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Computational fluid dynamics (CFD) is a mature method in wind engineering studies, but many air ventilation
assessment (AVA) reports prepared by consulting firms in Hong Kong still suffer from the use of inappropriate
techniques and computational settings in the CFD modeling stage. The main reason behind this is the lack of
informative guidelines relating to CFD model settings in the AVA Technical Circular issued by local authorities.
Other aspects of AVA that require improvement include terrain modeling techniques and understanding the
sensitivity of modeled topographical size to the wind environment.

This paper revisits and summarizes important aspects of current best-practice guidelines for robust CFD
simulations. The study compares two conventional approaches to terrain treatment through a series of sensitivity
tests. The first approach uses terrain features to cover the entire ground of the computational domain, whereas
the second imitates wind tunnel experiments in which the domain includes an inclined buffer area. One draw-
back of the first approach was found to be the occurrence of numerical divergence when the terrain size is small;
meanwhile, in the latter approach, the inclination angle of the buffer area must not exceed 30° to achieve robust
results.

The final stage of the study validates the results of CFD simulations based on the two approaches with
experimental data from a dense city. The approach that mimics wind tunnel experiments with a buffer zone was
found to achieve better correlations, and smaller normalized mean square errors with respect to the experimental
data and is thus considered superior.

1. Introduction environmental factor in their projects. This has led to great improve-
ments in building morphology designs.
In addition, practices related to AVA have been increasingly pro-

moted in other Asian and European countries. Cities differ with respect

1.1. Background

In 2003, to prevent the construction of poorly designed de-
velopments that would negatively affect the air ventilation performance
of local neighborhoods, the Planning Department of the Hong Kong SAR
Government adopted an initiative that requires both governmental and
non-governmental developers in Hong Kong to undertake air ventilation
assessments (AVAs) [1-3] for their proposed development projects. Ng
[4,5] assisted in the development of the AVA framework and guidelines,
and an AVA Technical Circular (AVA TC hereafter) was published by the
Housing, Planning and Lands Bureau [6].

In the years since the launch of the AVA system, developers in Hong
Kong have shown increasing awareness of air ventilation as a critical

to the critical issues and concerns around air ventilation, depending on
their geographic location and urban density. High-density cities, mostly
in Asia, are particularly reliant on sufficiently strong winds for venti-
lation. In contrast, in European cities with a smaller urban density, the
focus is generally placed on the possibility of wind gusts and amplifi-
cation problems. However, regardless of the differences among wind
ventilation studies in terms of their research focuses or experimental
approaches (e.g., numerical modeling, wind tunnel experiments), they
share the need to follow prevailing practice guidelines to ensure robust
outcomes for these assessments. Moreover, depending on the assessment
location, the treatment of the local topography is frequently a challenge.
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Therefore, it is worthwhile to revisit the prevailing guidelines and
summarize the important points to consider during numerical modeling,
as well as to carry out a more in-depth study on terrain treatment
techniques.

1.2. Literature review

Computational fluid dynamics (CFD) is a powerful and widely pop-
ular tool among environmental scientists, engineers, architects, de-
velopers, and planners to carry out parametric studies to explore
optimum building design strategies while providing scientific support to
the proposed city designs. The results of CFD simulations help planners
to prevent disastrous environmental effects that threaten human health
and life as a result of the construction of their proposed developments.

In conjunction with wind tunnel experiments and field measure-
ments [7-12], CFD has proven to be among the most successful tools for
simulating and for gaining an understanding of the continuously
changing mechanisms within an urban boundary layer. This approach
has also been applied to understand the external flow environment of
cities to aid design processes [13-26]. Developers now rely on CFD to
explore optimum designs to maximize the saleable areas of their prop-
erties while maintaining good ventilation performance.

Accurate CFD simulations with validated performance are powerful
tools to model wind flow and pollutant dispersion problems in both
idealized and real urban areas [20,27-31]. CFD can provide complete
data for the flow and concentration field within the computational
domain and can be performed at both reduced and full scales. In addi-
tion, CFD models enable efficient parametric and sensitivity analysis
[32-43] and, most importantly, can provide intuitive visualization to
aid the understanding of complex ongoing physical processes within an
urban canopy.

In the past decade, extensive AVA studies have been conducted using
CFD with reference to the guidelines stated in the AVA TC. However,
although the content of this technical circular is grounded on existing
research, it was published more than a decade ago and has not been
technically refined or revised in terms of CFD modeling methodologies
since then. A particular clause in the AVA TC comments on the use of
CFD in AVA studies: “Computational Fluid Dynamics (CFD) may be used
with caution; it is more likely admissible for the Initial Studies. There is
no internationally recognized guideline or standard for using CFD in
outdoor urban scale studies. The onus is on the assessor to demonstrate
that the tool used is ‘fit for the purpose’.”

The best practice guidelines have undergone rapid developments in
the past ten years, and many successful studies have examined wind-
engineering problems using CFD. This implies that CFD is now a
mature method supported by up-to-date international guidelines for
performing air ventilation studies [44-47]. The aforementioned clause
in the AVA TC is therefore considered inapplicable.

Apart from that, a research team led by Ng et al. carried out a
feasibility study to further refine the Air Ventilation Assessment System
for Hong Kong and published a report titled “Urban Climatic Map and
Standards for Wind Environment” in 2012 [3]. In their report, re-
finements for the AVA TC were recommended. These refinements sug-
gested the inclusion of wind performance criteria for AVA studies in
Hong Kong, provision of a set of standard site wind availability data, and
informative documentation of the model settings for Air Ventilation
Assessments via CFD modeling. Regrettably, most of the recommenda-
tions have not yet been incorporated into the AVA TC by local
authorities.

1.3. Objectives

Owing to certain ambiguity aspects in the AVA TC, in addition to
incomplete knowledge of the CFD literature and best practice guidelines
in the field, many consultancy CFD simulations and reports still display a
major lack of a basic understanding of fluid mechanics, numerical
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techniques, and appropriate scientific assumptions [48]. Moreover,
there appears to be a growing tendency for the environmental consul-
tancy industry to extend the CFD approach to other environmental as-
sessments, which include but are not limited to indoor/outdoor
pollutant dispersion simulations and thermal comfort simulations [30,
49]. The time seems appropriate to provide a retrospective review and
supplement the missing details in the AVA TC by reference to mature
international guidelines and recommendations to furnish a refined and
complete circular for the consultancy industry to follow.

Hong Kong’s terrain is hilly and mountainous with steep slopes,
which makes the inclusion of terrains in CFD modeling unavoidable for
most industrial projects. Terrain modeling is a key challenge in indus-
trial projects that use CFD. Various approaches are used to incorporate
terrain within the computational domain, and debates continue within
the industrial community regarding the merits of these approaches.

The aim of this paper is to revisit the main aspects of the best practice
guidelines and to summarize the essential points regarding each aspect
to allow supplementation in the CFD modeling context of the AVA TC.
The major focus is placed on discussion and exploration of the appro-
priate ways to model and incorporate terrains within the computational
domain for a microscale CFD study. The study is carried out systemati-
cally, and the simulation results from the approaches adopted are vali-
dated by wind tunnel experimental data.

To promote the evolution of CFD into a state-of-the-art tool in
environmental assessments, the last section discusses the methods’
limitations and proposes potential improvements in the application of
CFD in wind flow studies for environmental assessors/consultants to
contemplate.

1.4. Structure of the paper

Following the introduction section, the Best Practice Guidelines for
AVA via the CFD approach are reviewed. Fundamental but important
aspects which include the choice of turbulence models, the scale of
projects, simplification of modeled obstacles in the simulations, the
extent of the computational domain, establishment of the initial and
boundary conditions, the amount and size of computational grids, and
numerical schemes and convergence criteria, were summarized in sec-
tion 2.

After the revisit of BPGs, the focus was put on the comparison of two
terrain modelling approaches in CFD simulations through a series of
sensitivity tests supported by wind tunnel validation. The detailed
description of the two terrain treatment approaches and geometrical
setups of the investigated cases were presented in section 3. Following
section 3, sections 4 and 5 documented the setup of the wind tunnel
experiment and the CFD settings for the simulated cases, respectively.
Moreover, specific grid sensitivity tests have been conducted, and the
results were also given in section 5. Discussions and comparative anal-
ysis of the CFD sensitivity testing results for the series of cases were
carried out in section 6, together with the presentation of wind tunnel
validation results. The study was then concluded by several major in-
sights that were given in section 7.

2. Review and revisit of best practice guidelines for AVA via CFD

Various researchers [47,50,51] have provided Best Practice Guide-
lines (BPGs hereafter) for CFD in pedestrian wind environment assess-
ments. These guidelines are based on consideration of basic CFD
concepts, literature reviews, sensitivity studies on various computa-
tional parameters, and cross-comparison/validation results with wind
tunnel or field measurement data. The development of BPGs aims to
cover as many aspects as possible in an attempt to provide clear di-
rections and complete information on the CFD approach in wind engi-
neering simulations.

The existing BPGs (most importantly the COST 732 guidelines [51]
and AIJ guidelines [47,77]) outline instructions on several aspects
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encountered by CFD modelers when applying this tool in the simulation
of urban wind environments. These include the choice of turbulence
models, simplification of modeled obstacles in the simulations, the
extent of the computational domain, establishment of the initial and
boundary conditions, the amount and size of computational grids, nu-
merical schemes and convergence criteria.

2.1. Geometrical representations of obstacles

Simplification is essential and ubiquitous in the pre-processing stage
of CFD simulations. Too many detailed features will increase the diffi-
culty in generating a good quality mesh and may prevent the CFD solver
from reaching a numerically stable solution. As explored by Franke et al.
[51], although it is important for the central area of interest to be
reproduced with detailed features, increased detail requires more cells
to resolve. Therefore, the feasible level of detail in the geometric rep-
resentation of obstacles is limited by the available computational
resources.

Although conceptually simple and dependent on the judgment and
experience of CFD modelers, it is important that features, which
generate important turbulence phenomena and affect the wind flow
pattern, would not be omitted during simplification. Small structures
such as lampposts and pedestrian footbridges can generally be excluded.
Fig. 1 illustrates an example of geometry simplification.

2.2. Terrain modeling

Despite the BPGs’ attempt to cover as many aspects as possible for
the application of CFD in simulations of urban wind environments,
informative guidelines on the treatment of terrains and methods of their
incorporation into the computational domain are lacking. The current
approach to terrain treatment is arbitrary relative to other aspects of
CFD modeling. Two main approaches (see Fig. 2) are used to model the
terrain features in current practice: (1) with the modeled terrain
covering the entire ground of the computational domain, or (2) with the
model terrain set upon a turntable, bounded by buffer areas, and placed
at the center of the computational domain to mimic the approach used in
wind tunnel experiments. One of the focuses of this paper is to compare
in detail the outcomes of these two modeling approaches, as presented
systematically in Sections 3 to 5.

2.3. Choice of turbulence models

The choice of the turbulence model is critical in CFD simulations.
Ferziger [52] noted that the chosen method and turbulence model
should depend on the required prediction accuracy, computation time,
and the investigated problem itself. Reynolds-averaged Navier-Stokes
(RANS) methods can provide “sufficiently accurate” results and remain
the dominant choice in industrial applications [53,54]. Gosman [55],
Yoshie et al. [56], and Baker [57] have confirmed that CFD RANS is
appropriate for pedestrian wind comfort problems.

The COST 732 BPG and AlJ guidelines provide no specifications for

Before Simplification

After Simplification

Fig. 1. Illustration of geometry simplification.
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which turbulence model should be used in CFD simulations of wind
environments in urban and industrial areas. That said, COST 732 in-
dicates that the turbulence model should be validated against a simpler
geometry that retains the critical features to evaluate the model’s per-
formance. Some advanced unsteady models, such as large-eddy simu-
lations (LES) or detached eddy simulations (DES) that can solve a larger
portion of the turbulence spectrum than steady-state eddy-viscosity
models, require substantially more computational time and resources
than RANS. Most importantly, these advanced models still lack mature
technical guidelines and practical experience among the industrial
community. In contrast, simulation of wind fields by CFD RANS has
reached a mature state, with well-developed technical guidelines
[44-47] and extensive experience through a long history of the practice.

Owing to the need for a balance between accuracy and computa-
tional cost, most studies of outdoor advection-dominated wind ventila-
tion problems adopt RANS as the turbulence model to provide
satisfactory validation results [58-75]. In environmental simulations, to
shorten the design and marketing cycle, the RANS turbulence model will
continue to play an important role, especially in industrial and envi-
ronmental computations [48,76].

However, the results obtained by Mochida et al. [77] and Franke
et al. [44] imply that prototype versions of eddy-viscosity models (i.e.,
the standard k — ¢ model) should be avoided in simulations of the wind
environment of urban areas, whereas modified eddy-viscosity models
[78,79] are preferable.

2.4. Size of computational domain

The extent of the computational domain generally depends on the
simulation of the geometries. Various researchers [80-82] recommend a
lateral and vertical extension of 5H,y; from the built area, where H,y is
the tallest building height. The intent of incorporating the distances
between buildings and their boundaries into the computational domain
is to avoid artificial wind acceleration at the edges of buildings. Further
to the lateral and vertical extension, the existing BPGs also provide
suggestions regarding the size of the domain in the streamwise direction.
A distance of 5H,y is recommended between the inflow boundary and
the built areas to allow the flow to develop. However, if detailed in-
formation on the inflow wind profile is lacking, the inflow boundary
must be extended further away. To allow the flow to fully develop at the
wake region, the outflow boundary of the computational domain
downstream of the built area should not be placed less than 15H,,; from
the buildings, as suggested by Cowan et al. [81], Scaperdas and Gilham
[82], and Bartzis et al. [83].

2.5. The setting of boundary conditions

Both the ALJ guidelines and COST 732 BPGs indicate that a zero
normal velocity and zero normal gradients of the tangential velocity
should be implemented for the upper and lateral boundaries of the
computational domain. The downstream boundary condition is recom-
mended to be zero normal gradients for all variables, and the boundary
conditions of all solid surfaces are suggested to be set as no-slip walls.

2.6. The setting of inflow conditions

Inflow profiles usually contain information on the mean velocity and
turbulence quantities, must be imposed at the inlet boundaries to drive
the CFD model. The requirement in the robustness of the inflow turbu-
lent profile (in terms of magnitude) is less strict than the need for an
accurate inflow wind profile, as reported by An et al. [84]. These inflow
profiles are commonly obtained from wind tunnel experiments and
simulation outputs from meteorological models (e.g., WRF or RAMS).

Although it is suggested by the COST 732 BPGs that wind tunnel data
are the preferable data source for the approximation of inflow profiles,
topographical studies using wind tunnel are not capable of providing
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Fig. 2. Illustration of terrain treatment techniques (a) Approach A (b) Approach B.

representative site wind availability data for coastal areas with land-sea
breezes. Therefore, wind tunnel can be adopted in conjunction with
meteorological models that can overcome this particular weakness and
produce a set of fine-grid site wind availability data that take into ac-
count the surrounding terrain features and atmospheric conditions.

2.7. Computational grid

The near-wall flow is typically composed of three sub-layers. They
are a laminar sub-layer in which the mean velocity is linearly related to
the non-dimensional wall distance y,, a fully turbulent sub-layer in
where the mean velocity and y, shows a logarithmic relationship, and a
transitional sub-layer which connects the two sub-layers mentioned
above. There are mainly two approaches to resolve the flows in the near-
wall region. One way is to adopt wall functions that use semi-empirical
formulas to bridge the viscosity-affected region between the wall and
the fully-turbulent region. The wall function approach does not need to
resolve the boundary layer and would result in a reduction of mesh
amount in comparison to the second way, which resolves the viscosity-
affected region with very fine meshes down to the wall.

The most suitable inflation mesh for the geometry is strongly tied to
the choice of the turbulence model and to the characteristics of the flow
field that one is interested in capturing. The AlJ guidelines indicate that
the minimum grid resolution should not be coarser than 1/10 of the
building scale, and sufficiently fine near-wall cells are required to
accurately predict flow behaviors near the wall region, preferably
maintaining a sufficiently small non-dimensional cell wall distance y.
for the first layer of cells next to the wall surfaces.

For steady RANS k — ¢ family models, which adopt the standard wall
function approaches, the value of the non-dimensional wall distance y..
should be maintained in the range of 30-500. On the contrary, for un-
steady LES models or k — @ family models, which solve the flow down to
the viscous sublayer instead of adopting wall function approaches, a
smaller value of y, less than unity is preferable.

In view of the need to balance the prediction accuracy, the numerical
stability, and the computational costs, slight relaxation of the restriction
iny, value should be allowed. With numerical convergence as a priority,
one should always attempt to keep y. as small as possible. As a rule of
thumb, it is considered the good practice to include 4 to 10 inflation
mesh layers within the boundary layer to robustly resolve flow struc-
tures within the layer and accurately predict any separation or reat-
tachment points.

2.8. Numerical schemes and convergence criteria

The first-order upwind scheme is considered incapable of producing

accurate enough simulation results. Less diffusive higher-order numer-
ical schemes are favorable. Meanwhile, given the need to maintain nu-
merical stability, the relaxation factors can be adjusted. However, one
drawback in reduction of relaxation factors is a slower rate of conver-
gence and longer computational time.

Existing guidelines suggest that a sufficient convergence criterion for
CFD simulations of wind engineering problems is that the scaled re-
siduals for all variables drop below 1 x 10~* [85]. To ensure that the
simulated solutions have reached a steady state, convergence tests
should be carried out. These are performed by monitoring the variables
of interest until they exhibit non-observable changes, taken as an indi-
cation that they have reached a stable and converged solution.

2.9. Scale of projects

There has been a tendency of increasing the scale of the industrial
projects that adopt CFD to carry out AVAs (the largest project involved a
site area >300 ha). In principle, with enough fine grid cells (on the scale
of hundreds of millions), enough time, and sufficient computer resources
(depending on the type of turbulence model adopted), CFD can provide
robust wind flow patterns.

In view of the nature of CFD models (i.e., microscale models applied
to simulate a variety of details), regardless of the available computa-
tional resources and computational time in the industrial field, project
sites on very large scales are not considered feasible unless such simu-
lations aim only to offer broad patterns of wind flow.

Therefore, for CFD simulations of development areas on such scales,
a more appropriate approach is to break down the total area into sites of
smaller scales (i.e., on the magnitude of several tens of hectares).
Separate CFD simulations should then be carried out on each of these
small-scale sites with mesh cell counts on the magnitude of several
million for steady RANS models or even more for higher classes of un-
steady models.

3. Terrain modeling and buffer area simplification
3.1. Different approaches in treatment of terrains

The terrain inevitably influences the wind flows that reach a city.
The inclusion of topographical features in industrial AVA projects is an
essential yet challenging task. Debates have been ongoing between
environmental assessors and consultants on the extent to which terrain
features should be modeled, and the modeling approach itself for the
inclusion of topographical features within the computational domain.

One relatively direct approach is to include terrain features that
cover the entire ground of the computational domain (denoted
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Approach A hereafter, see Fig. 2a) [86-88], and another (Approach B
hereafter, see Fig. 2b) [26,89,90] is to imitate the practice in wind
tunnel experiments, in which the modeled terrain is placed upon a
turntable within the computational domain. For analysis of airflow over
steep topography in the latter approach, a buffer area is established. The
terrain in the buffer area is relatively flat but with a slight elevation and
connects smoothly to the terrain in the computational domain.

Despite the incorporation of the flat and gently rising buffer area in
Approach B, which allows a smooth transition of wind and turbulence
profiles before reaching the true terrain to ensure better convergence,
the creation of buffer zones is relatively arbitrary. There are no guide-
lines on the generation of buffer zones, and this step is highly dependent
on the judgment of the CFD modelers. It has been argued that the buffer
zone can result in distortion of the vertical wind profile before it reaches
the real terrain and affects the simulated wind flow patterns and
magnitude if the buffer zones are modeled inappropriately or the extent
of the modeled terrain is in close proximity to the dense urban area of
interest. The above concerns regarding the buffer zones are investigated
in detail in this paper. Furthermore, this paper investigates the sensi-
tivity to the terrain size and compares the advantages and disadvantages
of Approaches A and B.

3.2. Simulated cases

Four series with 21 cases have been simulated. This study was carried
out in a progressive manner, starting from a series of five ideal cases (A-
1, A-2, A-3, A-4, and A-5), focusing on the treatment of buffer areas in
Approach B. These ideal cases were designed to model a conceptual
dense urban area situated on flat land with different inclination angles of
the buffer area, aiming to determine the optimal angle. Following Cases
A, another four cases (B-1, B-2, B-3, and B-4) were constructed to rein-
force the findings of Cases A, by replacing the flat land with hilly terrain
(see Fig. 3). Through the insights gained from the simulation results of
Cases A and B, an appropriate way to create a buffer area that does not
greatly alter the robustness of the results can be established.

The study further progressed by investigating the influence of terrain
size on the CFD simulation results. Approach A and Approach B were
both applied to another eight cases (C-1A to C-4A and C-1B to C-4B)
with different terrain extents xR calculated from the edges of the
simulated urban area, where R = 500m and x = 1, 2, 3, 4 corresponding
to Cases C-1 to C-4 respectively. Therefore, Cases C-1A, C-1B have the
smallest terrain size with an extension of 1R = 500m from the simulated
urban area edge while Cases C-4A, C-4B have the largest extension
distance of 4R = 2000m. This series of cases (see Fig. 4) explored the
sensitivity of the modeling results to the size of the terrains and whether
variation in modeling techniques affected the consistency of the
outcomes.

The final stage of the study validated the CFD results obtained by
Approaches A and B, under different terrain sizes, against wind tunnel
experiment data on a real urban environment via Cases D-1 to D-4 (see
Fig. 5). The results are intended to help determination of the most
favorable approach to terrain incorporation in AVA studies that adopt
CFD as a modeling tool, at the same time, reinforce and provide sup-
plementary information on terrain modeling in the current AVA TC. The
major design concepts and parameters of the investigated cases are

(a) Dense Urban Area

(b) Dense Urban Area

30" Oss’ Ooo'

Fig. 3. Inclination angles of buffer area for (a) Cases A (b) Cases B.
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summarized in Table 1.

3.3. Air ventilation indicator

The wind velocity ratio (VR) [91], a dimensionless number, is the
indicator most commonly used to assess pedestrian wind comfort in AVA
studies. This indicator is adopted here as the wind performance indi-
cator and is defined as:

Vp

V=3~ m

where V,, is the wind velocity at the top of the wind boundary layer and
is not affected by the ground roughness or local site features, whereas Vp
is the wind velocity at the 2m pedestrian level. VR indicates how much of
the wind availability is experienced by pedestrians on the ground and
allows a relatively simple indication of the study site’s wind environ-
ment. The higher the value of VR, the better the air ventilation
performance.

3.4. Performance metrics

In addition to the correlation value between measured and simulated
results, two other validation metrics were used to quantify the agree-
ment between the simulation and experimental results [92]: the fraction
of the prediction within a factor of 2 of the observations (FAC2) and
normalized mean square error (NMSE). These metrics can be expressed
as follows:

N P
FAC2:% > " niwith ;=< 1 for (0.5 << 2> UM, <WNP <W)
=1 i
0 else
(2a)
P — M)
AMISE::E:AAA:Q— (2b)
P x M

where Mi and Pi are the measured and predicted values of a given var-
iable for sample i, respectively; and N is the number of data points. The
overbars denote the mean of the dataset. The allowed absolute differ-
ence W was set to 0.05 for FAC2. An ideal model would produce metric
values of 1.0 for FAC2 and 0 for NMSE.

4. Wind tunnel experiment setup for validation

The details of the wind tunnel settings for validation were docu-
mented in the published experimental report, and only the main features
are presented here. The experiment was performed using the CLP Power
Wind/Wave Tunnel Facility (WWTF) at the Hong Kong University of
Science and Technology. The wind tunnel study was undertaken in
accordance with the requirements stipulated in the Australasian Wind
Engineering Society Quality Assurance Manual (AWES-QAM-1-2001)
[93] and the American Society of Civil Engineers Manual and Report on
Engineering Practice No. 67 for Wind Tunnel Studies of Building and
Structures [94].

The wind tunnel facility comprises two long fetch boundary layer
wind tunnel test sections, as shown in Fig. 6a. The high-speed test sec-
tion, which is 28m in length, has a 3m wide x 2m high working section
with a maximum freestream wind speed of approximately 30 m/s. The
40m long low-speed test section has a 5m wide x 4m high working
section and a maximum freestream wind speed of approximately 10m/s.
Various terrain simulations can be modeled in either test section at
length scales ranging from approximately 1:5000 to 1:50.

A 1:400 scale model that included all known existing and approved
developments and topographical features within a radius of



K. Anetal Building and Environment 169 (2020) 106580
(a) Wind Inflow (b) Wind Inflow
Transition Area
Buffer Area
xR
xR
I xR
< <
~L<n ~<m 3 Dense Urban City 3
3 3 3 3
3 3 o ol
o xR o 2 2
< <
Dense Urban City
Outflow
Outflow

Fig. 4. Illustration of modeled computational domains for Cases C via (a) Approach A, (b) Approach B.

approximately 600m from the center of the Project Area (where the blue
colored buildings are located in Fig. 6b) was fabricated to represent the
current state of the urban areas.

Sensors were installed at the height of approximately 2m above
ground level at prototype scale (i.e., 5mm at the model scale) and wind
speeds at the test points (see Fig. 6d) were measured using a multi-
channel thermal anemometer whose signals were sampled using a
dedicated computer for a period of approximately 1 hr at the prototype
scale.

To achieve a fair comparison between the CFD simulation results and
wind tunnel data, a 1:400 CFD model with topographies and building
morphologies as close as possible to the wind tunnel experiment was
constructed (see Fig. 6¢). In addition, the Reynolds number of the CFD
model and the wind tunnel experiment was kept consistent.

Although pedestrian level wind speed measurements were taken at
22.5° increments across the full 360° azimuth (i.e., 16 wind directions)
in the wind tunnel experiment, the northerly wind coming from the sea
was considered to be more representative when compared to the
southerly wind which would be sheltered by the terrains and anticipated
to have a comparatively lower wind magnitude. Apart from the above
reason, the northerly wind is also one of the major prevailing wind di-
rections towards the Project Area in this wind tunnel experimental
study, therefore without loss of generality, the measurement data of the
northerly wind were taken for model validation.

5. CFD simulation settings
5.1. Computational domain

The computational domains adopted in this study were all rectan-
gular. For the Cases A to D that adopted Approach B, size of the
computational domains comply with the CFD guidelines [45,47]. For
Cases C-1A to C-4A, which adopted Approach A, the dimensions from
the computational domain boundaries were at least 1R = 500m (Case
C-1A) in all horizontal directions from the simulated city edge,
increasing incrementally to 4R in Case C-4A. The vertical extent of the
computational domain more than 1.5R for all Cases C-1A to C-4A.

5.2. Inflow profiles

For Cases A to C, the inflow wind profile was a typical atmospheric
power law wind profile in the form of U(z) = Un(z/H)", whereas the

turbulent kinetic energy profiles were in typical functional forms of
k(z) = nyz™exp( — n3%). The turbulence dissipation rate, ¢ was esti-
mated using the equation ¢ = C;”°k'® /xz, where C, = 0.09, k is the
turbulent kinetic energy, and « = 0.4 is the von Karman constant. The
constants for the profiles were set with Uy = 8.2m/s, H= 300m and
wind index n = 0.18 with#, =1.61, #, =0.14 and y; = 0.0018.

The CFD simulations for model validation (Cases D) adopted the
fitted profiles of inflow wind and turbulent kinetic energy (see Fig. 7) of
the northerly wind based on experimental data from the “Final Report
for an Instructed Project at Ex-North Point Estate Site - WWTF Investi-
gation Report WWTF015-2008" [95]. The inflow profiles were fitted to
the wind tunnel data with standard functional forms of power-law wind
profile and turbulence profiles by minimizing the mean squared error.
The set of profile constants with values Uy = 8.2m/s, H= 0.75m, and
the wind index n = 0.18, was found to generate the best fit of the
experimental inflow wind profile, while the function k(z) =
r,n122exp( — 7,32), with y,; = 3.69, y,, =0.14 and 7,3 = 0.72, mini-
mized the mean squared error when fitting the turbulent kinetic energy
data from the wind tunnel database.

The commercial CFD code ANSYS FLUENT 14.5 (Fluent Inc., 2012)
was used, which applies the finite-volume method to solve the three-
dimensional equations of incompressible steady-state continuity and
momentum. The realizable k — ¢ model, a commonly used turbulence
model in AVAs, was adopted for turbulence modeling with the standard
wall function.

5.3. Boundary conditions, numerical schemes, convergence criteria, and
mesh fineness

The boundary conditions, numerical schemes, and convergence
criteria for Cases A to D were consistent with the description in Section
2, and were summarized in Table 2 for ease of reference.

On average, 10 million unstructured mesh cells were generated for
Cases A and B. For Cases C, approximately 10 million unstructured mesh
cells were generated with Approach A, whereas 12 million unstructured
mesh cells were used with Approach B. The computational domain size
and the approximate grid numbers for the cases in the validation study
(Cases D) are tabulated in Table 3. For all the simulated cases, refined
mesh grids were created near the street canyons and block obstacles
with a minimum size of 2m and a maximum size of 4m, whereas coarser
grids set with a maximum size of approximately 100m were adopted at
regimes further from the buildings and topographical geometries. The
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Fig. 5. Illustration of the computational domain for Cases D modeled via (a) Approach A, (b) Approach B.

vertical and horizontal grid expansion ratios also satisfied the criterion
of being less than 1.2.

Furthermore, for all simulated cases in Cases A to C, unstructured
grids with prismatic layers with a minimum size of 0.025m were intro-
duced around all wall faces ensuring average values of y, in the optimal
range of 30 < y. < 300. For validation Cases D, four layers of boundary
mesh covering all surfaces including building walls, with the first layer
of mesh at an approximate distance of 3 x 10~* m with an average value
of y, <5 at model scale, were generated to capture the shearing
boundary layer flow.

5.4. Grid sensitivity

Three types of the grid were implemented to carry out grid sensitivity
tests on the investigated Cases A to D. Because the results/conclusions
from the grid sensitivity tests were similar for all cases, in the interest of
brevity, only the results for Case B-2/Case C-3B and Case D-3 are pre-
sented here.

A basic grid with approximately 12.1 million cells and 8.4 million
cells was generated for Case B-2/Case C-3B and Case D-3, respectively.
The fine grid and coarse gird for the cases deviate from the basic grid by
approximately +20% (see Fig. 8).

Fig. 9 compares the simulation results under the three types of grid in
terms of the wind velocity ratios. There are no observable differences
with an average absolute percentage error of approximately 5%, be-
tween the results from the basic and fine grids, the basic grid was
considered sufficiently well resolved and was adopted for the simulated
cases.

6. Performance comparison

The building morphologies were the same for all three series of
simulated cases. Test points were placed at 49 representative locations
(divided into five groups) within the modeled conceptual urban area for
Cases A, B, and C, as illustrated in Fig. 10.

Pedestrian level wind data at 2m above the terrain were extracted at
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Table 1
Major design parameters of the investigated cases.
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Test cases Approach Maximum angle of inclination for buffer area Topographical features
Case A-1 B 15° Flat terrain,
Case A-2 30° 3R from the urban city edge
Case A-3 45°
Case A-4 60°
Case A-5 90°
Case B-1 15° Hilly terrain,
Case B-2 30° 3R from the urban city edge
Case B-3 45°
Case B-4 90°
Case C-1A A - Hilly terrain,
1R from city edge to domain boundary
Case C-2A Hilly terrain,
2R from city edge to domain boundary
Case C-3A Hilly terrain,
3R from city edge to domain boundary
Case C-4A Hilly terrain,
4R from city edge to domain boundary
Case C-1B B 30° Hilly terrain,
1R from city edge to buffer zone
Case C-2B Hilly terrain,
2R from city edge to buffer zone
Case C-3B Hilly terrain,
3R from city edge to buffer zone
Case C-4B Hilly terrain,
4R from city edge to buffer zone
Case D-1 A - Terrain extent mimics wind tunnel experiment
Case D-2 Terrain extent at least 4R towards computational domain boundaries
Case D-3 B 30° Terrain extent mimics wind tunnel Experiment
Case D-4 Terrain extent at least 4R towards buffer zone boundaries

the test point locations, and the averaged wind velocity ratio (VR)
defined in Equation (3a) was used as a wind performance indicator.
Apart from VR, the average vertical turbulent kinetic energies (from
terrain level to a height of 500m) defined in Equation (3b) were also
calculated and used as a comparison indicator.

1
VRuverage = Z Z VR; (3a)
i=1

R
TKE peruse = > TKE, (3b)
=

wheren =49, VR; is the pedestrian wind velocity ratio at test point i and
TKE; is the vertical mean TKE from terrain level to a height of 500m at
test point i.

6.1. Sensitivity to buffer zone inclination (Cases A and B)

Cases A and B adopted Approach B and involved an inclined buffer
area in the CFD model. The ideal buffer area should be relatively flat and
modeled with a small inclination angle that connects smoothly to the
terrain. To achieve this, the inflow and outflow faces of the computa-
tional domain must be extended very far.

The smallest inclination for the buffer area of both Cases A and B was
15°. This angle is considered small enough to create a relatively flat
buffer area with a gradual gradient that connects smoothly to the terrain
that contains the modeled city. Any inclination of the buffer area less
than 15° was assumed to produce average values of wind velocity ratio
and turbulent kinetic energy that differ non-observably from the buffer-
free case within the modeled dense urban area.

Fig. 11 plots the vertical wind velocity ratio and TKE profiles against
normalized height (H = 50m) for Cases A with flat terrain, averaged
according to the five groups of test points (see Fig. 11). Similar profiles
were obtained for Cases B with hilly terrain and were not presented here
for the sake of brevity. It can be observed that the case with the 6 = 30°
buffer area inclination (Case A-2, red dashed line) deviates the least
from the case with @ = 15° inclination (Case A-1, solid blue line) in all

groups for both the averaged wind and TKE profiles. When the incli-
nation of the buffer area is increased to 8 = 45° (Case A-3, black line
with circles), the trends in wind and TKE profiles are qualitatively
similar to Cases A-1/A-2, but with an observable deviation in profile
magnitude. The deviation in magnitude is more obvious at the wind-
ward groups of test points (Groups 4 to 5) than the leeward groups
(Groups 1 to 3).

After the inclination is further increased to § = 60° and 6§ = 90° in
Case A-4 and Case A-5 respectively, the averaged TKE profiles begin to
deviate from the other cases in terms of both shape and quantitative
magnitudes. This can be clearly seen from the averaged TKE profiles for
the Groups 4 and 5 test points. For the averaged wind profiles, although
the shape is maintained, the absolute values are under-predicted for
Cases A-4 and A-5 relative to Case A-1.

Fig. 12 shows the pedestrian wind VR at the 49 test points for both
Cases A and B. In terms of pedestrian wind environment, and the trend
lines indicate that the change in the buffer area’s inclination does not
result in changes in the wind pattern at pedestrian level but does alter
the predicted magnitude of the wind. For Cases A with flat terrain, an
inclination of § = 45° in the buffer zone can still produce a wind VR
close to the case with an inclination of § = 15°. However, for Cases B
with hilly terrain, a difference of more than 25% in wind magnitude is
observed between the 15° case and all cases with 45° inclination or
beyond.

The data presented in Fig. 13 and Table 4 illustrate the results more
clearly. For Cases A with flat terrain, a 30° inclination in the buffer area
only results in a deviation of approximately 4.8% in terms of average
wind VR with respect to the 15° inclination. The deviation in average
TKE is even smaller, around 4%. Similar results can be observed in Case
B-2 with gradients instead of a flat terrain: the absolute percentage de-
viation is less than 5% for averaged wind VR and less than 8% for
average TKE. However, the percentage difference becomes unsatisfac-
tory in both averaged VR and TKE when the inclination of the buffer area
is set to 90° for cases with either flat or hilly terrains. Relative to the
cases with a 15° inclination, the absolute percentage difference for the
90° inclination in cases with non-flat topographies reaches more than
60% in averaged wind and greater than 100% in averaged TKE.
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From the above findings, it can be concluded that a 30° inclined
buffer area can produce satisfactory and robust results (in both trends
and magnitude) relative to cases with 15° inclined buffer areas. Any
cases with buffer area inclinations beyond 30° produce undesirable
simulation results. Therefore, when adopting Approach B with a buffer

Table 2
Settings for the CFD simulations of the cases.

Settings for CFD models

Symmetry conditions for the two sides
and top boundary

Wall boundary condition for the
buildings and ground

Velocity inlet condition for the inflow
boundary

Outflow condition for the outlet
boundary

Boundary

conditions

Turbulence model

Wall function

Numerical scheme for pressure term and
(d) advection terms

Realizable k — ¢ model

Standard wall function
Second-order for the pressure term
Second-order upwind schemes for

'Wind Flow
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Fig. 6. Illustration of the (a) cross section of wind tunnel (b) modeled urban
geometry - wind tunnel experiment (c) modeled urban geometry - CFD simu-
lation (d) top view with test point locations.
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Fig. 7. Fitted inflow profiles for CFD validation based on wind tunnel data from

investigation report WWTF015-2008".

advection terms

Around all wall faces including
buildings

Scaled residuals reduced to below 1 x
1074

Prismatic layers

Convergence Criteria

Table 3
Settings for the CFD simulation of the validation case.

Test Domain dimensions (Hr = 0.5m, Approximate number
cases tallest building height) of grid points
Case R; = 3Hr, Ry = 0.1H7, = 0.1Hy, Hp = 5.3 million
D-1 15Hr
Case R; =15Hr, R; = 10Hr, R, = 15Hy,Hp =15H; 8 million
D-2
Case R; = 3Hr, R; = 0.1Hy, R, = 0.1HrD; = 15R;, 8.4 million
D-3 D; =15R;, D, = 33R;,Hp = 15H7
Case R; = 15Hr, R, = 10Hr, R, = 15HD; =7R;, 9 million

D-4 D; =7R;, D, = 20R;, Hp = 15Ht

Inflow TKE Profile

Wind Tunnel
CFD
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“Final report for an instructed project at ex-North Point estate site — WWTF
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Fig. 8. Illustrations of coarse, basic and fine grids for (a—c) Case B-2/Case C-3B
(d-f) Case D-3.

area in CFD simulations of wind environments, the inclination angle of
the buffer area should be set to a maximum of § = 30°.

6.2. Sensitivity to terrain size in two simulation approaches (Cases C)

This section investigates the influence of terrain size on the predicted
wind and turbulence quantities within the same dense urban area under
the two terrain modeling approaches. The cases start from a terrain size
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of R =500m from the simulated city edge and increase at 500m in-
crements until 4R = 2000m.

Contours of wind velocity ratio and absolute difference in wind ve-
locity ratio between various cases are also provided in Fig. 14. Owing to
the similar in nature of the wind velocity ratio contours for the series of
Cases C using Approach A and Approach B, aiming to avoid redundancy,
only contours for selective cases were presented here. Fig. 15 contains
bar charts showing the cross comparisons of pedestrian wind velocity
ratio within the simulated urban area among all Cases C.

No simulation results were obtained for Case C-1A, because this case
was obliged to be modeled with a very small computational domain,
resulting in short distances from the geometric edges of the urban area to
the domain boundaries, causing numerical divergence. Observable
variances in wind velocity ratio values were discovered at majority
upwind test points located within Group 4 and Group 5 (i.e., Test Points
T33 to T49) for Cases C-2A to C-4A, while a good agreement in wind
velocity ratio was reached among the cases at downwind test point lo-
cations (i.e. Test Points T1 to T20). This finding can be better observed
from the contour plots displaying the absolute wind VR differences at
pedestrian level between Cases C-2A/C-3A and Cases C-3A/C-4A in
Fig. 14a and b, respectively. Similar features can also be seen among
cases adopting Approach B (Cases C-1B to C-4B). The contour plot in
Fig. 14c reflected the discrepancies in pedestrian wind velocity ratio
across Cases C-3B and C-4B with different terrain extents were more
observable for certain upwind test points in Group 3 (i.e., Test Points
T26 to T28), Group 4 (i.e., T33, T35 to T38) and Group 5 (i.e., T39, T43
to T46 and T49) compared to those downwind test points within Group 1
and Group 2. The comparative contour plots in Fig. 14e and f demon-
strated the predicted wind patterns near/within the simulated urban
area for Cases C-3A and C-4A.

It can be seen from the contours that the two cases displayed a broad

Wind Velocity Ratio at Pedestrian Level under Different Types of Grids (Case B-2/C-3B)
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Fig. 9. Bar charts of pedestrian wind VR at various test point locations for (a) Case B-2/C-3B (b) Case D-3 under different computational grid resolutions.
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Fig. 13. Average wind velocity ratio and turbulent kinetic energy for (a) Cases A and (b) Cases B.

similarity in predicted pedestrian wind flow patterns (i.e., predicted
locations within the city where high or low pedestrian wind velocity
ratio occurred were consistent among the cases) within the simulated
city but with greater differences at locations surrounding it. The possible
explanation for the aforementioned observations is that the simulated
wind flow pattern and the magnitudes of pedestrian wind velocity ratio
at the upwind surrounding regions of the urban city are relatively more
sensitive to the topological features/extents of the modeled terrain,
while the wind at relatively downwind region within the urban city is
predominantly affected by the building morphologies rather than
topographic features.

In addition, Fig. 14d shows the absolute differences in wind velocity
ratio for Cases C-4A and C-4B with a consistent terrain extent but
different terrain treatment techniques. From this contour, it can be
implied that there would also be spatial differences of predicted
pedestrian wind velocity ratio magnitude within and at the near sur-
rounding of the simulated urban city with the adoption of different

12

terrain modelling approaches.

The average pedestrian wind and turbulent kinetic energy data from
the simulated cases are presented in Fig. 16. The results indicate that the
predicted averaged VR values vary according to the terrain extent under
both terrain treatment approaches. This implies that the predicted
magnitudes of averaged pedestrian wind VR within an urban area will be
affected whenever the extent of the modeled terrain changes.

The average pedestrian wind VR and TKE values with the two terrain
modeling approaches are shown in Table 5, grouped according to the
modeled terrain size. Approach B generally offers similar predictions of
pedestrian wind magnitude and average TKE to those simulated via
Approach A under the same terrain size, with average relative per-
centage differences of approximately 15%, for the two variables.

From these findings, it is suggested that although similar trends of
wind behavior were predicted regardless of the terrain extent under the
various scenarios, the variation in the modeled terrain size can be ex-
pected to have certain impacts on the predicted magnitude of the wind
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Table 4
Summary of CFD simulation results for Cases A and Cases B.

Test VRayerage ~ Absolute % TKEgverage(m?/  Absolute %
cases difference of s2) difference of
VR average(Relative to TKEayerage(Relative to
the case with 15° the case with 15°
inclination) inclination)
Case 0.21 - 2.23 -
A-
1
Case 0.20 4.8% 2.32 4.0%
A-
2
Case 0.18 14.3% 2.40 7.6%
A-
3
Case 0.16 23.8% 2.51 12.6%
A-
4
Case 0.12 42.9% 2.41 8.1%
A-
5
Case 0.23 - 1.64 -
B-
1
Case 0.22 4.3% 1.76 7.3%
B-
2
Case 0.17 26.1% 1.89 15.2%
B-
3
Case 0.07 69.6% 3.75 >100%
B-
4

at pedestrian level and also the level of turbulence. Moreover, the results
indicate there are certain differences in the magnitude of results pre-
dicted via the two approaches.

To identify which of the two approaches gives better and robust re-
sults, the results predicted from CFD simulations on a dense urban area
generated by the two approaches are validated and compared with wind
tunnel data in the next section.

6.3. Validation results

Having established an appropriate way to model the buffer area in
Approach B through the insights from the simulations of Cases A and B
and having investigated the influence of terrain size on the wind envi-
ronment within the simulated dense city calculated by the two ap-
proaches in Cases C. This section addresses which of the two approaches
provides better simulation robustness and flexibility. To this end, the
CFD simulation results from Cases D will be compared with a set of wind
tunnel data measured at various locations under the prevailing northerly
wind.

The building geometries in all the Cases D were constructed as close
to those in the wind tunnel as possible. However, consistent computa-
tional domain topology as in the wind tunnel experiment cannot be
maintained with the adoption of Approach A in Cases D-1 and D-2.
Fig. 15a compares the simulated wind velocity ratios of various Cases D
with the wind tunnel data measured at the locations presented in
Fig. 13c. Wind tunnel data at 84 locations (all at the pedestrian level 2m
above ground) were compared with the CFD simulation results.

As seen in Fig. 17a, no simulation data are given for Case D-1. This is
because the close proximity between the city and the domain boundary
hindered the development of the inflow profiles and the recovery of the
downwind wakes while creating artificial acceleration at the edges of
buildings, which resulted in the numerical divergence of the simulation
despite the use of numerical smoothing techniques.

To ensure that Approach A could be successfully adopted in the CFD
simulation, a mitigation case (Case D-2) was constructed by enlarging
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the terrain extent. In addition, Case D-4, adopting Approach B with the
same terrain extent in Case D-2 and also consistent domain topology as
the wind tunnel, was developed to provide reference comparison. As
revealed from the results in Section 6.2, the size of the topographic
features included in the model would affect the wind velocity ratios
within the dense urban area. This is clearly reflected by the averaged
wind velocity ratios of the results for Case D-2 (0.23) and Case D-4
(0.28), which are both under-predicted relative to the value from the
wind tunnel experiment (0.34). Nevertheless, due to the consistency in
computational domain topology with the wind tunnel, Case D-4, which
used Approach B, more closely reproduced the averaged wind VR from
the wind tunnel data than Case D-2, which adopted Approach A.

Although the average wind VR obtained from Case D-3 was still
under-predicted relative to the wind tunnel data, this case, with the
closest geometric similarity to the wind tunnel experiment, most accu-
rately reproduced the wind VR value (0.30) from the physical experi-
ment among all Cases D. Although Case D-3 produced relatively
satisfactory simulation results, at certain test point locations (e.g., T31 to
T34) the wind VR values were observably under-predicted relative to the
experimental data. Test points T31 to T34 are located within the street
canyon and are potentially sheltered by tall buildings against the
northerly wind. One potential explanation for the relatively high wind
velocity ratio measured at these test points is measurement error during
the wind tunnel experiment.

Willemsen [96] reported that wind tunnel experiments could be
conservatively estimated to have a standard measurement error of 20%
for the pedestrian-level wind. Therefore, it should be noted that wind
tunnel data must also include a certain amount of uncertainty. However,
many other uncertain factors include but are not limited to the dis-
crepancies that arise from the simplification of the modeled geo-
metries/topography/buffer areas, inflow atmospheric conditions, model
parameter settings, and choices of turbulence models [84,97-105],
presumably would contribute to the deviation of the CFD results from
the wind tunnel measurements.

In addition to the average VR, values of three other validation met-
rics are summarized in Table 6. Simulation results from Case D-3 have
the best correlation with the wind tunnel data (see Fig. 17¢), the lowest
value of NMSE, and the highest FAC2 value. Case D-4 has a lower NMSE
and a higher FAC2 than Case D-2 but a similar correlation. These results
show that Case D-3 outperforms Cases D-2 and D-4 in terms of simula-
tion robustness in the prediction of the wind velocity ratio. Furthermore,
strong evidence shows that modeling Approach B, which incorporates a
buffer area, provides greater flexibility and performs better than
Approach A, in which the terrain covers the entire ground of the
computational domain.

7. Conclusions

More than a decade has passed since the launch of the AVA system in
Hong Kong. The use of CFD in these kinds of assessments has become
common in the environmental industries. However, many AVA reports
still seem to lack technical details and use a wide range of model
simulation settings. One reason behind this is the lack of informative
guidelines relating to CFD model settings incorporated into the issued
AVA Technical Circular upon the launch of the AVA system.

There is a growing tendency for the environmental consultancy in-
dustry to extend the use of CFD from AVA applications to other envi-
ronmental assessments, which include but are not limited to indoor/
outdoor pollutant dispersion simulations and thermal comfort simula-
tions [30,49]. This paper reviewed and summarized the main aspects of
the best practice guidelines for CFD modeling, anticipating an enriched
and more detailed circular that would result in better usage of the CFD
tool by the consultancy industry.

After revisiting the existing guidelines, this study focused on the
aspect of terrain modeling under two major approaches. Twenty-one
cases were investigated with the realizable k — ¢ model and were
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Fig. 14. Contours of absolute wind velocity ratio difference and wind velocity ratios for selective Cases C at pedestrian level.

categorized into four series: Cases A, B, C and D. Under a fixed terrain
size, Cases A and B were simulated to systematically establish the most
appropriate inclination angle 6 of the buffer area in Approach B. Using
both terrain treatment approaches, Cases C were run to demonstrate the
effect of the modeled terrain size on the pedestrian wind environment
and turbulent kinetic energy within the modeled city. Following Cases A
to C, simulations were carried out, again with both terrain treatment
approaches, for Cases D and inter-compared with wind tunnel results to
validate not only the appropriateness of the two modeling approaches
but also the performance of the turbulence model. The results reveal the
following key insights and conclusions.

- Under Approach B, a smaller inclination angle 6 is preferred for
buffer areas that connect the computational boundaries and the
topographical features. Larger inclination angles result in greater
deviation of the predicted values for pedestrian wind and turbulence
quantities. To ensure robustness, a 6 value of 30° or less for the buffer
area is required when adopting Approach B for CFD simulations of
AVA projects.

Except for specific cases in which a change in terrain size would filter
out observable topographical features, in general, minor alterations
in the extent of terrain in CFD simulations do not greatly influence
the wind distribution within a dense urban area. However, such
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adjustments cause certain changes in the magnitude of the simulated
pedestrian wind and turbulence quantities.

Although being a relatively direct and simple method for modeling
terrain features, Approach A encountered difficulties in numerical
convergence when the topographical extents were limited. In such
cases (Case C-1A and Case D-1), the modeled geometries were
bounded within a very small computational domain, leading to short
distances between the edges of the building geometries and the
boundaries of the domain. This finding implies that Approach A is
only applicable if the terrain features involved in the simulations
have sufficient size.

A comparison of the simulated results with the data from wind tunnel
experiments shows that the agreement between the simulation models
and the physical experiments in terms of the pedestrian wind velocity
ratio was better for Approach B. The findings suggest that a terrain
modeling method that incorporates a buffer area (Approach B) performs
better than the approach in which terrain features cover the entire
ground of the computational domain (Approach A).

To summarize, Approach B performs better than Approach A not
only in terms of robustness in simulation results but also in terms of ease
in numerical convergence. Moreover, Approach B, with an inclined
buffer area, is able to bypass the constraint against enlarging the terrain
to achieve numerical convergence, which afflicts Approach A.
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Pedestrian Level Wind Velocity Ratio at Different Test Points (Cases C, Approach A)
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Fig. 15. Comparison of wind velocity ratio at pedestrian level for Cases C modeled via (a) Approach A and (b) Approach B.
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Fig. 16. Average wind velocity ratio and turbulent kinetic energy for Cases C modeled through (a) Approach A and (b) Approach B.

Table 5
Summary of CFD simulation results for Cases C.
2 /.2

Test cases VRaz Relative %A of VRayerqge100% x m—L‘)/f?/V;::LA YRV:‘: L) TREag(m7/57) Relative %A of TKEqyerqge100% x m—g;’;ﬁgj ’VI‘(/;{VZ;BL)
Case C-1A - - - -
Case C-1B 0.25 1.45
Case C-2A 0.16 15.8% 2.24 23.7%
Case C-2B 0.19 1.71
Case C-3A 0.19 13.6% 1.92 8.3%
Case C-3B 0.22 1.76
Case C-4A 0.15 16.7% 1.84 7.5%
Case C-4B 0.18 1.99

However, under the current AVA system for putting forward de-
velopments in Hong Kong, without a wind performance criterion, the
approval criteria are based on a comparison of average pedestrian wind
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velocity ratios predicted from CFD simulations of a wide range of

development scenari

os. Under the current practice, provided that the

comparative simulations were carried out on a fair basis (i.e., a



K. Anetal Building and Environment 169 (2020) 106580
(a) Comparison of Wind Velocity Ratio between Wind Tunnel Experiment and Cases D
0.8 T : T r T ; 1
—-Wind Tunnel Experiment X Case D-2 - ® Case D-3 O Case D-4 ! ! ! ! I I !
%0.8— :\f IO e e (;gv ‘\ —
o : ®
g9 :: o8 § 1., A I # 2 Bty ?
- H H 1 H 1
204 ! ’(\\ ;Qx \D%\‘* k\!/.q : ,’ \' * /ﬁ ".‘1 e | A /,x\\ G X .: x\‘A—/j—
8oa%0 ¢ x ¥gi  os ¥ AN Xole o St ¥ oQi e *oy
00.3,‘C| i % O /. 24 Vil 8 *. ” xﬂ\ﬁ 3 X0 & S Lix x i)
2 x\a/’ v vl XA 80 ¢ LRl Y ¥OUXB Soe LY ;a‘/xo XTx @x. g
202f . Vgt ﬁ‘/ 4288 FA (. ;?g g8 B | b i
; /“ ] x x 3 H x” Yl edg \ 3"‘ % : X o0 x
01l ~ : ol Rnin 115“'2 W28 x xXxox g
I | \ \ Red i | | | 2 2 | | | | \ |
0 TO5 T10 T15 T20 T25 T30 T35 T40 T45 T50 T55 T60 T65 T70 T75 T80
Data Extraction Locations
(b) Wind Tunnel vs CFD Data (Case D-2) (¢)  wind Tunnel vs CFD Data (Case D-3) (d) Wind Tunnel vs CFD Data (Case D-4)
1 T 7 1 T T T T 1 T T T T T
0.9} ; 09} . ':x"'é'OZ?éX'+'0:05 ..... (1) S e S
‘qc'; 0.8 i ‘qc'; 0.8h- LARTN0T9 L ; ;:'; 0.8
£07 Eo7 gt Eo7
o} @ : ©
£ 0.6 £ 0.6/ £0.6
w w w
o 0.5 1 < 05 < 05
£ = g
S 0.4r S 0.4 504
- - =
- 0.3 o 03 1 © 0.3
= t= c
202 202 202 @
0.11@*‘ . 01 OAg e 7 : ]
00 010203040506070809 1 00 010.203040506070809 1 00 010203040506070809 1

CFD Simulation

CFD Simulation

CFD Simulation

Fig. 17. Wind tunnel experiment against CFD simulation results (a) pedestrian level test points (b) Case D-2 (c) Case D-3 (d) Case D-4.

Table 6
Summary of average wind velocity ratio, NMSE, FAC2 and correlation for Cases
D against wind tunnel experiment.

Test cases VRayerage NMSE FAC2 Correlation value
Case D-1 - - - -

Case D-2 0.23 0.25 0.79 0.62

Case D-3 0.30 0.05 0.94 0.79

Case D-4 0.28 0.11 0.89 0.62

consistent approach, appropriate model settings following the sugges-
tions in this paper, consistent choice of turbulence models, etc.), the
adoption of either of the approaches to terrain treatment discussed in
this study would not lead to a wrong decision to be made. Finally, care
must be taken to ensure numerical convergence, typically monitored by
scaled residuals, for any numerical simulations.
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