
Koo is the ratio of threshold
Acceptable 1.6-3.5 0.3-1 wind velocity to reference mean
High wind speed 35-5 0.7-1 wind velocity (5 m/s) at 200 m
height.
Unacceptable >5 >1
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(c) Wind comfort criterion used in this study

Category Threshold wind velocity MVR Remarks
Unfavorable wind comfort Low wind velocity
(UFWC) <15 <0.3 (LWV)
15-35 03-07 Moderatelvlv\v/lvn\(j velocity
Acceptable wind comfort ( )
(AWC) 3553 07-1.06 High wind velocity
D T (HWV)
Unacceptable wind comfort Dangerous wind velocity
(UAWC) >53 >1.06 (DWV)

4.2. General flow characteristics in the surrounding of lift-up buildings

As shown in Fig. 4, cases of square model at 9= 0° are taken as examples to demonstrate the
general flow characteristics at the pedestrian level around normal and lift-up buildings. The coordinate
axis is normalized with respect to the building height H. Similar to[33, 34], three typical wind comfort
zones—upstream unfavorable wind comfort zone (MVR < 0.3), downstream unfavorable wind comfort

zone, and lateral high wind velocity zone (0.7 < MVR < 1.06)—are generated due to the blocking effect

around both normal (Fig. 4(a)) and lift-up buildings (Fig. 4(b)). However, no unacceptable wind comfort
zone (1.06 < MVR) is found. The lateral high wind velocity zone is where the corner stream is located.
The open space underneath the lift-up building provides a wind passage for streamwise and downward
flows passing through, varying the surrounding wind comfort zones’ magnitude and area. The
confluence of throughflow and return flow results in low wind velocities in the downstream near field

of the lift-up building. Clearly, the throughflow is moderated along the penetration depth.

The difference in MVR values between the normal and lift-up buildings (i.e., MVR_DEF) is
illustrated in Fig. 4(c). The positive values (red contour) indicate the mean wind velocities amplified by
the lift-up design, while the negative values (blue contour) indicate those impaired by the lift-up design.
Compared to the normal buildings, the upstream, lateral, and downstream wind comforts near the lift-
up buildings are increased by more than 20%. However, there are conspicuous MVR reduction zones in
the downstream, which means that the lift-up design can degrade the PLW comfort in some downstream

areas. This is because the throughflow provides a “cushion” in the cavity zone and slows down the wind
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flow recovery to the upstream undisturbed flow[48]. In addition, the effects of lift-up design vary with
the distance to the building. Therefore, as shown in Fig. 4(c), four research regions with different scopes
are defined to more precisely assess the lift-up design’s performance. Region XS is the inner layer
around the target building with dimensions of 2H x 2H, sequentially embraced by Region S (4H x 4H),
Region M (6H x 6H), and Region L (14H x 6H). Specifically, Region XS refers to the near field of the

building and Region L refers to the full field of the building.

(@)? by |

Fig. 4. Distribution of pedestrian-level MVR and streamlines for square model at &= 0°: (a) normal building, (b)

lift-up building, (c) MVR_DEF contour.

4.3. The effects of lift-up design on PLW comfort (4ARurwc)

To quantify the size of wind comfort zones around differently shaped buildings, the area ratio

(ARc) of the target wind comfort zone is defined as

A
ARc = A_: (7

where subscript C indicates the category of the target wind comfort zone. Thus, Ac is the area of the

target wind comfort zone and Ar is the total area of the selected research region. For instance, when
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calculating the area ratio of an unfavorable wind comfort zone (ARurwc) in Region XS, Aurwc is the
area of the unfavorable wind comfort zone in Region XS and As is its total area (i.e., 2H x 2H).
Particularly, the lift-up area is excluded from the calculation of Ac. Obviously, the lesser the value of
ARurwc, or the greater the value of ARawc, the better is the PLW comfort. Furthermore, the difference
in the area ratio between normal and lift-up buildings (4ARc) is used to assess the comprehensive

effectiveness of the lift-up design, which can be calculated as

ARLrT—AR
MAR, = At Aiup ®)

where the subscripts LFT and NB represent the cases of lift-up and normal buildings, respectively.

4.3.1. Variation of AARurwc with incident wind direction and research region

Fig. 5 presents the values of AARurwc between normal and lift-up buildings for all tested
configurations. Although most configurations are tested under three typical wind directions, here only
the maximum and minimum AARurwc Values among all tested wind directions are displayed. The
corresponding wind directions are annotated near the values. The negative values indicate that the lift-
up design improves the unfavorable wind comfort; otherwise, the positive values imply that the lift-up
design worsens the unfavorable wind comfort. The differences between maximum and minimum
AARurwe Values are pronounced in most cases, which indicates that the performance of the lift-up design
is highly sensitive to the incident wind direction for most configurations. Furthermore, with wider size
of the research regions, AARurwc values show an increasing tendency. For individual models, such as
slab-135 and slab-150, AARurwc values in Region M are slightly greater than those in Region L. This
is because the reduction in denominators between Regions M and L exceeds the decrement of
numerators (Eg. (8)). In Region XS (Fig. 5(a)), all values are negative. In Regions S and M (Fig. 5(b—
c)), the maximum values of some configurations are positive. In Region L (Fig. 5(d)), positive values
even occur for minimum AARyurwc. This phenomenon reveals that the lift-up design can substantially

improve the PLW comfort by up to 40%-70% in the near field of buildings. However, the wind comfort
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improvement weakens with the distance to the target building and may even reversely turn into an

411

adverse effect.
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Fig. 5. Maximum and minimum AARugrwc values between normal and lift-up buildings in (a) Region XS, (b)

415

Region S, (c) Region M, and (d) Region L.

416

4.3.2. Variation of full-field 4ARurwc with building configuration

417

When the interest precinct is large (Fig. 5(d)), the performance of the lift-up design for PLW

418

comfort varies with the building configurations. For instance, for triangular models, AARurwc values of

419

lift-up buildings in region L increase by 6%-17% compared to normal buildings. This indicates that

420

although the lift-up design can improve the near-field wind comfort, it can concurrently enlarge the

421
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range of the unfavorable wind comfort zone in the far field. For hexagonal, octagonal, and circular
models, the comprehensive effects of the lift-up design are always advantageous (Max and Min
AARurwe <0), shrinking the range of the unfavorable wind comfort zone. For the rest of the
configurations, the minimum AARurwc Value is negative or near zero, whereas the maximum AARurwc
value is positive. Such phenomena suggest that the effect of the lift-up design is beneficial under some

wind directions, but becomes detrimental or negligible under other wind directions.

4.3.3. Variation of near-field AARurwc with building configuration

For polygonal and assembled models, the efficiency of lift-up design’s effect on reducing the
area of unfavorable wind comfort zone (AARurwc) varies explicitly with configurations in the near field.
For polygonal models, the values of maximum and minimum AARurwc range from ~-36% to -66% and
~-8% to -42%, respectively. The changes of maximum and minimum AARurwc among assembled
models reach up to ~57% and ~52%, respectively. As for trident models, the maximum efficiency
(minimum AARurwc) of lift-up design changes little between Y and T models but the difference of

maximum AARurwc Value between the two models is prominent.

For slab-like models, all minimum AARurwc Values are obtained from the case of 8= 90°,
indicating that the lift-up design has the most efficient performance at &= 90°. Although the change of
minimum AARurwc between slab-120 and slab-90 models is ~24%, the differences among slab-120,
slab-135, slab-150, and arc-150 models are not significant. The maximum AARurwc value in region XS
isacquired at &= 0°. In terms of improving the near-field wind comfort, the lift-up design exhibits more
efficiently under diverging flow (6= 180°) than under converging flow (6= 0°). Furthermore, under
converging flow, the slab-150 has the greatest near-field AARurwc value, which is ~74% greater than
that of the slab-90 model. The findings suggest that lift-up design tends to perform more efficiently for

slab-like building with a large included angle.

For cruciform models, all minimum near-field AARurwc values are obtained at 8= 0°, and all

maximum near-field AARurwc values are obtained at 8= 45°. The results indicate that the lift-up design
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exhibits the most effective performance for wind comfort improvement at 6= 0° (AARurwc < -50%).
Moreover, the efficiency varies among four cruciform configurations, as evidence from the difference
of AARurwc between crcfrm-B and crcfrm-C models reaching ~31%. On the other hand, the lift-up
design has insignificant effects on shrinking the unfavorable wind comfort zone at 8= 45° (AARugwc >

-11%).

Overall, there is no doubt that the lift-up design can efficiently decrease the area of unfavorable
wind comfort zone and improve the PLW comfort in the near-field. However, the improvement
efficiency is sensitive to the incident wind direction for most configurations and weakens with the size
of the research region. Furthermore, the building configuration affects the performance of lift-up design

to some extent.

4.4. PLW comfort around polygonal and assembled models (ARurwc and ARxwv)

4.4.1. Effects of number of sides (N)

Fig. 6(a) shows the maximum and minimum ARurwc Values in Region XS among all tested
wind directions for equilateral polygonal models. The case name is referred by the number of sides. The
corresponding wind directions are annotated near the symbols. Apparently, the differences between the
maximum and minimum ARurwc values are large for triangular and square models, which suggests that
these configurations are sensitive to incident wind directions. With the number of sides increasing, the

PLW comfort around the polygonal models becomes less sensitive to the wind direction.

To evaluate the integral performance of each configuration of PLW comfort under all wind
directions, the mean ARc is used as an indicator. It is the weight average of area ratios under all wind

directions, and can be expressed as
mean AR; = Y"1 AR¢; X P; 9)

where n is the number of tested wind directions, i is the specific incident wind direction, and P; is the
occurrence probability of the i wind direction. In this study, the occurrence probability of each typical

wind direction for each model is assumed to be equivalent.
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The mean ARurwc values for equilateral polygonal models in Region XS are presented in Fig.
6(b). In the near field, the mean ARurwc values decrease first (from N = 3 to N =5 or 6) and then slightly
increase with the number of sides. The change of mean ARurwc values is more pronounced among lift-
up buildings than among normal buildings. For normal buildings, the triangular model (N = 3) has a
35.3% larger mean ARurwc value than the pentagonal model (N = 6). For lift-up buildings, the mean
ARurwc value of the triangular model is a 70.2% increment of that for the hexagonal model (N =5). As
shown in Fig. 7(a), when expanding the interest precinct to Region L, the mean ARurwc values display
a decreasing trend with the number of sides. The mean ARurwc value of lift-up triangular model is about
95% greater that of lift-up circular model. This indicates that circular buildings have the smallest area
of the unfavorable wind comfort zone or the most desirable PLW environment, indicating that the

circular cylinder or sphere has the least blocking effect on wind flow among the bluff bodies.

Fig. 7(b) shows the mean ARuwy values for equilateral polygonal models in Region L. The mean
ARuwy values for lift-up buildings are greater than those for normal buildings. This implies that lift-up
design can amplify the corner stream; this amplification is acceptable as no dangerous wind velocity
(MVR > 1.06) occurs. When N varies from 3 to 5, the mean ARuwv values show descending trends for
both normal and lift-up buildings. Then, from N = 6, the values of lift-up buildings continue to decrease

with the number of sides, while those of the normal buildings fluctuate by 0.1%.

The above results can provide good references for city planners when designing new
constructions and determining the building orientation. When considering the full-field wind comfort,
rounded configuration is the optimal choice; however, it does not perform well in the near-field wind
comfort. If the dominant wind direction is monotonous and clearly known, triangular configuration with
lift-up design can create the most comfortable PLW environment near the building under the condition
of a favorable orientation. Nevertheless, if the local wind direction is fickle, pentagonal configuration

with lift-up design exhibits the best comprehensive performance for near-field wind comfort.
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Fig. 6. (a) Maximum and minimum, (b) mean ARurwc values in Region XS among all wind directions for

equilateral polygonal models.
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Mean (a) ARurwc and (b) ARuwv values in Region L for equilateral polygonal models.

4.4.2. Effects of projected width

The ARurwc and ARnwy values of quadrangular building models (i.e. trapezoidal, rectangular,

and square models) and assembled building models (i.e. H, I, and L models) in Region L under all tested

wind directions are shown in Fig. 8, where “trpzd-180" denotes the trapezoidal models at &= 180° and

“H-0" refers to the H models at &= 0°; other models follow the same naming convention.

The projected widths of the trpzd-180, rctnglr-0, sqr-0, and rctnglr-90 models are 71, 54, 37,

and 25 m in the prototype scale, respectively. As shown in Fig. 8(a), the ARurwc values (~11%, 9%, 6%,
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3%) decline consistently with a reduction in the projected width of the building. As for assembled
models, the projected widths of the H-0, 1-0, and L-0 models in the prototype scale are 40, 54, and 68
m, respectively. The ARurwc values of these three models show an ascending tendency with the
projected width increasing (Fig. 8(c)). The maximum increment among lift-up buildings can be ~56.8%.
For the area of high wind velocity zone (ARnwv), similar descending and ascending tendencies can be
observed in Fig. 8(b, d), respectively. These results demonstrate that the projected width is an important
factor for the areas of the unfavorable wind comfort zone and high wind velocity zone. Because the
values of ARyrwc and ARwwy are normalized by the area of the full flow field, the variation magnitude
looks small. More visualized information can be observed in Fig. 9, which depicts the contours of
pedestrian-level MVR around lift-up trpzd-0, rctnglr-0, sqr-0, rctnglr-90, L-0, and H-O models. From
this figure, the area variations in the upstream and downstream unfavorable wind comfort zones and
lateral high wind velocity zone with the projected width are distinct. The wide building tends to cause
a greater area of unfavorable wind comfort zone and high wind velocity (corner stream) zone compared

to the narrow one.

However, the projected width is not the only factor influencing the area of unfavorable wind
comfort zone. The projected width of trpzd-0 model (71 m) is equal to that of trpzd-180 model (71 m),
and greater than that of rctnglr-0 model (54 m). However, the ARurwc value of the trpzd-0 model (~8%)
is smaller than those of both trpzd-180 (~11%) and rctnglr-0 models (~9%). The projected width (25
m) of trpzd-90 model is equal to that of rctnglr-90 model (~2.7%), but the trpzd-90 model has a half
smaller ARurwc value (~1.3%). These findings suggest that the building depth (parallel to the incident

wind) and the windward surface width may also influence the PLW comfort.
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building models in Region L under all tested wind directions.
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Fig. 9. Pedestrian-level MVR distributions around (a) trpzd-180 model, (b) rctnglr-0 model, (c) sqr-0 model, (d)

rctnglr-90 model, (e) L-0 model, and (f) H-0 model.

4.4.3. Effects of building depth

The building depths (parallel to the incident wind) of the L-0, trpzd-180, rctnglr-0, sqr-0, H-0,
and rctnglr-90 models are 16 m, 25 m, 25 m, 37 m, 38m, and 54 m, respectively. As shown in Fig. 9(a,
b, e), the high wind velocity zone can be observed behind the buildings, which results from the
sufficiently strong throughflow. Note that the downstream near-field high wind velocity zone is
distinguished from the high wind velocity in the wind criterion category, and is named in contrast to
the leeward wake zone. Similar phenomenon is not observed in Fig. 9(c, d, f). Nevertheless, there are
MVR contours below 0.3 in the lift-up areas of the sqr-0, rctnglr-90, and H-0 models (Fig. 9(c, d, f)). In
other words, unfavorable wind comfort zones occur beneath these lift-up buildings. It can be concluded
that building depth impacts the pedestrian-level wind comfort in the lift-up area, and unfavorable wind

comfort zone may occur underneath the lift-up buildings with deep building depth.

4.5. PLW comfort around slab-like models (ARurwc and ARnwv)

4.5.1. Effects of converging flow and diverging flow

Slab-like models comprise two nonparallel identical slabs, which form a semi-open zone. This
zone causes unique flow features around slab-like buildings. The contours of pedestrian-level MVR
values around all slab-90 models at 4= 0°, 90°, and 180° are given in Fig. 10. At = 0° (Fig. 10(a)),
the semi-open zone is windward, converging and catching the wind flow, and the building functions as
a wind shelter. Thus, a large unfavorable wind comfort zone is generated in the upstream near-field
region by the strong wind-blocking effect, which is also pronounced around the corresponding lift-up

building (Fig. 10(d)). At #=180° (Fig. 10(c)), the wind flow diverges along the two windward surfaces,
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558  and thus, the wind-blocking effect is less prominent and the upstream unfavorable wind comfort zone
559  is small. However, because the semi-open zone is leeward, weak or calm wind is formed. As shown in
560  Fig. 10(f), lift-up design substantially improves the wind comfort in the upstream and semi-open zones.
561  The throughflow is sufficiently strong, thereby making the wind comfort in the entire semi-open zone
562  acceptable. The building also exhibits less wind-blocking effects at 8= 90° (Fig. 10(b, €)), and thus, the
563  upstream unfavorable wind comfort zone is smaller than that at = 0°. Although the semi-open zone is

564  leeward, its wind comfort is not as unfavorable as that at 8= 180°.

(a)*

Lift-up building

565

566

567

568  Fig. 10. Pedestrian-level MVR distributions around all slab-90 models: (a—c) normal buildings, (d-f) lift-up
569  buildings under three wind directions.

570 Fig. 11 presents the ARurwc values in Regions XS and L for all slab-like models. For both

571  normal and lift-up buildings, the near- and full-field ARurwc values at 6= 90° are the least among the
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three wind directions, indicating that this wind direction is most favorable for slab-like models. In the
near field (Fig. 11(a—c)), the converging flow leads to ~41%-126% larger ARurwc Vvalues than the
diverging flow in the lift-up buildings. The increments (~12%-35%) are less pronounced in the normal
buildings. The findings suggest that the building has a better near-field PLW environment under
diverging flow than under converging flow. Nevertheless, it is totally different in the full field (Fig.
11(d—f)), where the diverging flow results in greater ARurwc values than the converging flow, except
for the slab-90 model. The differences are not as prominent as those in the near field, which are within
20%. The above results indicate that the diverging flow causes a larger area of unfavorable wind comfort

in the downstream far-field zone than the converging flow.

The values of ARuwv in Region L for all slab-like models are compared in Fig. 12. A lift-up
building generally has higher ARnwv Vvalues than the corresponding normal building. Besides, two
mutual facts are observed for both normal and lift-up buildings. First, the ARnuwy value at 8= 90° is the
smallest among those obtained in the three wind directions. This may be because the projected building
width at = 90° is the smallest. Second, although the projected building widths at &= 0° and 180° are
equivalent, the ARnwy value at 8= 180° is explicitly greater than that at 8= 0°. The change percentages

are ~31%-86% in normal buildings and ~9%-70% in lift-up buildings.

4.5.2. Effects of included angle

As shown in Fig. 11(d, f), the full-field ARurwc values show an ascent tendency with the
increased included angle at = 0°and 180°. The normal (lift-up) slab-150 model has ~39% (~30%)
greater area of unfavorable wind comfort zone ARurwc compared with the normal (lift-up) slab-90
model at = 0°. The normal (lift-up) slab-150 model has ~70% (~63%) greater ARurwc value compared
with the normal (lift-up) slab-90 model at &= 180°. On the contrary, there is a descend tendency at 6=
90° (Fig. 11(e)). The value of ARurwc for normal (lift-up) slab-90 model is over twofold (threefold) than
that for normal (lift-up) slab-150 model. These can be explained by the fact that with the enlargement
of the included angle, the projected width increases at = 0°and 180°, but decreases at = 90°. Similar

phenomenon can be observed from near-field ARurwc values (Fig. 11(a—c)). However, the variation in
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ARurwc values among the lift-up slab-120, slab-135, and slab-150 models is very small; the change
percentage is below 2% at 8= 0°. Overall, at #= 0° and 180°, the slab-like model with a smaller
included angle exhibits smaller unfavorable wind comfort zone, while it is totally the opposite at 6=

90°.

4.5.3. Effects of surface curvature

Unlike the slab-150 model, the two wide surfaces of the arc-150 model are curved. As shown
in Figs. 11 and 12, the arc-150 model generally has lower ARurwc Values but higher ARnwy values as
compared to the slab-150 model. The exception is that the near-field ARurwc value of the lift-up arc-
150 model is 4.4% larger than that of the lift-up slab-150 model at = 0°. Specifically, the differences
in ARurwc values between the slab-150 and arc-150 models are remarkably lesser at 6= 0° and 180°.
The variation percentage ranges from —4.4% to 6.4%. In contrast, the difference is more pronounced at
#=90°, which can reach a value of 14.7%. The results indicate that although the arc-150 model has a
slightly smaller unfavorable wind comfort zone and a slightly larger high wind velocity zone than the

slab-150 model, the difference in the PLW comfort caused by the surface curvature is not significant.
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4.6. PLW comfort around cruciform models (ARurwc and ARnwyv)

Fig. 13 shows the values of ARurwc in Regions XS and L for all cruciform models at = 0°,
22.5°, and 45°. For normal buildings, 6= 45° is the most favorable wind direction with the smallest
ARurwc Values and 8= 0° is the worst wind direction with the largest ARuyrwc values. Conversely, for
lift-up buildings, the most favorable wind direction is = 0° and the least favorable is &= 45°. For both
normal and lift-up buildings, the minimum full-field ARurwc values are found at 8= 45°, while the

maximum values are observed at 8= 0°.

4.6.1. Effects of surface discontinuity

The crcfm-A, crcfm-B, and crcfm-C models are three variants of the basic cruciform building:
crcfm model. Compared to the crcfm model, the crcfm-A model has slightly greater ARurwc values in
most cases. However, the differences are insignificant, which are below 8%. The crcfm-B model has
~10%—-26% smaller ARurwc values than the crcfm model at 6= 0°. The lift-up design strengthens the
differences. At 6= 22.5° and 45°, the differences of ARurwc values between the crcfm-B and crcfm
models are not significant, which are below 5%. The crcfm-C model has smaller ARurwc values than
the crcfm model in most cases, which are more pronounced at 8= 0° and 22.5°, especially for near-

field ARurwc values. The decrements in near-field ARyrwc values for lift-up buildings are up to ~73%
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and 28% at 6= 0° and 22.5°, respectively. These results suggest that the crcfm-A model has a slightly
larger unfavorable wind comfort zone than the crcfm model, while the crcfm-B and crcfm-C models
have a smaller unfavorable wind comfort zone than the crcfm model. The lift-up design strengthens the
benefits of crcm-B and crem-C model in shrinking the unfavorable wind comfort zone. To some extent,
the recessed corner modification of crcfm-B is beneficial for the PLW comfort around the building,
despite the improvement is insignificant. Small cavities in the extended parts of the crcfm-A model
aggrandize the discontinuity of the surface, thus adversely affecting the area of unfavorable wind
comfort zone. The notches padding modification of the crcfm-C model moderates the surface

discontinuity, thereby benefitting the PLW comfort.

To compare the comprehensive performances of four cruciform models under the various wind
directions, the mean ARurwc values are calculated. The mean near-field ARurwc values are ~31.6%—
35.5% for normal cruciform models and ~17.9%-24.4% for lift-up cruciform models. The mean full-
field ARurwc values are ~6.1%-6.6% for normal cruciform models and ~6.2%-6.9% for lift-up
cruciform models. The cruciform models can be referred as variants of the square model. As shown in
Figs. 6(b) and 7(a), the near-field mean ARyurwc values for normal and lift-up square models are ~28.5%
and 19.1%, respectively; the full-field mean ARurwc values for normal and lift-up square models are
5.6% and 5.4%. By comparison, cruciform models have greater mean ARurwc Values than the square
model in most cases. This finding reveals that the cruciform models with uneven or discontinuous
surfaces generally have a ~8% —28% larger unfavorable wind comfort zone than the square models with

flat surfaces.
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Fig. 13. ARurwc Vvalues in (a—c) Region XS and (d—f) Region L for all cruciform models at &= 0°,22.5°, and 45°.

4.7. PLW comfort around trident models (ARurwc and ARuwv)

4.7.1. Y model vs. T model
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Fig. 14(a-b) shows the ARurwc values in Region XS and L for all trident models. “T-0" indicates
the cases of the T model at 4= 0°, while “Y-0" indicates those of the Y model at &= 0°. For normal
buildings, the T model has greater near- and full-field ARurwc values than the Y model at = 0° and
180°; however, it is totally different at &= 90°, where the T model has smaller ARurwc values than the
Y model. Compared to normal buildings, the difference of ARurwc values between lift-up T and Y
models is less pronounced. To sum up, the Y model generally has a smaller unfavorable wind comfort
zone than the T model under the parallel incident wind (6= 0° and 180°), while the relationship is

opposite under the perpendicular incident wind (6= 90°).

The values of ARuwy for all trident models are shown in Fig. 14(c). For the Y model, the lift-up
design improves ARnwy values under three wind directions. For the T model, the impact of lift-up design
on ARnwwy Values is insignificant at = 0° and 90°. By comparison, the Y model has a greater area of
high wind velocity zone than the T model at #= 0° and 180° but a smaller area of high wind velocity

zone than the T model at 8= 0°.
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Fig. 14. ARurwc values in (a) Region XS and (b) Region L, (c) ARnwy values in Region L for trident models.

5. Discussion

Lift-up design has proved improving the PLW comfort under weak wind condition by previous
research, which was mainly based on the generically rectangular- or square-plan building models. This
study focused on evaluating the PLW comfort around lift-up buildings with various unconventional
configurations under weak wind conditions. The impacts of configuration parameters on the area of
unfavorable wind comfort zone and lateral high wind velocity zone were quantitatively and
systematically analyzed. We hoped to deliver a comprehensive evaluation method for PLW comfort
around a specific shaped building. The area of unfavorable/acceptable wind comfort zone and the
research region were thereby emphasized when analyzing the results. The size of the research region
played an important role in assessing the impacts of lift-up design and building configuration. For
example, from the view of full-field wind comfort, rounded configuration has the greatest acceptable
wind comfort zone among polygonal buildings; however, from the view of near-field wind comfort,
triangular or pentagonal configuration are more likely to provide a larger acceptable wind comfort zone.
Therefore, whether the actual effects of a configuration are positive or negative sometimes depends on

the interest precinct.

This study assumed the isolated building model and simplified lift-up building model without
supporting structures in the lift-up areas. The objective was to eliminate other unexpected impacts on

PLW comfort unrelated to the building configuration as much as possible, highlighting the effects of
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building configuration. Based on this assumption, our findings can be more representative of depicting
the generic effects of building configuration on the PLW comfort around the lift-up building. In reality,
the greening plants, recreation facilities, and pedestrians in the lift-up area, the surrounding buildings,
and meteorological conditions can considerably influence the flow field around a lift-up building. The
performances of the lift-up design and building configuration may be affected. All these factors should

be considered in practical applications.

The mean wind velocity ratio was used as the wind comfort indicator because it was more
representative for describing the actual wind environment than the gust wind velocity. Therefore, the
SRANS approach was employed to predict the mean flow field. The validation test against wind tunnel
data justified the satisfactory prediction accuracy of SRANS approach. However, SRANS approach
could not provide instantaneous turbulent fluctuations, which might affect the PLW comfort. Future
work will consider using the large eddy simulation (LES) model to study the turbulent fluctuation

features around the lift-up building with various configurations.

6. Conclusions

A series of CFD simulations were conducted to investigate the PLW comfort around lift-up
buildings with 22 unconventional configurations, derived from existing buildings in Hong Kong. The
PLW comfort was categorized into unfavorable wind comfort, acceptable wind comfort, and
unacceptable wind comfort according to MVR and wind comfort criterion. The area ratios of different
wind comfort zones were calculated to quantify the wind comfort performance of a configuration. The
tested configurations were classified into five groups: “polygonal,” “slab-like,” “cruciform,” “trident,”
and “assembled.” Each category had unique aerodynamic features, and their relations with the PLW
comfort and lift-up design’s performance were identified. The key findings of this study are summarized

as follows:

(1). Lift-up design can considerably improve PLW comfort near buildings. However, the

improvement efficiency is sensitive to the incident wind direction for most configurations and weakens
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with the size of the research region. Furthermore, the building configuration affects the performance of
lift-up design to some extent.

(2). A positive correlation of the projected width with the sizes of unfavorable wind comfort
and high wind velocity is identified. Moreover, the building depth proves to influence the PLW comfort
in the lift-up area, leading to an unfavorable wind comfort zone. The throughflow weakens with the
building depth.

(3). From the aspect of near-field wind comfort, the diverging flow is more beneficial than the
converging flow because it leads to a larger acceptable wind comfort zone around the slab-like building.

(4). The included angle affects the PLW comfort and effectiveness of the lift-up design for the
near-field wind comfort. With an increase in the included angle, the full-field acceptable wind comfort
zone shrinks at = 0° and 180° but expands at &= 90°. The lift-up design has more efficient
performance for improving the PLW comfort for slab-like building with a larger included angle.

(5). Although the arc-150 model with curved surfaces has a larger acceptable wind comfort
zone than the slab-150 model with flat surfaces, the difference in the PLW comfort caused by the surface
curvature is insignificant.

(6). The surface discontinuity has adverse effects on mean wind velocity. In most cases,
cruciform models have a smaller acceptable wind comfort zone than square models. The crcfm model
has a slightly greater acceptable wind comfort zone than the crcfm-A model but a smaller acceptable

wind comfort zone than the crcfm-B and crcfm-C models.

This study provides an insight into the impacts of building configuration, incident wind
direction, and precinct size on the effectiveness of the lift-up design. The findings can help architects
and city planners determine an appropriate building configuration and orientation. Moreover, the

evaluation method can be applied to other wind-related issues.
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