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Abstract

Unfavorable wind comfort and intense thermal discomfort are degrading pedestrian comfort in
high-density cities. The lift-up design has proved to be a promising way to improve wind
comfort and thermal comfort around buildings. Previous studies have identified building height
as a crucial factor influencing wind comfort around lift-up buildings. However, the correlation
between building height and wind comfort has not been fully understood yet and few
parametric studies have been focused on thermal comfort. This study thereby aims to evaluate
the integrated effects of building height and upstream building on pedestrian comfort around
lift-up buildings from aspects of wind comfort and thermal comfort. Computational fluid
dynamics (CFD) simulations were performed to reproduce mean flow fields around single
building models and double building models. An integrated method combining on-site
observation data and CFD simulation results was employed to calculate physiological
equivalent temperatures. The findings show that increasing building height, being under a
diverging flow, removing upstream buildings, and making the target building taller or shorter
than the upstream building can improve wind comfort in the lift-up area. However, their effects
on thermal comfort vary seasonally. For improving wind comfort and thermal comfort in the
podium, making the target building taller or shorter than the upstream building or under a
diverging flow is beneficial; but increasing building height and removing upstream buildings
are not necessarily favorable. The outcome can provide some inspiration for city planners to

improve pedestrian comfort in high-density cities.

Keywords: Wind comfort, Thermal comfort, Building height, Lift-up design, Upstream

building, CFD simulation
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1. Introduction

Nowadays, people’s desirability to a livable and sustainable built environment is growing.
Assuitable neighborhood microenvironment can attract people to enjoy outdoor events at leisure,
benefiting their mental and physical health [1]. However, pedestrian comfort is impaired by
unfavorable wind comfort and intense thermal discomfort, which overwhelms people’s
positivity. Modern cities are built towards tall buildings and compact space owing to scarce
land resources and increasing city dwellers. The dense layout blocks air circulation in urban
areas, causing low wind velocity and unfavorable wind comfort at the pedestrian level [2]. Due
to global warming and the urban heat island effect, pedestrians frequently endure severe heat
stress and thermal discomfort in summer, especially for tropical and subtropical hot and humid
zones. Hong Kong is one of the most densely populated cities globally, with a large number of
high-rise buildings. The annual mean wind velocity was steadily decreasing at a rate of 0.2 m/s
per decade over urban areas, while it did not vary significantly in rural areas [3]. For pedestrians
under shade on a sunny summer day in Hong Kong, obtaining neutral thermal perceptions
requires the wind velocity to be at least 1.6 m/s [4]. As wind velocity is an essential factor
influencing thermal comfort, weak wind conditions in urban areas can intensify thermal
discomfort at the pedestrian level [5]. Therefore, seeking methods to improve pedestrian

comfort is of great importance for high-density cities.

Optimizing building design to increase building permeability can improve urban
ventilation effectively. Representative building designs include building opening [6-8], arcade
[9, 10], and lift-up design [11-16]. As shown in Fig.1(a), the lift-up building generally has open
space on the ground floor, formed by using supporting pillars to elevate the main body above
the ground. Scientific evidence has confirmed that the lift-up design can improve pedestrian-
level wind velocity and wind comfort [11-16], promote ventilation and pollutant dispersion [6,

17-19], and ameliorate thermal comfort [5, 20-22]. Furthermore, the lift-up area can serve as
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an entertainment place for pedestrians to relax [11]. Such building design is commonly used in

Singapore and southeastern China [12, 13, 16].

(@) (b)

Fig. 1. (a) The lift-up building (photographed by authors) and (b) slab-like building (snapshotted from

Google earth) in Hong Kong, China.

Since tall buildings have become common in high-density cities, identifying the
correlation between building height and pedestrian comfort is of great significance for applying
the lift-up design to practical constructions. For lift-up buildings, modifying building heights
can be achieved via changing the main body’s height or lifted height, or both. This paper refers
to the first type unless otherwise specified. Zhang et al. [23] reported that tall and slender lift-
up buildings can cause high wind velocities in lateral and lift-up areas and thus lead to wind
discomfort via wind tunnel experiments. Du et al. [7] found that wind comfort around isolated
buildings and building groups (3 x 3 arrays) is improved when the target building with lift-up
design becomes taller using computational fluid dynamics (CFD) simulations. Another study
on building groups (3 x 7 arrays) with lift-up designs shows that the area-weighted average
mean wind velocity has a negative correlation (R = -0.58) with the building height [24].
Nevertheless, Chew and Norford [12] studied pedestrian-level wind velocities in 2D street

canyons with lift-up design and concluded that near-ground streamwise velocities change
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insignificantly with the building height. Further investigation on 3D urban canyons shows that
heightening the building from 24m to 48m only increases the overall pedestrian-level
streamwise velocity by ~10% [13]. As for thermal comfort, Du et al. [24] found that the
correlation value between area-weighted average PET (i.e., physiological equivalent
temperature) and building height for building groups (3 x 7 arrays) is -0.14. Hence, it can be
concluded that the correlation between building height and wind comfort around lift-up
buildings has not been fully explored and understood. Some inconsistent conclusions on the
effects of building height on wind comfort have existed. Furthermore, studies on the role of
building height on thermal comfort around lift-up buildings are scarce and require more
detailed investigations.

Hence, this study aims to provide a comprehensive understanding of the overall effects of
building height on pedestrian comfort around lift-up buildings regarding wind comfort and
thermal comfort. Single building models were used to examine pedestrian comfort around
isolated buildings with three building heights. This study also designed double building models
to investigate the effect of building height on pedestrian comfort around the downward lift-up
building under the influence of an upstream building. Mean wind velocity ratio (MVR) and
PET were adopted as assessment indices for wind comfort and thermal comfort. The validated
CFD simulations were employed to predict mean flow fields around buildings. An integrated
method combining on-site thermal parameters and CFD predicted wind velocity data [20, 24]
was employed to calculate PET values. The novelty of this study can be summarized below:
(1) comprehensively considering three issues of building height variation: effects of changing
the lift-up building height on pedestrian comfort, effects of changing the upstream building
height on pedestrian comfort, and effects of changing heights of upstream and downward

buildings synchronously on pedestrian comfort; (2) first performing parametric study on
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thermal comfort around lift-up buildings; (3) selecting the slab-like building (Fig. 1(b)) as the
target lift-up building model.

The rest of this paper is organized as follows: Section 2 describes the methodology used
in this study, including cases description, CFD simulations, and assessment methods; Section
3 presents the validation study of CFD simulations; Section 4 shows all simulation results and
discusses the impacts of building height and upstream building on wind comfort and thermal

comfort; Section 5 gives the concluding remarks.

2. Methodology
2.1. Cases description

The geometric dimensions of single building models and double building models are
depicted in Fig. 2(a). The slab-like building with an included angle of 120" was selected as the
target building model, a typical building shape of public rental housing estates in Hong Kong
[25]. When the semi-open zone is windward, the wind converges in the near field. In this case,
the slab-like building is conceived as being under a converging flow. In contrast, when the
semi-open zone is leeward, the wind diverges in the near field; thus, the slab-like building is
under a diverging flow. The target building had a plane area of 1344 m?, lifted above the ground
by 3.5 m (h). The main body had three heights (Hr): 50 m, 100 m, and 150 m. As the number
and plan area of lift-up pillars can affect the surrounding wind conditions [11, 23, 26], this
study adopted the simplification that excluded supporting pillars from the lift-up design [12,
13, 17, 27]. The upstream building was a rectangular-plan building model, 20 m in depth (Ds)
and 65 m in width (W;s). The upstream building also had three heights (Hs): 53.5 m (low-rise),
103.5 m (mediume-rise), and 153.5 m (high-rise). The distance between the upstream and target

buildings (Ls) was 53.5 m. As illustrated in Fig. 2(b), the interest precinct was 150 m long and
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150 m wide, consisting of a podium area (marked in pink) and a lift-up area (marked in blue).
The lift-up zone’s surface facing the approaching flow was defined as the inflow area (marked

in orange).

Table 1 summarizes detailed information for all tested cases. For single building models,
there were two types of models: SC and SD. SC represents the single building is under a
converging flow, while SD means the single building was under a diverging flow. Since all
double building models were under a converging flow, they were categorized into three types
of models according to the height of the upstream building (Hs). DL represents that the
upstream building is a low-rise building with Hs = 53.5 m; DM represents that the upstream
building is a medium-rise building with Hs = 103.5 m; DH represents that the upstream building
is a high-rise building with Hs = 153.5 m. All tested cases followed the uniform naming
standard: case [model type, Hr]. For instance, case [SC, 50] represents the single building

model with Hr =50 m is under a converging flow.

!
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(b)

Fig. 2. Schematic of (a) tested building models and (b) interest areas.

Table 1. Summary of all tested cases.

(a) Single building models (SC and SD)

Target building height (H)

Case name

Height of main body Lifted height Remarks
Case [model type, Hr]
(Hr) (h)
[SC, 50] 50m 35m
[SC, 100] 100 m 35m Under a converging flow
[SC,150] 150 m 3.5m
[SD, 50] 50 m 35m
[SD, 100] 100 m 35m Under a diverging flow
[SD, 150] 150 m 3.5m
(b) Double building models (DL, DM, and DH)
Case name Height of main buildina heiaht R k
: : uilding hei emarks
Case [model type, Hi] body L|ftedhhe|ght :l g
(HT) ( ) ( 5)
[DL, 50] 50 m 3.5m 53.5m
[DL, 100] 100 m 35m 53.5m
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A low-rise

[DL, 150] 150 m 3.5m 53.5m building
upstream

[DM, 50] 50 m 3.5m 103.5m )

A medium-
[DM, 100] 100 m 35m 103.5m rise building
[DM, 150] 150 m 3.5m 103.5m upstream
[DH, 50] 50 m 35m 153.5m o

A high-rise
[DH, 100] 100 m 3.5m 153.5m building
[DH, 150] 150 m 35m 153.5m upstream

2.2. CFD simulations: computational settings and parameters

2.2.1. Computational domain and grid arrangement

As using reduced-scale models in CFD simulations of wind-related issues can reduce
substantial computation resources without diluting the prediction accuracy [28], this study used
the reduced scale ratio (1: 200) of wind-tunnel experiments by Xia et al. [14]. The validation
study in Section 3 also adopted the same reduced scale ratio and wind-tunnel data of Xia et al.
[14]. The domain size and grid discretization obeyed the best practice guidelines of CFD
simulations [29-31]. The computational domain inlet, ceiling, laterals, and outlet were 5Hmax,
5Hmax, S5Hmax, and 15Hmax away from the building models’ boundary, respectively, which is
illustrated in Fig. 3(a). Here, Hmax is the bigger one between H and Hs. The x-, y-, and z-
coordinate axes denote the streamwise, lateral, and vertical directions. The maximum blockage
ratio among all cases was ~2.2%, which is below the recommended threshold value of 3% [29].
The domain was discretized into structured hexahedral cells with a minimum grid size of 0.002

m. The stretching ratio of adjacent cells was below 1.17. There were five-layer grids from the
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ground to the pedestrian level. The total elements were from ~2 million to 5.8 million. Fig. 3(b)
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Fig. 3. Schematics of (a) the computational domain, boundary conditions, and (b) the grid arrangement
(Case [DL, 50] as an example); (c) the inlet profiles of turbulence intensity (l;) and normalized mean

wind velocity (Ug/Urer), Urer = 10 m/s is the reference wind velocity at z = 0.75 m [14].

2.2.2. Turbulence model and boundary conditions

The steady Reynolds-averaged Navier-Stokes equations (RANS) with a realizable k-&
turbulence model [32] were employed in CFD simulations due to the intrinsic complexity of
mean flow fields in this study. Although large eddy simulations (LES) are inherently superior
to RANS in modeling turbulence, RANS methods are used most frequently in urban physics
because LES involves complex simulation processes, requires tremendous computational
resources, and lacks best practice guidelines [33, 34]. With regard to turbulence closure, the
realizable k-& turbulence model has superior performance in solving complex flow issues

involving rotation, separation, recirculation, and strong adverse pressure gradients [32, 35].
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Extensive studies have verified the accuracy and reliability of the steady RANS approach with

a realizable k- turbulence model in modeling mean flows [10, 36-44].

The domain inlet was set as the velocity-inlet boundary condition. The measured
turbulence intensity (I(z)) and normalized mean wind velocity (U(z)/Ure) from wind tunnel
experiments of Xia et al. [14] and corresponding fitting curves are shown in Fig. 3(c). The inlet
profile of mean wind velocity (U) was obtained by fitting wind tunnel data using Eq. (1) [29].
The inlet turbulence kinetic energy (k) was derived from Eqg. (2) by assuming the standard
deviations of turbulence fluctuations were equivalent in three directions [43]. The inlet
turbulence dissipation rate (&) was defined by Eq. (3) on the hypothesis of local equilibrium

between the turbulence production and dissipation terms [29].

U(z) =% 1n ), @
k(z) = SU@DU@)?, )
£(2) = cEk(z) £8 (3)

where, u* = 0.53 m/s is the frictional velocity ; z, = 0.00035 m is the dynamic roughness

height; x = 0.4187 is the von Karman constant; C, = 0.09 is the model constant.

The inlet mean wind velocity (U) at z = H was ~8.4 m/s, thus the reference Reynolds

number Re = UU—H ~ 15 x 10* (here, v = 1.46x10° m?%/s is the kinematic viscosity coefficient and

H = 0.2675 m is the building height). The Re value was beyond the threshold value of 1.5 x
10%, indicating the flow field satisfies the Re-independent similarity standard [45]. The domain
ceiling and laterals were specified as symmetric boundary conditions—zero normal velocity and
normal gradients of all variables. The domain outlet was set as the outflow boundary condition,

namely zero normal gradients of all variables. The domain ground and building surfaces were

12
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specified as no-slip wall boundary. The average non-dimensional wall distance y+ was ~30—40.
Thus, the ks—type standard wall function [46, 47] was utilized for the domain ground. The
relationship between ks and z, was determined by Eq. (4) [48], where ks is the equivalent sand-
grain roughness height and Cs is the roughness constant. In this study, ks was set as 0.00045 m
according to the requirement that ks should not exceed the distance from the center of the wall-

adjacent grid to the wall [48].

9793z
==

ks (4)

2.2.3. Solution method

All computations of CFD simulations were accomplished in ANSYS Fluent 13.0 [35]. The
SIMPLEC algorithm was selected for pressure—velocity coupling. The finite volume method
with the second-order discretization scheme was utilized for discretizing convective and
diffusive terms of the governing equations. The under-relaxation factors for the pressure,
momentum, k, and & terms were set as 0.3, 0.7, 0.8, and 0.8, respectively. The iteration
computation was considered to reach the convergence when all residual curves approximately
stayed stable, and the residuals of the continuity, momentum, k, and &equations were below

104,10, 10, and 10°°, respectively.

2.3. Assessment method for wind comfort

Mean wind velocity ratio (MVR) is widely used to evaluate pedestrian-level wind comfort.
It is the ratio of local mean wind velocity (U) to the reference mean wind velocity (Ure) (i.€.,
Eq. (5)) [49]. In this study, Urer was defined as the mean wind velocity at the height of 200 m

(in the prototype scale) [16, 23, 26, 50], where the building blocks have negligible effects on
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the airflow. Thus, Ures = 10 m/s could be calculated from the inlet wind velocity profile (Eq.
(1)).

U
Uref

MVR =

(5)

Du et al. [51] reported wind comfort criteria (e.g. NEN [52]) focusing on solving strong
wind issues are not appropriate to the weak wind environment in high-density cities. Therefore,
referring to the wind comfort criteria targeting weak wind conditions [23, 51], the mean wind
velocity for maintaining an acceptable wind comfort ranges from ~1.5 m/s to 5.3 m/s. As the
annual mean wind velocity at the reference height of 200 m in Hong Kong is ~5 m/s [16, 23,
51], the acceptable wind comfort zone requires 0.3 < MVR < 1.06. Thus, areas with MVR <
0.3 are regarded as unfavorable wind comfort zones, while regions with MVR > 1.06 are
considered unacceptable wind comfort zones. This classification of wind comfort zones has

been used in our previous study [27].

2.4. Assessment method for thermal comfort

PET is used most frequently among over one hundred thermal comfort indices, which is
straightforward for laymen [53, 54]. It is based on the Munich Energy-balance model for
individuals and defined as the air temperature at which the human heat energy budget is
balanced and the human’ s skin and core temperatures have equivalent values in the typical
indoor environment and the assessed outdoor environment [55]. Different range of PET values
indicates different heat/cold stress and thermal perception. This study adopted the modified
PET scale for Taiwan to classify thermal sensation and corresponding physiological stress
because Hong Kong has a similar humid and hot climate as Taiwan. As shown in Table 2 [56],

when the PET value is between 18 and 22, pedestrians feel cool and suffer moderate cold stress.
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The calculation of PET was performed using RayMan Pro [57, 58]. An integrated method
combing measured heat-related parameters and modeling wind velocities [20, 24] was used to
calculate PET values. Liu et al. [20] used this method to predict PET values around an isolated
lift-up building and demonstrated its applicability in predicting outdoor thermal comfort at the
design stage. Later, Du et al. [24] succeed in applying this integrated method to optimizing
pedestrian-level thermal comfort in an ideal urban canyon with lift-up designs. According to
this method, the wind velocity for PET calculation was determined by Uret, ik X MVR [59],
where U rer, ik = 5 m/s is the reference mean wind velocity at the height of 200m over Hong
Kong [16, 23, 51], and MVR values could be obtained from CFD simulations. Heat-related
parameters (i.e., air temperature, humidity, and radiation temperature) and personal information
(i.e., clothing insulation) were derived from field surveys. This study referred to meteorological
data measured on two sunny days (22 August 2016 and 12 December 2016) at a Hong Kong
university campus [22]. Both podium and lift-up areas had a measured site. According to the
simultaneous questionnaire survey, the participants’ average clothing insulation was ~0.35 clo
in summer and ~0.62 clo in winter [21]. The pedestrian was assumed to be a 25-year-old man
with 175 cm in height and 70 Kg in weight, standing with a metabolic rate of 1.2 Met [60].

Table 3 summarizes meteorological data and personal information for calculating PET values.

Table 2. PET scales for thermal sensations and physiological stresses in Taiwan [56].

Thermal sensation PET range (°C) Physiological stress

Very cold <14 Extreme cold stress
Cold 14-18 Strong cold stress

Cool 18— 22 Moderate cold stress
Slightly cool 22— 26 Slight cold stress
Neutral 26 —30 No thermal stress
Slightly warm 30—-34 Slight heat stress

15



279

280

281

282

283

284

285

286

287

288

289

Warm 34— 38 Moderate heat stress
Hot 38 —42 Strong heat stress
Very hot > 42 Extreme heat stress

Table 3. Summary of meteorological parameters and personal information for PET calculations [21, 22].

Summer Winter

Variables

Podium Lift-up area Podium Lift-up area
Air temperature ("C) 32.8 31.1 25.4 23.6
Relative humidity (%0) 86.7 83.0 55.2 61.1
Mean radiant temperature (°C) 58.6 31.6 52.5 23.9
Age 25
Sex Male
Height (m) 175
Weight (Kg) 70
Metabolic rate (Met) 1.2
Clothing insulation (clo) 0.35 0.62

3. Validation study

3.1. Wind-tunnel model description

Validation data was acquired from wind tunnel experiments conducted by Xia et al. [14]

at the Hong Kong University of Science and Technology. Pedestrian-level wind velocities were

measured by Irwin probes at the height of 1 cm. The building geometry and dimensions are

plotted in Fig. 4(a). The wind-tunnel models were built at a reduced scale of 1: 200. The main

body of the building was 25 cm tall (H), 37.5 cm wide (W), and 12.5 cm deep (D). Three lift-

up cores had the same dimensions of 4 cm (d) x 4 cm (d) x 1.75 cm (h). The approaching flow
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was fully turbulent and normal to the building. More detailed descriptions of wind tunnel

experiments can be found in the literature [14, 16, 61].

Fig. 4(b) illustrates the computational domain and boundary conditions in the validation
study. The x-, y-, and z-coordinate axes indicate the streamwise, lateral, and vertical directions.
The numerical models had the same reduced scale ratio as wind-tunnel models. The distances
between the building and the domain inlet, domain ceiling, domain outlet, and domain laterals
were 5H, 5H, 5H, and 15H, respectively, which conforms to the best practice guidelines of
CFD simulations [29-31]. Three structured hexahedral grid arrangements with minimum grid
sizes of 1, 2, and 4 mm were constructed to perform the grid sensitivity test, which is shown in
Fig. 4(c). The total elements for coarse, medium and fine grid arrangements were about 1
million, 2.1 million, and 3.6 million, respectively. The turbulence model, discretization method,
boundary conditions, wall function, solution methods, and convergence criterion used in the

validation study agreed with tested cases described in subsection 2.2.

W=37.5cm D=125cm
o Main body Lift-up core

E A
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I D
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[ [ D £ 2h
front view side view plan view
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Fig. 4. (a) Building geometry and dimensions, (b) computational domain and boundary conditions, and
(c) coarse, medium, and fine grid arrangements (the domain ground) in the validation study.
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3.2. Validation results

Fig. 5 compares wind-tunnel and simulated U(z)/Ures at three horizontal lines (x = -0.25H,
2H, and 3.25H). Uyes represents the reference wind velocity at the height of z = 0.75 m. The
results show that medium and fine grid arrangements have little difference in predicting mean
wind flow, which implies the medium grid arrangement can reproduce the grid-independence
flow field. Furthermore, simulated results have good consistency with the wind-tunnel data in
most cases. Large deviations over 50% occur in the wake region (x = 3.25H) because the steady
RANS approach cannot predict vortex shedding in the wake region [38, 62-64]. 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) were calculated to quantify
the discrepancy between wind-tunnel data and simulated results of medium grid arrangements.
The values of four statistical metrics for three horizontal lines of medium grid arrangements
are presented in Table 4. According to the recommended criteria in literature [65-67], a
satisfactory prediction requires R > 0.8, |FB| < 0.3, NMSE < 4, and FAC2 > 0.5. As shown in
Table 4, all values of R are over 0.97, which indicates that prediction results are highly related
to wind tunnel data. The positive FB values represent that CFD simulations generally
underestimate velocity magnitudes. Since values of NMSE and FB are rather low (below 0.07),
overall prediction errors are small and acceptable. As the values of R, FB, NMSE, and FAC2
meet the recommended criteria [65-67], the employed CFD model with medium grid

arrangements could predict the mean flow field with sufficient accuracy.
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Fig. 5. Comparison of U(z)/Urgs values at lines (a) x = -0.25H, (b) x = 2H, and (c) x = 3.25H between

wind-tunnel data and CFD simulation results.

Table 4 Summary of validation metrics for U(z)/Urs values of medium grid arrangements.

o ] Recommended criteria  x =-0.25H x=2H x = 3.25H
Statistics metrics ) ) )
[65-67] Fig. 5(a) Fig. 5(b) Fig. 5(c)
R >0.8 0.971 0.984 0.993
FB -0.3-0.3 0.015 0.068 0.027
NMSE <4 0.0007 0.019 0.031
FAC2 >0.5 1 1 0.6

4. Results and discussion

4.1. Impacts of building height on wind comfort for isolated buildings

4.1.1. Areas of wind comfort zones

Fig. 6 shows pedestrian-level MVR distributions around isolated buildings with different

building heights (Hr = 50 m, 100m, and 150 m, in the prototype scale). The interest precinct is
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where the black dashed line encircles, and the lift-up building is where the bold black line
surrounds. It can be observed that pedestrian-level wind condition around and underneath the
isolated building varies with the building height. Whether the building is under a converging
flow or a diverging flow, more high wind velocity (MVR > 0.7) zones occur in the lateral and
lift-up areas as the building becomes higher. It means that corner streams in the lateral areas
and throughflow in the lift-up area strengthen notably with building height. This phenomenon
can be attributed to the enhanced downwash along the windward facade due to the building
heightening [68]. Similar phenomena are also reported in the literature [7, 23, 26], where
rectangular- or square- plan building models elevated off the ground by pillars were adopted.
On the other hand, when the building height increases, the upstream unfavorable wind comfort
zone (MVR < 0.3) stretches upstream, and downstream unfavorable wind comfort zone moves

downstream.
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Fig. 6. Pedestrian-level MVR distributions around isolated buildings with different building heights (Hr
=50 m, 150 m, and 150 m, in the prototype scale): (a-c) is under a converging flow; (d-f) is under a
diverging flow; the coordinate axis is scaled by 1: 200; the interest precinct is where the black dashed

line encircles and the target building’s lift-up area is where the black bold line surroundings.

Avrea ratios of upstream and downstream unfavorable wind comfort zones (ARurwc) and
overall acceptable wind comfort zone (ARawc) for single building models are compared in Fig.
7. The upstream ARurwc is defined as a ratio of the area of the upstream unfavorable wind
comfort zone (Aurwc) to the area of the interest precinct (Ar) (Eq. (7)). Similarly, the
downstream ARurwc equals the area of the downstream unfavorable wind comfort zone divided
by At (Eg. (7)). ARawc is equal to the area of the overall acceptable wind comfort zone in the

podium (Aawc) divided by At (Eq. (8)).

A
ARypwc = u:yc (7)
AR e = 24wc 8

AWC = T (8)

Quantitatively, the upstream ARurwc value in the podium is augmented by approximately
35% under a converging flow and 92.3% under a diverging flow when the building height
triples (Fig. 7(a)). In contrast, the downstream ARurwc values’ variation amplitude is not as

23



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

significant as the upstream one. The downstream ARurwc value increases by about 21.6% under
a converging flow but varies little under a diverging flow (Fig. 7(b)). As a result, the decline of
ARawc value is within 10% under both converging and diverging flows when heightening the
building from 50 m to 150 m (Fig. 7(c)). Zhang et al. [23] found that when the building gets
taller, the upstream low wind speed zone expands slightly, but the downstream near-field low
wind speed zone shrinks. Du et al. [7] reported that the upstream unfavorable wind comfort
zone decreases but the downstream unfavorable wind comfort zone increases with building
height. The differences may be caused by different sizes of interest precincts and building

models.

To sum up, for isolated lift-up buildings, high-rise buildings cause a slightly smaller
acceptable wind comfort zone in the podium than low-rise ones, although they generate

stronger corner streams and throughflow.
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Fig. 7. Area ratios of (a-b) upstream and downstream unfavorable wind comfort zones (ARurwc) and (c)

overall acceptable wind comfort zone (ARawc) in the podium for all single building models.

4.1.2. Area-weighted average velocity
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Fig. 8(a-b) shows area-weighted average w/U,..r and u/U,..r values of the inflow area
(W—/Uref, u/—Uref) for all single building models, where w is the vertical velocity and u is the
streamwise velocity. The negative value of w—/Urefindicates that the wind is downward and the
positive value of (u/—Uref) represents the wind is streamwise or downstream. As the building
gets higher, the magnitudes of W—/Uref and u/—Uref are increased. To some extent, this finding
demonstrates that the downwash along the windward facades strengthens with the building
height. As a result, the area-weighted average MVR (MVR) of the lift-up area increases
significantly with the building height, as shown in Fig. 8(c). In contrast, the MVR value of the
podium area fluctuates flatter. Compared to low-rise buildings, high-rise buildings tend to have

a higher MVR value of the podium area under a diverging flow but a lower one under a

converging flow.
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Fig. 8. Area-weighted average (&) w/Urer (W/Urer) and (b) u/Upes (u/—Uref) of the inflow area, and

(c) area-weighted average MVVR (MVR) of the podium and lift-up areas for single building models.

4.1.3. Influence of converging and diverging flow
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As depicted in Figs. 6 and 7, Case [SC, 50], Case [SC, 100], and Case [SC, 150] have
larger upstream ARurwc values and weaker corner streams than Case [SD, 50], Case [SD, 100],
and Case [SD, 150]. Case [SC, 50] has a slightly smaller downstream ARurwc value than Case
[SD, 50], while Case [SC, 100] and Case [SC, 150] have tiny greater downstream ARurwc
values than Case [SD, 100] and Case [SD, 150]. Overall, cases under a diverging flow have
greater ARawc values than cases under a converging flow. From the perspective of velocity
magnitude (Fig. 8), cases under a diverging flow have greater MVR values of the podium area
than cases under a converging flow. Besides, although cases under a converging flow have

greater absolute values of w/U,.f, cases under a diverging flow have much larger u/U,.f

values. As a result, cases under a diverging flow have greater MVR values of the lift-up area
than cases under a converging flow. It can be concluded that lift-up buildings cause better wind

comfort under a diverging flow, and this phenomenon does not vary with building heights.

4.2. Integrated impacts of building height and upstream building on wind comfort
4.2.1. Areas of wind comfort zones

Pedestrian-level MVR distributions around target buildings under the influence of
upstream buildings are presented in Fig. 9. The interest precinct around the target building is
encircled by the red dashed line. The white rectangular circled by the black line represents the
upstream building. The target building’s lift-up area is where the black bold line surroundings.

Fig. 10 shows the change of ARurwc and ARawc values among all double building models.

| AEEEEEE |
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Fig. 9. Pedestrian-level MVR distributions around target buildings under the influence of upstream
buildings: (a-c) are cases of DL models (Hs = 53.5 m, in the prototype scale); (d-f) are cases of DM
models (Hs = 103.5 m); (g-i) are cases of DH models (Hs = 153.5 m); the coordinate axis is scaled by 1:

200; the interest precinct is where the red dashed line encircles; the upstream building is the white
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rectangular circled by black bold lines and the target building’s lift-up area is where the black bold line

surroundings.
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Fig. 10. Area ratios of (a) upstream ARurwc, (b) downstream ARurwc, and (c) overall ARawc values in

the podium for double building models.

For cases of DL models (Hs = 53.5 m, Fig. 9(a-c)), the unfavorable wind comfort zone in
the podium dramatically shrinks as the target building height (Hr) increases. Furthermore, the
throughflow in the lift-up area strengthens with the increasing target building height, and thus
the acceptable wind comfort zone in the lift-up area continuously enlarges. Quantitatively,
upstream and downstream ARurwc values are augmented by about seven times and three times,

respectively, when the target building height drops from 150 m to 50 m (Fig. 10(a-b)).
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Consequently, the overall ARawc value of Case [DL, 150] is over twice that of Case [DL, 50]
(Fig. 10(c)).

For cases of DM models (Hs = 103.5 m, Fig. 9(d-f)), Case [DM, 150] has the smallest
unfavorable wind comfort zone in the entire interest precinct; followed by Case [DM, 50]; Case
[DM, 100] has the largest one. Specifically, changing the target building height modifies wind
comfort mainly in the upstream and lift-up areas. As shown in Fig. 10, the downstream ARurwc
value varies little (from ~41% to 44%) among three target building heights, while the upstream
ARurwc value changes remarkably (from ~3% to 30%). As for the acceptable wind comfort
zone in the podium, the ARawc value of Case [DM, 150] is about 2.5 times that of Case [DM,

100], and the ARawc value of Case [DM, 50] is about 63% smaller than that of Case [DM, 150].

For cases of DH models (Hs = 153.5 m, Fig. 9(g-1)), the unfavorable wind comfort zone
dominates the entire interest precinct. As presented in Fig. 10, Case [DH, 150] has the
maximum upstream and downstream ARurwc values and the minimum ARawc value. Case [DH,
100] and Case [DH, 50], in which the target building is shorter than the upstream building,
have greater ARawc values. This finding indicates that reducing the target building height can
improve wind comfort around and underneath the target lift-up building when there is a high-
rise upstream. Nevertheless, it does not mean the lower the better, as Case [DH, 50] has a

smaller ARawc value than Case [DH, 100].

In summary, cases of Hs = Hr + h (i.e., Case [DL, 50], Case [DM, 100], and Case [DH,
150]) always have the smallest acceptable wind comfort zone in the entire interest precinct
among cases with the same Hs. Therefore, when there is a building upstream, making the target
lift-up building higher or lower than the upstream building can effectually increase the
acceptable wind comfort zone. Comparing case [DL, 100], case [DL, 150], and case [DM, 150],

it can be found that when the target building is taller than the upstream building ((HT +
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h)/Hs >1), the ARawc value increases with the value of (Hr + h)/Hs. For case [DM, 50], case
[DH, 50], and case [DH, 100], in which the target building is lower than the upstream building
((Ht + h)/Hs <1), their ARawc values also display a rising trend with the (Ht + h)/Hs value.
Furthermore, cases of (Ht + h)/Hs >1 have greater ARawc values than cases of (Ht + h)/Hs <1.
Therefore, the target building with a bigger (Hr + h)/H;s value tends to form a larger acceptable
wind comfort zone in the podium than the one with a smaller (Hr + h)/Hs value, on the premise
that these target buildings are not as tall as upstream buildings. Besides, heightening the target
building increases the acceptable wind comfort zone more effectively than shortening the target

building.

4.2.2. Area-weighted average velocity

Fig. 11(a-b) shows area-weighted average w/Uy.rand u/Uyor (W/Uper and u/Uyey)

values of the inflow area for double building models. For cases of (Hr + h)/Hs >1, there is a

negative W—/Uref value and a positive u/U,.value, which indicates that the wind flowing
through the inflow area is downward and streamwise. On the contrary, cases of (Ht + h)/Hs <1
have a positive W—/Uref value and a negative u/—UrefvaIue. It suggests that the wind flowing
through the inflow area is upward and upstream. In other words, the “inflow area” turns to an
“outflow area.” For cases of (Hr + h)/Hs =1, the u/_UrefvaIue is also negative but the w_/Uref
value depends on the building height. Case [DL, 50] has a negative w_/UrefvaIue, while Case

[DM, 100] and Case [DH, 150] have positive values.
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512 The distribution of MVR values and streamlines at the vertical plane of y = 0 for cases
513  of different (Hr + h)/Hs values is depicted in Fig. 12. For Case [DL, 150], the downward flow
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along the target building’s windward facade is strong enough to flow through the lift-up area,
even causing a small anti-clockwise turbulence vortex behind the target building. The
throughflow in the lift-up area is thereby derived from the downward flow and streamwise,
similar to cases of single building models. For Case [DH, 100] and Case [DH, 150], the wind
along the target building’s windward facade is relatively weak; thus, the throughflow in the
lift-up area originates from the reverse flow and is upstream. Such upstream throughflow
contributes to the formation of upstream acceptable wind comfort zones in cases of (Hr + h)/Hs
<1, as shown in Fig. 9(d, g, h). For Case [DL, 50], the streamwise flow arising from the
downwash encounters the reverse flow in the lift-up area, thus forming extremely weak wind
velocities (shown in Fig. 9(a)). Comparing case [DL, 150] and case [DL, 50], it can be found
that wind velocities in the central street canyon between two buildings are remarkably
increased by heightening the target building. In contrast, shortening the target building
improves the wind condition mainly near the ground (case [DH, 100] and case [DH, 150]). To
some extent, this can explain why heightening the target building is more effective than

shortening the target building in improving wind comfort.
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Fig. 12. MVR and streamlines distribution at the vertical plane of y = 0 for (a) Case [DL, 150], (b) Case

[DH, 100], (c) Case [DH, 150], and (d) Case [DL, 50].

Fig. 11(c-d) shows area-weighted average MVVR (MVR) values of lift-up and podium areas
for double building models. There is a common phenomenon in both lift-up and podium areas.
For cases with the same Hs, case of (Hr + h)/Hs = 1 has the minimum MVR value. For the
resting two cases of (Hr + h)/Hs # 1, the one with a taller target building has a greater
MVR value. Besides, cases of (Hr + h)/Hs > 1 have the maximum MVR values of the lift-up
area, which are all over 0.5; cases of (Hr + h)/Hs < 1 have the median MVR values, which are
all between 0.3 and 0.4; cases of (Hr + h)/Hs = 1 have the minimum MVR values, which are all
below 0.3. The findings imply that making the target building taller or shorter than the upstream
building can both sufficiently improve the overall mean wind velocity of the interest precinct
but heightening the target building is more effective. Besides, for cases of (Ht + h)/Hs = 1, the
MVR value of the lift-up area increases with the building height. It indicates that heightening
upstream and target buildings simultaneously can also effectively improve wind comfort in the
lift-up area, although it is less effective than only heightening the target building. Nevertheless,
heightening upstream and target buildings simultaneously may not necessarily improve wind
comfort in the podium. As shown in Figs. 10(c) and 11(d), Case [DM, 100] has the minimum

ARawc value and MVR value of the podium area among three cases of (Ht + h)/Hs = 1.

4.2.3. Influences of upstream buildings

From Figs .8(c) and 11(c), it can be observed that cases of double building models always
have smaller MVR values of the lift-up area than cases of single building models when they

have the same Hr. Therefore, the existence of the upstream building always impairs wind
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comfort in the lift-up area. Nevertheless, it does not necessarily apply to wind comfort in the
podium. As shown in Figs.7(c) and 10(c), Case [DM, 50] and Case [DH, 50] have larger
acceptable wind comfort zones in the podium than cases of single building models with the
same Hr. For the remaining scenarios, the upstream building’s existence shrinks the acceptable
wind comfort zone of the podium area by a large margin. It can be concluded that, in some

cases, the presence of the upstream building may be beneficial for wind comfort in the podium.

4.3. Integrated impacts of building height and upstream building on thermal comfort

4.3.1. PET distributions in summer

Fig.13 shows area ratios of different PET values (or thermal comfort zones) in the podium
and lift-up areas in summer for all cases. The area ratio is defined as the area with a specific
PET range divided by the total area of the podium area or lift-up area. For instance, the area
ratio of the “Hot” thermal comfort zone in the podium equals the ratio of the area with 38 °C <
PET < 42°C to the total area of the podium area. The area with PET > 44 °C is defined as the
“intolerable hot” thermal comfort zone in this paper. As shown in Fig. 13(a), most of the
podium area is under the “very hot” or “intolerable hot” thermal condition (PET > 42 °C), and
the rest belongs to the “hot” thermal comfort zone (38 ‘C < PET < 42 °C). This finding means
that standing in the podium is often very hot for pedestrians on a sunny summer day due to the
intensive solar radiation and high temperature. For cases of single building models, the
“intolerable hot” thermal comfort zone is expanded as the building becomes taller. Meanwhile,
cases of SD models have larger “hot” thermal comfort zones in the podium than cases of SC
models. Therefore, isolated lift-up buildings have better thermal comfort under a diverging
flow than under a converging flow. For cases of double building models, cases of (Ht + h)/Hs

= 1 always have the largest “intolerable hot” thermal comfort zone among cases with the same
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Hs. When the upstream building is as tall as the target building, heightening or shortening the

target building can dramatically decrease the “intolerable hot” thermal comfort zone.

In contrast to the podium area, pedestrians experience less heat stress in the lift-up area
(Fig. 13(b)). For cases of single building models, the “neutral” thermal comfort zone (26 °C <
PET < 30 °C) accounts for 90% ~ 100% of the lift-up area. Cases of SC models have “slightly
warm” thermal comfort zones (30 °C < PET <34°C) in the lift-up area, and the “slightly warm”
zones shrink slightly with the increased building height. For cases of double building models,
the entire lift-up area is “slightly warm” for pedestrians in the case of (Ht + h)/Hs = 1. On the
premise of the same Hs and (Ht + h)/Hs # 1, the case with a taller target building (i.e., Case
[DL, 150], Case [DM, 150], and Case [DH, 100]) has a greater “neutral”” thermal comfort zone
in the lift-up area than another one (i.e., Case [DL, 100], Case [DM, 50], and Case [DH, 50]).
Furthermore, cases of single building models always have a larger “neutral” thermal comfort
zone than cases of double building models. The results indicate that, in summer, the existence
of upstream buildings can degrade thermal comfort in the lift-up area, and making the target
building taller or shorter than the upstream building can effectively improve thermal comfort

in the lift-up area.
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Fig. 13. Area ratios of different PET values (or thermal comfort zones) in the (a) podium and (b) lift-up

areas in summer for all cases.

4.3.2. PET distributions in winter

Fig. 14 shows area ratios of different PET values (or thermal comfort zones) in the podium
and lift-up areas in winter for all cases. As shown in Fig. 14(a), the podium area can be divided
into four thermal comfort zones based on PET values: “Hot,” “warm,” “slightly warm,” and
“neutral.” Although the air temperature is not very high (< 26°C), some places are still hot
(PET > 38 °C) for pedestrians in winter due to the low wind velocity and high radiation
temperature. For cases of single building models, the size of “neutral” and “slightly warm”
thermal comfort zones displays a slight decline tendency with the building height. For cases of
DL models, the size of “neutral” and “slightly warm” thermal comfort zones increases as the

target building becomes higher. Nevertheless, the variation trend is the opposite among cases
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of DH models. As for cases of DM models, Case [DM, 100] has the smallest size of “neutral”
and “slightly warm” thermal comfort zones, and Case [DM, 150] has the largest one. In this
paper, the “neutral” and “slightly warm” thermal perceptions are assumed to be satisfactory for
pedestrians in winter. Therefore, when the target building is as tall as the upstream building,
shortening or heightening the target building can effectively improve the podium area’s

satisfactory thermal comfort zone in winter.

Contrary to the podium area, the building height and upstream building do not
significantly impact the distribution of thermal comfort zones in the lift-up area. As shown in
Fig. 14(b), the “cool” thermal comfort zone (18 °C < PET < 22 °C) almost occupies the entire
lift-up area except for Case [DL, 50]. Therefore, in winter, pedestrians often experience

moderate cold stress while standing in the lift-up area.
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Fig. 14. Area ratios of different PET values (or thermal comfort zones) in the (a) podium and (b) lift-up

areas in winter for all cases.

4.3.3. Area-weighted average PET

The area-weighted average PET (PET) values of the podium and lift-up areas in summer
and winter for all cases are presented in Table 5. The maximum or minimum values are
underlined. In summer, the PET value of the podium area is between ~43 °C and ~45 °C, while
the PET value of the lift-up area is ~29 °C to ~31 °C. In winter, the PET value of the podium
area ranges from ~32 °C to ~35 °C, while the PET value of the lift-up area is between ~20 C
and ~22 °C. Compared to the podium area, the overall PET value in the lift-up area is reduced
by over 10 °C. Meanwhile, the reduction is more pronounced in summer than in winter.

From Table 5, the following findings can be obtained applicable to both summer and
winter. First, cases of SC models have greater PET values of the podium and lift-up areas than

cases of SD models, indicating that there is a smaller overall PET value when the isolated lift-
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up building is under a diverging flow. Second, for cases of double building models, Case [DL,
50], Case [DM, 100], and Case [DH, 150] (i.e., cases of (Hr + h)/Hs = 1) have the largest PET
values (marked in red) of the podium and lift-up areas among cases with the same Hs. Therefore,
making the target building taller or shorter than the upstream building can lower the overall
PET level in the entire interest precinct. Third, comparing Case [DL, 50], Case [DM, 100], and
Case [DH, 150], it can be found that the PET value of the lift-up area shows a declining trend
with Hr. This indicates that heightening upstream and target buildings simultaneously can
decrease the overall PET value in the lift-up area. Last, cases of double building models have
larger PET values of the lift-up area than cases of single building models with the same Hr,

indicating that the existence of upstream buildings increases the lift-up area’s overall PET level.

According to Table 2, the PET range for a neutral thermal sensation is between 26 and 30
°C. Hence PET = 28 °C is assumed to be most desirable for pedestrians. When the PET value is
below 28 °C, the greater the PET value, the better the thermal comfort; when the PET value is
over 28 °C, the smaller the PET value, the better the thermal comfort. Therefore, the effects of
building height and upstream building on thermal comfort in the podium do not change
between summer and winter as PET values are always greater than 28 °C. On the contrary, the
impacts of building height and upstream building on thermal comfort in the lift-up area vary
with seasons, because PET values are over 28 °‘C in summer but below 28 °C in winter. In
summary, for the lift-up area’s thermal comfort, making the target building taller or shorter than
the upstream building is beneficial in summer but unfavorable in winter. This rule also applies
to heightening upstream and target buildings simultaneously. Besides, the existence of

upstream buildings is helpful in winter but adverse in summer.

Table 5. Area-weighted average PET (PET) values of the podium and lift-up areas in summer and winter.

(SC and SD: single building models under a converging/diverging flow; DL, DM, and DH: double
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671  building models with Hs=53.5m, 103.5m, and 153.5m; Hr is the height of lift-up building’s main body;

672  Hsis the height of the upstream building.)

PET of the podium area in summer SC SD DL DM DH
HT =50 m 43.54 43.36 44.40 44.64 44.49
HT =100 m 43.72 43.35 43.84 44.80 44.40
HT =150m 43.72 43.31 43.44 44.22 44.65

PET of the lift-up area in summer SC SD DL DM DH
HT =50m 29.45 29.11 31.08 30.14 30.21
HT =100 m 29.37 29.00 29.57 30.66 30.06
HT =150 m 29.30 28.95 29.39 29.55 30.46

PET of the podium area in winter SC SD DL DM DH
H. =50m 32.39 32.04 34.13 34.65 34.33
HT =100 m 32.75 32.02 32.97 34.98 34.16
HT =150 m 32.75 31.96 32.16 33.77 34.66

PET of the lift-up area in winter SC SD DL DM DH
H =50m 20.34 20.09 21.96 20.88 20.94
H, =100m 20.29 20.02 20.44 21.41 20.81
H, =150m 20.24 19.98 20.29 20.45 21.18

673

674 4.4. Limitation and future work

675 Despite achieving many significant findings, this study inevitably has some limitations.
676  First, the outcome of this study is based on the slab-like building model and meteorological
677  data measured in Hong Kong. Therefore, results may differ if the building configuration and

678  climate are different from those used in the present study. Second, this study only considers
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generic lift-up building models without lift-up cores. The purpose is to highlight the effects of
building height and upstream building and eliminate other influential factors like various
barriers in the lift-up area, complex and irregular surrounding buildings, and fickle
meteorological conditions. The application to a real urban environment should be considered
in the future. Third, although this study demonstrates that making the lift-up building taller or
shorter than the upstream building can both improve wind comfort and thermal comfort
effectively, further investigation is still required to determine the optimum building height. Last,
this study limits the research scope to the mean wind velocity using the steady RANS approach.
Gust wind is also an important factor influencing pedestrian comfort. Future work will study

the influence of building height on gust wind velocity.

5. Conclusions

This study examines the integrated impacts of building height and upstream building on
wind comfort and thermal comfort around lift-up buildings using CFD simulations. The mean
wind velocity ratio (MVR) and physiological equivalent temperature (PET) were adopted as
assessment indices for wind comfort and thermal comfort. Pedestrian-level wind comfort and
thermal comfort around two single building models (SC and SD models) and three double

building models (DL, DM, and DH models) with three building heights (H. =50 m, 100 m,

and 150 m) were quantitatively evaluated. The main findings can be summarized as follows:
(1). For single building models, when the lift-up building becomes taller, the acceptable

wind comfort zone in the podium (ARawc) slightly decreases, but corner streams in the lateral

zones and throughflow in the lift-up area strengthen. SD models have greater ARawc and MVR

values than SC models with the same H.. Thus, wind comfort can be improved when the

building is under a diverging flow.
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(2). For double building models, Case [DL, 50], Case [DM, 100], and Case [DH, 150]
have the minimum ARawc and MVR values among cases with the same upstream building.
Therefore, when the upstream building is as tall as the target building, adding or reducing the
target building height (i.e., uneven building height) can substantially improve wind comfort in

the entire interest precinct. And adding the target building height is more effective.

(3). Double building models have smaller MVR values of the lift-up area than single
building models, thus the existence of the upstream building impairs wind comfort in the lift-
up area. Besides, heightening the upstream building and target building simultaneously can
increase MVR values of the lift-up area, benefiting wind comfort. However, the above rules do

not necessarily apply to wind comfort in the podium.

(4). For single building models, area ratios of different thermal comfort zones are not
significantly influenced by building height. In contrast, the size of more favorable thermal
comfort zones in the podium decreases slightly with the increased building height. Besides, SD
models have smaller PET values of the podium and lift-up areas than SC models with the same

H,.

(5). For double building models, Case [DL, 50], Case [DM, 100], and Case [DH, 150]
have the minimum PET values among cases with the same upstream building. As PET values
of the podium area are always over 28 -C, making the target building taller or lower than the
upstream building can improve the podium area’s thermal comfort in both summer and winter.
However, for thermal comfort in the lift-up area, this strategy is only beneficial in summer but
unfavorable in winter. This is because PET values of the lift-up area are over 28 -C in summer
but below 28 -C in winter. Heightening upstream and target buildings simultaneously can

decrease the PET value of the lift-up area, which is also helpful in summer but detrimental in
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winter. On the contrary, the existence of upstream buildings can increase the PET value of the

lift-up area, which is adverse in summer but advantageous in winter.

This study quantitatively evaluates wind comfort and thermal comfort around the target
building from aspects of comfort zones’ distribution and area-weighted average values. Such
quantitative evaluation methods can be applied to similar issues. The findings enrich the
knowledge of how building height influences wind comfort and thermal comfort around lift-
up buildings, which can inspire architects and city planners to make good use of building design

to create a livable and comfortable residential environment.
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