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Abstract

The building cross-section shape significantly affects the flow characteristics around buildings,
especially the recirculation region behind the high-rise building. Eight generic building shapes
including square, triangle, octagon, T-shaped, cross-shaped, #-shaped, H-shaped and L-shaped are
examined to elucidate their effects on the flow patterns, recirculation length L and areas A using
computational fluid dynamics (CFD) simulations with Reynolds-averaged Navier-Stokes (RANS)
approach. The sizes and positions of the vortexes behind the buildings are found to be
substantially affected by the building shapes and subsequently changing the recirculation flows.
The recirculation length L is in the range of 1.6b — 2.6b with an average of 2b. The maximum L is
found for L-shaped building (2.6b) while the shortest behind octagon building (1.6b). The vertical
recirculation area A, is in the range of 1.5b6 - 3.2b% and horizontal area An in 0.9b% - 2.2b% The L, A,
and An generally increase with increasing approaching frontal area when the wind direction
changes but subject to the dent structures of the #-shaped and cross-shaped buildings. The
area-averaged wind velocity ratio (AVR), which is proposed to assess the ventilation performance,
is in the range of 0.05 and 0.14, which is around a three-fold difference among the different building
shapes. The drag coefficient parameterized by An varies significantly, suggesting that previous
models without accounting for building shape effect could result in large uncertainty in the drag
predictions. These findings provide important reference for improving pedestrian wind environment
and shed some light on refining the urban canopy parameterization by considering the building
shape effect.
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1 Introduction

During the process of urban development and expansion,
the building density, size and geometry are changing
dramatically, especially in the megacities such as Guangdong-
Hong Kong-Macao Greater Bay Area (GBA), China.
Buildings can block the atmospheric flow, altering the wind
direction and velocity, which in turns significantly affect
the pedestrian level wind comfort in the building surroundings
(Du and Mak 2017; Serteser and Karadag 2018; Li and
Chen 2020). To satisfy the needs of urban residents in
high-level living standards, more comfortable and safer

E-mail: mozw7@mail.sysu.edu.cn

wind environment are required in the high dense cities.
Therefore, advanced understandings of the urban wind flow
are utmost important in building a healthy and sustainable
urban environment.

Computational fluid dynamics (CFD) technique has
been widely adopted in simulating the flow field in the
vicinity of buildings and atmospheric boundary layer, which
assists in evaluating the pedestrian wind comfort, wind
loads on buildings, and pollutant dispersion (Tominaga and
Stathopoulos 2013; Blocken et al. 2016; Thordal et al. 2019).
CFD modeling of flows around a simplified, square-shaped
high-rise buildings provides basic understandings of the
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List of symbols

A recirculation area

Ag frontal area of the buildings

Ay horizontal recirculation area

A, building floor area

A, total floor area

A, vertical recirculation area

AVR  area-averaged wind velocity ratio

b width (m)

C curve-fitting coefficient

Cie modelling constant

G, curve-fitting coefficient

Cse modelling constant

Cq drag coefficient

Cr drag constant for an isolated, surface-mounted
roughness element

C, empirical modelling constant

d ground-normal displacement height

h height (m)

k turbulent kinematic energy (TKE)

l length (m)

L recirculation length

MVR  mean wind velocity ratio

Py TKE production

P kinematic pressure

R speed-up ratio

R determination of coefficient
RMSE root mean square error

U mean wind velocity

Usg area-averaged wind velocity

U; mean wind velocity at point i with the building
Ui mean wind velocity at point i without the building
Uret reference wind speed

u* friction velocity

u; mean velocity

VR wind velocity ratio

Xi instantaneous position

z height coordinate

Zo aerodynamic roughness length
Zref reference height

0jj Kronecker delta

€ TKE dissipation rate

K von Karman constant

A frontal area index

A planar area index

12 turbulent viscosity

Ok Prandtl number

0 Prandtl number

flow patterns and structures in urban areas. Different
turbulence models of steady and unsteady Reynolds averaged
Navier-Stokes (RANS) were used to evaluate the flow fields
around an isolated building with the size of building
length I: width b: height h =1:1:2 (Tominaga 2015). Large
eddy simulation (LES) and detached eddy simulation
(DES) were also assessed and compared with the wind
tunnel measurement (Liu and Niu 2016). In view of the
complicated structure of three-dimensional turbulence behind
the high-rise building, recent studies advanced statistical
technique—spectral proper orthogonal decomposition (SPOD)
to elucidate the turbulent structures (Zhang et al. 2020a,
2021). These studies greatly advance our understandings of
the flow patterns around the 1:1:2 building. CFD modeling
of a single high-rise building can also be used to develop the
drag model to improve the urban canopy parameterizations
(Shao and Yang 2005; Santiago and Martilli 2010; Fan et al.
2022).

Modern design and architectural techniques foster
more complex buildings in shapes and forms. The impacts
of building structures, such as roof and balcony, on the
flow field and pollutant dispersion were studied intensively
in recent years (Tominaga et al. 2015; Hemida et al. 2020;

Zheng et al. 2020; Liu et al. 2021; Vranes$evi¢ et al. 2022).
Some studies also focused on the influence of side ratio
on wind environment and pollutant dispersion (Kono et al.
2016; Jiang and Yoshie 2020). In particular, the building
cross-section shape (hereafter specified as building shape) is
an important factor that could influence the flow structures
and wake regions. Lee and Mak (2022) compared the wind
flow characteristics and ventilation performance around
the “+”-shaped and “T”-shaped buildings under different
approaching wind directions using RANS modeling. In the
wake of “I”-shaped building, compared with the incident
wind direction 0°, the downwind length and maximum
bilateral width of the low-wind velocity region reduced
respectively by 11.5% and 37.9% when the wind angle
was 90°. Chen and Mak (2021) further discussed the
pedestrian-level wind comfort around 22 different buildings
(e.g. polygonal, slab-like, cruciform) with lift-up design. It is
suggested that the lift-up design is conducive to improving
the pedestrian level wind comfort around the buildings but
subjected to different incident wind directions and building
configurations. The pollutant dispersions were also highly
modified by building shapes (including chamfered, square,
circular, and curved) revealed by the LES study (Keshavarzian
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et al. 2021). The pollutant emission regions were enlarged
behind the chamfered and square buildings. The wind fields
around the super tall building-skyscraper were also studied
with application to wind environment assessment at pedestrian
level (Yang et al. 2022). The wind speed ratio was used to
evaluate the pedestrian-level wind environment under
various incident wind directions around the super-tall
buildings with tapered, helical, triangular and polygonal
shapes (Xu et al. 2017; Tamura et al. 2017; Zhang et al.
2020b; ¢). In addition to the airflow (Korycki et al. 2016)
and pollutant dispersion (Yu et al. 2017), additional studies
evaluated the aerodynamic effect and wind loads on the
high-rise buildings with different cross-section shapes (Kasana
et al. 2022; Meena et al. 2022; Rukhaiyar et al. 2023).
Although the above-mentioned studies provide important
references for understanding the effects of building shapes
with the focus on different aspects, such as flow structure,
pedestrian wind environment, wind load, and pollutant
dispersion. Besides, they focus on only several generic shapes
including square, circular and cross (Keshavarzian et al.
2021; Lee and Mak 2022) and a few specific ones, such as
polygonal, tapered and helical (Xu et al. 2017; Tamura et al.
2017). There are still insufficient researches on the buildings
with different generic shapes. The lack of comprehensive
understandings of flow structures, vortex locations,
flow recirculation sizes behind the buildings limited the
ventilation and wind comfort assessment as well as accurate
parameterizations of the aerodynamic effect in urban areas.
In particular, the length and area of the recirculation area
still need to be studied under the condition of different
building shapes, heights and wind directions, which will

contribute to the evaluation of wind environment and the
parameterization of drag coefficient in the urban canopy
model.

In this study, the CFD-RANS model is used to simulate
the wind fields around an isolated high-rise building of
eight generic shapes. By varying the building cross-section
shapes, building heights and wind directions, this study
aims to examine their effects on the (1) flow and vortex
characteristics, (2) recirculation length and area, (3) ventilation
and wind comfort behind an isolated high-rise building
and (4) the parameterization of drag coefficient Cy. The
findings of this study will benefit the quantitative assessment
of urban ventilation and pedestrian-level wind environment,
canopy model development, as well as urban climate design
and sustainable environment development.

2 Methodology

2.1 Simulation cases

Eight building shapes commonly found in the highly urbanized
city cluster of China: Guangdong-Hong Kong-Macao Greater
Bay Area (GBA) are selected in this study. The satellite
images and simplified models are shown in Figure 1, including
“Square”, “Triangle”, “Octagon”, “T-shaped”, “Cross-shaped”,
“#-shaped”, “H-shaped” and “L-shaped”. The building-
height-to-width (aspect) ratios h:b of each building model
is h:b = 60m:30m = 2:1. We take the simplified 2:1 square
model as the base case and change the building shape
to investigate the influence on the recirculation flow. All of
these models have the same windward area at the approaching
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Fig. 1 The satellite images (retrieved from google earth) of buildings with different cross-section shapes and their simplified models

considered in this study
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Fig. 2 The schematics of the incident wind directions for different building shapes: @ approaching wind 6 = 0° @ oblique approaching
wind 6 = 45°% @ lateral approaching wind 6 = 90°% @ Oblique opposing wind 6 = 135°% ® Opposing wind 6 =180°

wind 0 = 0°. In order to explore the influence of different
incident wind directions on recirculation flow behind the
buildings, this study also sets simulation cases of different
wind directions for buildings with various shapes as detained
in Figure 2. The octagon model case only covers 0°. The
square, #-shaped and cross-shaped model cases cover 0° and
45°. The H-shaped model case covers 0° 45°, 90°. The
L-shaped model case covers 0°, 45° 90°, 135°. The triangle
and T-shaped model cases cover 0°, 45°, 90°, 135°, 180°.
Furthermore, the square models with building-height-to-width
(aspect) ratios h:b= 3:1 and 4:1 are also considered to
investigate the impact of the building height. As tabulated
in Table 1, a total of 26 cases are tested to examine the effect
of the building shape, height and the wind direction on the
wind flow in the recirculation region after the high-rise
building.

2.2 RANS model
The RANS turbulence model is used because of the

Table 1 The building shapes, building-height-to-width (aspect)
ratios (h:b), wind directions, and number of simulation cases

Cases h:b Wind directions No. of Cases

Square (base case) 2:1 0° 1
2:1 45° 1

Square 3:1 0° 1
4:1 0° 1

Triangle 2:1 0°45°90° 135° 180° 5
Octagon 2:1 0° 1
T-shaped 2:1 0°45°90° 135° 180° 5
Cross-shaped 2:1 0° 45° 2
#-shaped 2:1 0° 45° 2
H-shaped 2:1 0° 45° 90° 3
L-shaped 2:1 0°45° 90° 135° 4
Total No. of cases 26

computational efficient and the excellent simulation of
flow patterns around buildings. Although previous studies
show that LES can give instantaneous information about
turbulence and it is considered more accurate, it takes much
more computational cost than RANS model (Tominaga
and Stathopoulos 2011; Yu et al. 2017). RANS model is a
relatively reliable and effective model for understanding the
average wind velocity and flow pattern in the recirculation
area and comparing the influences of different building
configurations. The k-&¢ model is the most commonly used
RANS model.

The governing equations for steady-state incompressible,
isothermal flows include the continuity equation

o0,
=0 1
ox, (1)
and the momentum conservation equation
_ o, p 0 —
“i 8x Ox; Ox; '’ @

where u, is the mean velocity, x; is the instantaneous
position (streamwise x and vertical z direction), p is the
kinematic pressure. The overbars and primes denote mean
and turbulent quantities, respectively.

The Reynolds stresses are approximated by the eddy
viscosity and Boussinesq assumption

—ulu] = (g_u +g—z> - —8 ik

)
where k (= W /2) is the turbulent kinematic energy (TKE),
v (= Cﬂk2 / €) the turbulent viscosity, C, (=0.09) an empirical
modelling constant and 6, the Kronecker delta. The transport
equation for k is
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Ox;  Ox 0. Ox k* k where u* is the friction velocity, « is the von Karman constant,

where, 0; (=1.00) and o, (=1.30) are the Prandtl numbers,
Cic (=1.44), and C; (=1.92) are modelling constants, and Py
(=v,(0u,/0x; + 0u;/0x;) x (0u;/10x;) ) is TKE production.

2.3 Computational settings

As shown in Figure 3, the computational domain size is
length x width x height = 21b x 13b x 10b. The similar
setting has been adopted in previous RANS and LES studies
(Liu and Niu 2016; Zhang et al. 2020a, 2021; Ding et al. 2022),
suggesting that the domain size is sufficient large enough
to characterize the mean flow and turbulence around the
2:1 square model. The distances from the building model
to the inlet boundary, lateral boundaries, top boundary
and outlet boundary are 5b, 6b, 8b and 15b, respectively.
We also carried out the simulation using the expanded
domain with 5H from the building to the top, sides and
upstream domain boundary and 15H from the building
to downstream domain boundary, which recommended
by the AIJ guideline. The mean wind speed profiles for
two computational domains show a good agreement with
determination of coefficient R* over 99% and root mean
square error RMSE less than 0.02, supporting the reliability
and model performance using a small domain in order to
increase the computational efficiency under relative fine
grid arrangement. The top boundary of the computational
domain is treated as the slip wall. The front and back
boundaries are set to the symmetry condition. The ground
and the building walls are set as the solid boundaries. The
left and right boundaries are set as inlet and outlet.

The mean wind speed profile of the inlet boundary is
determined by the Equation (6)

é

10b

Fﬁbn
t& back.. S
Mme

z is the height coordinate, d is the ground-normal displacement
height, z, is the aerodynamic roughness length.
The friction velocity can be described by Equation (7)

* Uref K

u :m (7)

Zy

where the reference wind speed Usis 4.491 m/s, the reference
height z..f = h = 60 m, and the aerodynamic roughness length
zo = 1.478 m. Finally, the friction velocity u* is estimated to
be 0.482 m/s.

The turbulent kinetic energy k is prescribed as

d+zo)_’_c2 ®)

r

and turbulent kinetic energy dissipation rate is

— (u*)S \/ Z_d+zo
&= m Cl 11’1(T>+C2 (9)

where C, is the empirical modelling constant, C; and C; are
the curve-fitting coefficients. Similar setting of the boundary
conditions can be found in Keshavarzian et al. (2021) as well
as OpenFoam (2021).

The CFD simulations are performed on the OpenFOAM
platform. The wall function named atmNutkWallFunction
in OpenFOAM is applied for the solid wall boundaries. The
semi-implicit method for pressure linked equations (SIMPLE)
algorithm is used to handle pressure-velocity coupling in
incompressible flows. The second-order accurate Gaussian
integration and linear schemes are used to calculate the
gradient and the divergence terms, respectively. The CFD

h=2b

Scale length: b

Fig. 3 Schematic of computational domain and building model
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simulations are considered to converge when all the
residuals of iteration are less than 107°. We also add the
LES simulation with the same computation domain and
grid arrangement for base case to compare with the RANS
results, following the similar LES framework (Wang et al.
2021a; Wang et al. 2021b). The one-equation subgrid-scale
(SGS) model is used to parametrize the SGS stresses. The
pressure-implicit with splitting of operators (PISO) algorithm
and second-order discretization schemes are employed in
the LES simulation. The residual of the iterative solvers is
less than 107¢ for converged solution.

2.4  Grid sensitivity and model validation

The computational domain is discretized into finite volume
(FV) hexahedral cells by the OpenFOAM utilities blockMesh
and snappyHexMesh. The total number of grids for coarse,
medium and fine grid setting are about 1 million, 5 million
and 8 million grids, respectively. A mesh refinement was
executed near the building surfaces with minimum grid size
of 0.5 m, 0.25m, and 0.1875m, respectively. The grow ratio
of the adjacent grids is less than 1.3 (Zhuang et al. 2014;
Franke et al. 2011). The grid sensitivity analyses are conducted
through comparing the normalized mean wind speed (U/Us)
and the normalized turbulent kinetic energy (k/U.). The
results of the three types of grids have a good agreement. The
medium grid (~5 million grids) shows sufficient resolution
for the model simulation in this work.

Apart from the standard k-¢ model, the RNG k-¢,
realizable k-¢ turbulence and LES model are also compared
(Figure 4). The RNG k-¢ model modifies the turbulent
viscosity and then the rotation and rotational flows in the
average flow are considered. The RNG k-¢ model also takes
the time mean strain rate of the main stream into the
consideration in the equation. The dissipation rate € equation
of the realizable k-¢ model is modified (Nie et al. 2009;
Andersson et al. 2012). The k-w model is not very adequate
in simulating wind environment around the bluff body,

so this study does not choose k-w model for comparison. The
square building with a size of 1:1:2 is tested in this study
to compare the accuracy and applicability of these four
turbulence models. LES resolves the large-scale motion and
parameterizes the small-scale motion, which is deemed to
improve the model performance compared with RANS but
still limited by its high computational expense (Tominaga
and Stathopoulos 2011).

As shown in Figure 4, the normalized mean wind speed
(Ul Ures) shows good agreements among different turbulence
models before (x = —0.75b), at the top of (x = 0) and after
buildings (x = 0.75b, 1.5b, and 2b). The RANS results are
comparable with the LES simulations in this study and by
Liu and Niu (2016), with coefficient of determination R*
over 0.98 and root mean square error RMSE less than 0.16.
These results suggested that the standard k-¢ model can
generate reasonably accurate results for the mean flow
in the recirculation region after the building, which will
be used in the following CFD simulations of buildings with
different building shapes.

Two wind tunnel datasets with the
square-shaped building model are used to validate our
model performance. Details of the wind tunnel setup and
data are available and can be referred to Architectural
Institute of Japan (AIJ 2007) and Tanaka et al. (2006). The
best log-law (Equation (6)) fitting inflow profiles from the
wind tunnel experiments is used as the inlet boundary
conditions in the CFD models. The inflow reference velocity
(= 4.491 m/s and 4.2 m/s in AIJ (2007) and Tanaka et al.
(2006), respectively), friction velocity u* (= 0.482 m/s
and 0.418 m/s), and z, (= 1.478 m and 1.099 m) are used
in the CFD validation cases. Seven profiles at the vertical xz
plane and horizontal xy plane of mean streamwise velocity
around the buildings at x = -0.25b, 0, +0.5b, +0.750,
2b are compared between the CFD-RANS models and
wind tunnel measurements (Figure 5). The coefficient
of determination R? is in the range of 0.88-0.99 for vertical
and horizontal wind speed profiles and root mean square

same 1:1:2

The standard k-2 O The realizable k-¢ : RNG k-¢: O LES: < LES (Liu and Niu, 2016): =
6 T T T T 6- T T T l@l q
55 5F x/b=0.75 E xb=15 € 3§ 55F xb=2 6 3
5 E E g 3 5F 6
45 5F 3 8 3 a5 g
4 3 3 9 3 4F & 1
o 35 o 35F 3 B 1 asF 6 1
N 3 : : EINL 3
25 5 E 3 7 25F 3
2 £ £ K E 2 3
15 5 E 1 15 3
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05 5 5 1 osE 3
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0 0
-1-050051152 -1-050051152 -1-050051152 -1-0560051152
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Fig. 4 Comparisons of vertical profiles of the normalized mean wind speed at the vertical center plane of the domain (y = 0) among
different turbulent models
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Fig. 5 Profiles of the normalized mean wind speed at the vertical
center plane of the domain (y = 0) and the horizontal plane (z =
0.125b)

error RMSE is 0.10-0.27 so their agreement is favorable,
indicating the adequate accuracy of the CFD model for the
flow analysis.

3 Results and discussion

3.1 Flow characteristics

3.1.1 Effect of building shapes

Figure 6(a) illustrates the mean flow pattern around the
isolated high-rise buildings with eight different cross-section
shapes at the pedestrian level (xy plane, z = 1.75 m). The
vortexes symmetrically distributed in the vicinity of these
buildings except the L-shaped. There are symmetrical vortexes
on the leeward side of square, octagon, cross-shaped,
#-shaped and H-shaped buildings, while the vortexes of
triangle and T-shaped buildings are closer to lateral sides of
the buildings. There are two additional vortexes in the dented
structure at the lateral sides of the H-shaped building.
In particular, a whole large vortex forms between the two
wings of the L-shaped building because of the special
cross-section shape.

From the vertical xz plane (y = 0) point of view
(Figure 6(b)), the vortexes are positioned at the upper level
of the leeward side (z > b). The flow patterns after the
square and H-shaped buildings are similar because of the
same rectangular leeward surfaces. The dominant vortexes
are not at the center plane (y = 0) for the triangle and
T-shaped buildings because of the protrudes. There is

obvious vortex separation behind the #-shaped building
because of the close short limbs behind the building. The
largest vortex forms on the leeward side of the L-shaped
building because of the biggest cavity. It is suggested that
the building shapes make a remarkable impact on the size
and positions of the vortexes.

3.1.2 Building heights

The effects of building height variability are examined for
the flows around the square buildings with aspect ratios of
h:b = 2:1, 3:1, 4:1. As shown in Figure 7(a), two vortexes
symmetrically distributed on both sides of centerline (y = 0),
suggesting that no obvious differences are found in the
pedestrian-level flow fields behind the buildings with
different heights. However, at the vertical xz plane, the vortex
will be elevated with increasing building height (Figure 7(b)).
In addition, similar size of the vortexes at the pedestrian
level are found indicating vortex size is mainly governed
by the building width rather than height (Tse et al. 2017).
Another noticeable feature is that although larger recirculation
zone area is observed behind higher buildings at the vertical
xz plane, the maximum length of the recirculation zone at
the same level of height is comparable, for example ~2b at
the pedestrian level (z = 1.75 m) and ~1.1b at z = b. It indicates
that increasing building height would not significantly affect
the lower (e.g. pedestrian) level recirculation zone.

3.1.3  Effect of wind directions

Five typical wind directions including the approaching
wind (6 = 0°), the oblique approaching wind (6 = 45°), the
lateral approaching wind (6 = 90°), the oblique opposing
wind (0 = 135°) and the opposing wind (0 = 180°) are
considered to investigate the effect of incident angle on the
flow fields around the different shaped buildings.

Due to the symmetrical features of the square, #-shaped
building and cross-shaped buildings, the flow fields from
the approaching wind (6 = 0°) to the oblique approaching
wind (68 = 45°) are shown in Figure 8. The distance between
the two vortexes on the horizontal xy-plane (z = 1.75 m)
behind the square building becomes longer and the
recirculation zone increases dramatically which is caused
by the larger frontal area at 8 = 45° (Fan et al. 2022). On the
contrary, the vortexes distance and recirculation zone for
the #-shaped building and the cross-shaped building decreases
as the wind angle 0 increases from 0° to 45° mainly because
of the dent surface effects. In addition, the notable
recirculation vortex forms at the vertical plane behind the
square building at 8 = 45°, while the vortex becomes smaller
for cross-shaped building at 8 = 45° probably attributed to
the large cavity of the leeward wall.

There are similar vortexes on the xy-plane (z = 1.75 m)
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cross-shaped

behind the H-shaped building at 8 = 0° and 8 = 90° (Figure 9).
However, the two recirculation vortexes have larger size
and longer relative distance at oblique approaching wind
(6 = 45°). Meanwhile, on the vertical plane, a distinct vortex
is formed on the leeward side of the H-shaped building at
0 = 45°. The L-shaped building is the most special among
these eight buildings. There is only one single large vortex on
the xy-plane (z = 1.75 m) when the wind angle is 0°. As the
wind direction changes from 45° to 135°, two recirculation
vortexes form on the leeward side of the building. The
distance between the two vortexes is the largest when the
wind direction is 135°. On the vertical xz plane (y = 0),
there are vortexes between the two wings of the building at
0 = 45°, which leads to longer residence time of the flow
and hinder the pollutant dispersion.

For the triangle and the T-shaped buildings, the contours
of normalized mean velocity and streamlines are shown
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with the wind directions of 8 = 0°, 45°, 90°,135° and 180° in
Figure 10. The positions and sizes of the vortexes behind
the buildings change constantly with different wind
directions. On the horizontal xy plane at pedestrian level
(z = 1.75m), the two vortexes are symmetrically distributed
on the lateral side of the triangle and T-shaped buildings at
the approaching wind (6 = 0°). However, such two vortexes
are asymmetrical and the recirculation zone is skewed
and become asymmetrical when the wind direction turns
to 45°, 90° and 135°. The vortexes are ultimately on the
leeward side of the building at the opposing wind (6 = 180°).
On the vertical xz plane at centerline (y = 0), there is a
noticeable recirculation vortex behind the triangle building
at 0 = 45°,90° and 180°. The largest one appears at § = 180°.
For the T-shaped building, the noticeable recirculation
vortex forms at 6 = 45°, 90°, 135° and 180° but smaller at
0 = 0° probably because of the protruded structure.
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3.2 Recirculation regions

The recirculation region is where the circulating vortexes
occur, which in turns significantly affects the ventilation
and wind comfort. The recirculation zone area is also used
to estimate the drag induced by the building, which is
applied to the urban canopy parameterization for the
numerical weather and air quality predictions (Belcher et al.
2003; Fan et al. 2022). In this study, the area of the region
behind the building, where the normalized mean velocity is
less than or equal to 0, is defined as the recirculation area A
(Fan et al. 2022). As shown in Figure 11, the area on the
vertical xz-plane at the centerline (y = 0) is the vertical
recirculation area A, and Ay, is the horizontal recirculation
area at pedestrian level (z = 1.75 m). The largest streamwise
length of this recirculation area is defined as the recirculation
length L. The effect of building shapes, building heights and
wind directions are examined in the following sections.

Figure 12 illustrates the recirculation length L, vertical
recirculation area A, and horizontal recirculation area Ap
behind buildings with different shapes. The recirculation
length L behind different buildings are in the range of 1.6b
- 2.6b, with an average of 2b. The longest distance is found
for L-shaped building, reaching about 2.6b, followed by
the triangle building (L = 2.1b). The square, cross-shaped,
#-shaped and the H-shaped buildings share the similar
recirculation length L, which is close to 2b, followed by
the T-shaped building (L = 1.8b). The recirculation length L
of the octagon building is the smallest (L = 1.6b), which is
38% less than the L-shaped building (L = 2.6b).

On the vertical plane, the recirculation area A, of the
L-shaped building is the largest (A, > 3b%), while the
T-shaped building has the smallest vertical recirculation
area (A, = 1.5b%), which even less than half of the L-shaped
building. The A, for the square, triangle and H-shaped
model is close to 2b% and those A, of the cross-shaped
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(b)

Fig. 11 (a) Horizontal recirculation area An at pedestrian level (z = 1.75 m) and (b) the maximum recirculation length (L), vertical
recirculation area Ay at centerline (y = 0)
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Fig. 12 Effect of building cross-section shapes on recirculation
length (y = 0), vertical recirculation area (y = 0), and horizontal
recirculation area (z = 1.75m) after buildings

and #-shaped building have the similar magnitude (2.157).
On the horizontal plane, there is the maximum recirculation
area Ay behind the triangle building, which is more than
2b%, while the area on the leeward of the octagon building
is the minimum (An= 0.96°). The area after the #-shaped
building is also smaller than 4. In addition, such magnitude
for the horizontal recirculation region after the square
building is close to the H-shaped building because of the
same windward and leeward area. In general, the vertical
area A, is in the range of 1.5b*- 3.2b* and horizontal area
Apin 0.96% - 2.20%

To illustrate the effect of building height and wind
directions, the changes relative to those of the 2:1 building
at the approaching wind (6 = 0°) in recirculation length
(L - L¢)/Ly, horizontal (A, — Ane-)/Ane, and vertical
recirculation areas (A, — Aypr)/Avr are shown in Figure 13.
It is obvious that the building height has minor influence
on the recirculation length and horizontal recirculation
areas behind the square building. However, with increasing
building height, the vertical recirculation area rises constantly.
The A, of the 4:1 building increase over one-fold compared
with that of 2:1 building.

The wind direction effect on the L, Ay, and A, varied
among different shapes. For the triangle shape, the L and
Ay decrease by 0.2%-46.2% and 19.4%-57.5%, respectively,
when turning to 6 = 45°-180°. However, the A, decreases
by 15.1% and 54.5% at 0 = 45° and 0 = 135°, respectively,
while increases by 19.8% and 39.0% at 6 = 90° and 6 = 180°,
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Fig. 13 Effect of wind directions and building heights on recirculation
length and recirculation areas after buildings

respectively. Different behaviors were found for the T-shaped
building. The L increases by 11.7%, 3.9% and 16.5% at
0 = 45°, 90° and 180°, respectively. A, changes less than
20% between 6 = 45° and 180°. Nevertheless, A, increases
significantly by more than 50% at 6 = 45° and 180°. For the
square building, the L, Ay and A, increase by 37.4%, 212.9%
and 41.0%, respectively, due to the frontal area enhancement
at the oblique approaching wind (6 = 45°). In contrast,
they decrease constantly by 19.8%, 64.6% and 12.2% for
the cross-shaped building. For #-shaped building, the wind
direction effect is small probably due to the similar surface
structure at different approaching wind angles. For the
H-shaped buildings, the L and A, increase by 11.6%-33.2%
and 19.1%-40.7%, respectively, as the wind direction
changes. Ay increases dramatically by 212.2% at the oblique
approaching wind (0 = 45°), but changes less than 1.0% at
0 = 90°. The L, Ay and A, of the L-shaped building change
constantly from —92.7% to 5.4%, —53.5% to 102.6% and
-97.6% to —4.8%, respectively. In addition, all the value is
the largest at 6 = 135° and the least at 6 = 45° because of the
block from the two building wings.

3.3 Ventilation assessment

The wind velocity ratio (VR) is widely used as an indication
of air ventilation performance. Air ventilation assessment of
Hong Kong takes VR as an important parameter in urban
climate design (Ng 2009). Xu et al. (2017) used speed-up
ratio R=U;/Uj, (where U; and Uy, are the mean wind velocity
at point i with and without the building, respectively) to assess
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the pedestrian level wind environment. Du and Mak (2017)
used the ratio of pedestrian-level mean wind velocity and
the reference mean wind velocity (MVR) to evaluate the
pedestrian wind comfort supposing the unacceptable wind
comfort when the MVR is less than 0.3. However, the wind
velocity ratio of most studies was only used to evaluate the
ventilation performance of the point by point location, and
did not consider the average ventilation performance of a
certain area.

In this study, the area-averaged wind velocity ratio (AVR),
defined as the ratio of average wind velocity per unit area in
the recirculation region, is proposed for the recirculation
region as shown in Equation (10):

avg

AVR = (10)

ref

where U, is the area-averaged wind velocity, U, is the
reference velocity. The AVR is therefore used to compare
the ventilation efficiency and wind comfort of recirculation
area behind the buildings with different shapes. As shown
in Figure 14(a), the highest AVR is observed for triangle
building, reaching more than 0.13 and followed by the
cross-shaped building which is less than 0.09. The third-largest
AVR is found behind the L-shaped building, which is about
0.08. The AVR for square, octagon and H-shaped buildings
are around 0.07, followed by the T-shaped building which is
over 0.06. There is the least AVR for #-shaped building and
it is close to 0.05. It is suggested that the pedestrian level
ventilation can be enhanced by the triangle building shape
design, while reduced behind #-shaped buildings.

The effects of different incident wind directions and
building heights on AVR are shown in Figure 14(b). The
AVR of the square building changes insignificantly when the
building-height-to-width (aspect) ratio h/b = 2 increases to
h/b = 3. The AVR displays an approximately 11.6% decline
if the aspect ratio h/b further increases to 4. The reasons
are probably because the higher vortex makes less impact
on the pedestrian-level area. The AVR of the square and
H-shaped buildings enhanced dramatically (>100%) at the
oblique approaching wind (0 = 45°) compared with 8 = 0°.
The change of the wind angle may lead to constant reductions
in the AVR for triangle building. The AVR could drop
around 32.2% and 40.2% at 8 = 45° and 90°, while <10%
at 8 = 135° and 180°. The AVR of the T-shaped building
increases respectively by 86.3%, 31.3%, 55.1%, 47.9% as the
wind direction turns from 45° to 180°. The wind direction
45° causes 51.3% decrease on AVR of the cross-shaped
building, while the figure for the #-shaped changes slightly
about 4.5% at the oblique approaching wind (6 = 45°).
The variation of the wind direction may lead to constant
increase in the AVR for the L-shaped buildings in the range
of 15.7%-98.8%.
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Fig. 14 Effect of wind directions and building heights on area-
averaged wind velocity ratio after buildings

3.4 Drag coefficient parameterization

The drag coefficient is an important parameter in the urban
canopy model. Its estimation accuracy is strongly affecting
the performance of urban climate modeling. Santiago et al.
(2007) parameterize Cq for a range of values of frontal area
index A¢ (=A#/A,, where A is the frontal area of the buildings,
A, is the total floor area), as represented by Equation (11)
and denoted as “Scheme_A¢”:

1.2exp(7.2);)
Cole /) — 14 —25),
@i = 1.7exp(5.4A,)

1.5exp(4.84;)

z/h=04 0.0625<\; <0.26
z/h=04 026<A; <0.44
z/h=0.6

z/h=0.8

(11)

Later, Santiago and Martilli (2010) proposed another
formulation using planar area index A, (=A,/A,, where A, is
the building floor area) based on the CFD simulations of A, =
0.0625, 0.11, 0.16, 0.25, 0.33, 0.44, denoted as “Scheme_A,”:

3.3287 ), <029

= (12)
185  A,>029

d

As proposed and improved by Taylor (1988) and Fan et al.

(2022), the drag parameterization considers the effect of the

horizontal recirculation region Ay after the buildings. In this

study, we follow their drag model for the isolated buildings:
Co A,

Ca= 2[4, —(A, + A)] (13)
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where Cy is the drag constant for an isolated, surface-mounted
roughness element. We assume the A, = 16b° to estimate
the drag over a spare rough surfaces, in which the
recirculation region induced by the building is not affected
by the surrounding buildings. As such, this drag model
comprehensively considers the influence of Ay, A, and Ay, of
the buildings, as denoted as “Scheme_Ay”.

Figure 15 shows the drag coefficient normalized by the
averaged value (Cy/Caqavg) predicted by the aforementioned
parameterization schemes to illustrate the effect of different
cross-section building shapes. The drag coefficient estimated
by Scheme_A¢ is constant because the Asare the same among
the buildings with different shapes. For the Scheme_A,, the
normalized drag coefficient varied in the range of 0.7-1.2,
suggesting that the building shape could lead to 50%
difference in the drag estimation. As for the Scheme_A,
used in this study, the normalized drag coefficient changed
dramatically with different shapes, ranging from 0.3 for
octagon to 1.9 for triangle building. This indicates that building
shapes have a significant effect on the drag coefficient
estimation, and the consideration of the horizontal recirculation
area could refine and improve the drag parameterization for
urban canopy model.
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Fig. 15 Effect of building shapes on the ratio of drag coefficient
Ca to the average value Caqvg under different methods

4 Conclusions

This study examines the effects of the building cross-section
shape, building height, and wind directions on the flow
characteristics, recirculation length, horizontal and vertical
recirculation areas behind a high-rise building. We find
that the flows behind the square and H-shaped building
have similar characteristics including streamlines, the vortex
location, recirculation length and area due to the similar
rectangular windward and leeward surfaces. On the horizontal
plane (z = 1.75 m), only a single large vortex forms behind
the L-shaped building. The increase of the height does not
cause significant influence on the recirculation length and
horizontal recirculation area at the pedestrian level (z =

1.75 m) behind the square building, but the location of the
main vortex is elevated and the recirculation area becomes
larger on the vertical xz-plane. The distance between the two
vortexes on the horizontal xy-plane (z = 1.75 m) behind the
#-shaped and cross-shaped buildings decreases as the wind
direction turns from 0° to 45°. The two vortexes behind the
triangle and T-shaped buildings become asymmetrical and
of different sizes when the wind direction changes.

The recirculation length L after the high-rise buildings
with different building shapes are in the range of 1.6b - 2.6b,
with an average of 2b. There is the longest recirculation length
behind L-shaped buildings (2.6b) and the shortest behind
octagon buildings (1.6b). The recirculation vertical area
A, are in the range of 1.5b°> - 3.2b* and horizontal area
Ay in 0.96* - 2.2b%, exhibiting about a two-fold difference
among different building shapes. It is shown that the L, A,
and A, generally increase with increasing approaching frontal
area when the wind direction changes. Nevertheless, the
dent structures of the #-shaped and cross-shaped buildings
suppress the recirculation zone. The Ay increases over
200% at 0 = 45° for the square and H-shaped buildings,
and the A, changes less than 50% with different wind
incident angles.

The building shape has a great impact on the pedestrian
level ventilation in the recirculation zone behind the high-rise
building evaluating by the AVR. The AVR is in the range
of 0.05 and 0.14, which is around a three-fold difference
among the buildings with different building shapes. The
largest AVR is found for the triangle building, reaching
more than 0.13. The AVR is also significantly affected by
the wind direction, especially for the square and H-shaped
buildings. It could increase by more than 100% on the AVR
at the oblique approaching wind (6 = 45°) compared with
the approaching wind (0 = 0°).

The drag parameterization considering the recirculation
region shows that the drag coefficient Cy is significantly
influenced by the different building shapes, with over 150%
variations, suggesting that refining the drag model by
accounting the building shape is important in reducing the
estimation uncertainty.

The findings of this study provide better understandings
of recirculation zone characteristics and pedestrian level
ventilation behind the high-rise buildings with different
cross-section shapes. It could assist in the urban design and
canopy parameterization using the recirculation area as
an input variable which has not taken the building shapes
into consideration. Currently, no universal parameter for
quantifying the building shapes at present, the proportion
and number of buildings with different shapes can be
considered for fine classification, so as to increase the
accuracy of drag coefficient estimation and improve the
urban canopy model. As a prior work, this study examines
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the recirculation flows after the isolated building, which
helps distinguish the effects of building cross-section shapes.
However, the flows are more complex around the building
clusters, which are highly complicated by the building height,
separation and layout. We will perform CFD simulations of
building groups and investigate the impact of the high-rise
building shapes on flows surrounded by different arrangements
of lower buildings in the near future.
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