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Abstract

There has been increased prevalence in the use of computational fluid dynamics (CFD) for the
assessment and planning of the urban environment in recent years, spurred not only by the decreas-
ing costs of computational resources, but also by increasing demand for enhanced living conditions,
especially in densely populated and land-scarce places like Singapore. In spite of this, there are still
many unknowns as to how the simulation parameters affect the prediction accuracy. In the present
work, an assessment is carried out to investigate how small modifications to the mean inlet wind
direction affect the simulation results. Field measurements performed within a town in Singapore
are compared to three-dimensional (3D) steady Reynolds-averaged Navier-Stokes (RANS) simula-
tions for seven inlet wind directions within a 30◦ sector, using the realizable k-ε model. The driving
conditions for the simulations, i.e. the overlying wind conditions, are derived from nearby meteoro-
logical station data, which is also used in the sampling of the field measurements. The simulation
results compare favourably with the field measurements for the wind speed, while the veracity of
the computed wind directions is highly dependent on the immediate surroundings of the sensors.
Additionally, major changes in the simulated flow patterns are observed even for small changes in
the mean inlet wind direction. A single simulation result cannot be considered representative of a
specific mean inlet wind direction - this is evidenced by high variation in the field measurements
even after stringent sampling criteria. The results have implication particularly in the field of urban
planning, and highlight the care that should be taken when CFD results are used as part of the
decision-making process.
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1. Introduction

Computational Fluid Dynamics (CFD) stud-
ies are frequently used in the assessment of the
wind environment in urban areas. Simulations
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can provide insights into wind loading [1], ven-
tilation [2], the pedestrian wind environment
[3, 4], pollutant dispersion [5, 6], and thermal
comfort [7, 8]. Due to the variety of commer-
cially available software for performing these
simulations, as well as the ever-decreasing costs
of the necessary computational resources, CFD
simulations are becoming widely used as part
of the design and tender process in the con-
struction of new buildings [9]. In order to stan-
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dardize as well as impose quality control on the
simulation process, several guidelines have been
developed.

The first set of recommendations for the use
of CFD within the field of urban wind engi-
neering was that of Franke et al. [10], who
provided guidelines specifically for the predic-
tion of mean velocity and turbulence inten-
sity within the built environment. Therein
are outlined recommendations on the turbu-
lence model, computational domain size, level
of detail in the building geometry, boundary
conditions, convergence levels and necessary
grid convergence tests. In addition to Franke
et al. [10], there are further recommendations
on the standardization of urban CFD, excel-
lent examples of which can be found in Blocken
[11], and in works from the Architectural In-
stitute of Japan (AIJ), for example within
Tominaga et al. [12] and Tamura et al. [13].
Within the present work however, we will be
predominantly following the recommendations
presented by Franke et al., as these are still fol-
lowed by many industrial practitioners of urban
CFD.

One aspect that is only addressed briefly by
Franke et al. and which is the focus of the
present paper is the inlet flow direction con-
sidered in the simulation. Therein it is rec-
ommended to use nearby metereological sta-
tions to determine a reference wind speed at
a reference height, such that the logarithmic
profile at the inlet can be fit to these values.
This is a valid proposal for industrial CFD; as
the most common methodology is still to use
the Reynolds Averaged Navier-Stokes (RANS)
approach and therefore considers only a single
mean value for the inlet wind direction. In the
case where the overlying wind conditions vary
seasonally - as is the case for Singapore where
during the two monsoon seasons the dominant
wind directions are either South West or North
East - multiple wind directions should be sim-
ulated.

The question as to how many directions are

necessary is addressed by further sets of guide-
lines. Work by Yoshie et al. [14] as part of
the AIJ project for CFD prediction of wind
environment suggests 16 possible wind direc-
tions should be considered, while it was also
recommended by Ng [15] that for Air Ventila-
tion Assessment (AVA) of a high-density city
such as Hong Kong, 16 wind directions are in-
vestigated. It should be noted here that Ng [15]
states a preference for the use of wind tunnel
assessment rather than CFD, citing reliability
issues, however this is a topic which we will not
address here. In both of these works however,
the inlet wind directions that should be consid-
ered are spread evenly over 360◦, meaning that
each simulation or wind tunnel experiment is
assumed to be representative of a 22.5◦ sector.

The concept of AVA is of particular inter-
est to urban planning in Singapore, and so will
be elaborated on here. The urban heat island
(UHI) effect - i.e. the increase in temperature
in an urban environment compared to neigh-
bouring rural areas - is a major issue being
faced by cities worldwide. It is not limited to a
certain continent or stage of economic develop-
ment, and has been verified to occur in cities as
diverse as London [16], Montreal [17], Surabaya
[18], and Venice [19]. There are several contri-
butions to literature documenting the UHI ef-
fect in Singapore [20, 21], and promoting solu-
tions for its mitigation to improve the comfort
of residents [22, 23]. Additionally, Singapore
experiences relatively low wind speeds, with the
yearly average being less than 1 m/s [24]. As
thermal comfort improves with air movement
[25], it is important in the planning stages of
urban development to consider how the wind
might flow through the buildings. Guidelines
for improving ventilation in the built environ-
ment are given by Ng [15], albeit not in the
context of heat island mitigation. Therein it is
stated that “designs and developments should
focus on not blocking the incoming wind, as
well as minimizing the stagnant zones at pedes-
trian level”. Using this suggestion urban plan-
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ners can observe wind patterns generated by
wind tunnel experiments or CFD, and make ad-
justments on their designs in order to improve
both ventilation and thermal comfort.

In some very recent studies [26, 27], the im-
pact of uncertainties in the inlet parameters on
the resulting flow field are investigated using
‘uncertainty quantification’ techniques. This is
still an emerging and sophisticated approach
for CFD in the built environment, and it is
likely to take a few more years before the build-
ing industry considers this approach.

Based on the field measurements obtained
during the Joint Urban 2003 field campaign,
Klipp [28] discusses the dependence of atmo-
spheric boundary layer turbulence parameters
on the wind direction. This is crucial as the
wind direction determines the upwind surface
characteristics which is encapsulated in the
aerodynamic roughness length z0, and the sur-
face friction velocity u∗ - these are some of the
essential inputs in computations. The works
of Toparlar et al. [29] and Blocken et al. [30]
provide good examples of considering various
values of z0 depending on the inlet wind direc-
tion.

Within the present work we attempt to ad-
dress via CFD simulations whether considering
a single simulated wind direction as represen-
tative of a 22.5◦ sector is a valid assumption.
While unsteady RANS simulations are possible
and useful, we instead choose to perform steady
RANS simulations. This is because they are
widely used by architects and planners to make
informed decisions during the production of a
master plan, or while proposing modifications
to a current plan. As such, henceforth when we
refer to the inlet wind direction we are refer-
ring to the mean inlet wind direction as within
RANS simulations the fluctuations due to tur-
bulence are not considered. The simulations
are conducted on a typical residential district
in Singapore. Seven inlet wind directions are
considered within a 30◦ sector, and the results
are compared to field measurements. The sim-

ulation results are also analyzed with respect
to the flow patterns, i.e. generated wind corri-
dors and recirculation zones, and with respect
to the ventilation quality of the urban area.
The simulation strategy and a brief description
of the field measurements are presented in Sec-
tion 2, and comparison between the simulation
results and field measurements, and analysis of
the simulated flow patterns are given in Section
3.

2. Methodology

2.1. Geometry, computational domain and
mesh

The building and terrain geometries were
provided by the Housing Development Board
of Singapore (HDB) in 3DS file format. These
models were converted to a usable format by
Right Dimension Pte. Ltd.: the buildings were
converted to STL file format, while the terrain
was converted to a primitive digital elevation
model (DEM) at a resolution of 1 m in the
horizontal directions and 0.25 m in the verti-
cal direction. An aerial view of the simulated
area is denoted by the red outline in Fig. 1a,
within this 1 km×1 km region the buildings
and terrain are explicitly resolved. As the outer
limit of the terrain DEM was not homogeneous
and varied from 10 to 20 m in elevation, it was
necessary to artificially extend it such that at
the outer limit of the explicitly resolved ter-
rain there would be uniform elevation. This
was done by setting a border approximately
200 m from the simulation area to zero ele-
vation, and recreating the terrain within the
border limits using biharmonic inpainting [31].
This method ensures that the synthesized ter-
rain is second-order smooth, therefore there are
no sharp changes in the elevation (i.e. no sud-
den steps) which could create erroneous flow
patterns. The intent of this method was to re-
duce the effects of any terrain discontinuities
on the simulation results. As the region-of-
interest consists of a densely built up area, and
as the flow in this region is dominated by these
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Figure 1: (a) Aerial view showing the buildings and land use within the computational geometry. (b) Schematic of the
buildings considered within the computational domain. The labels and locations of the sensors are indicated by red
◦, the F denotes the location of the meteorological station at Punggol. The green rectangles highlight the buildings
present in the simulation geometry that were not yet present when the aerial photo was taken. The horizontal dashed
lines indicate the locaton of the section A-B shown in (c). The mean inlet wind direction, θin=220◦ is indicated
in (a) and (b) by the white and black arrows, respectively. The cyan circles are the region used for the assessment
of ventilation performance in §3.3. (c) An x-z plane of the computational domain illustrating the varying mesh
resolution. Note that only part of full plane is shown here for clarity.

building length-scales, it is unlikely that the
terrain recreation process affects the simulation
results. However the method chosen limits any
non-physical flow patterns that might have oc-
curred if there were sharp changes in the terrain
surrounding the buildings.

The geometry predominantly consists of res-
idential buildings with multi-storey car parks
and is shown in Fig. 1b. It also consists of a
temple to the north-east of P5 and three school
buildings - (i) north-west of P6, (ii) south-east
of P8 and (iii) north-east of P8. The heights

of the buildings in this computational domain
range from approximately 10 m to 70 m. Most
of the residential buildings vary in height from
50 to 70 m, and the multi-storey car parks lo-
cated amidst the residential blocks have heights
from 20 to 30 m. Note that there are build-
ings in the computational domain that do not
appear in the aerial photo (highlighted by the
green rectangles in Figs. 1a and b), this is due
to the age of the aerial photo. These buildings
have been present throughout the full period
of the field data collection. The cyan dashed
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circles in Figs. 1a and b indicate the area used
for the ventilation assessment in Section 3.3.
The computational domain size is 3.7 km×3.7
km×0.56 km. In terms of the tallest building
height h, the horizontal extents of the computa-
tional domain from the outer edge of the build-
ings span approximately 20h, while the vertical
extent is 8h. The larger horizontal extents are
chosen so that the same computational domain
can be used for the various wind directions in-
vestigated in this study.

The cut cell mesh is generated using the
snappyHexMesh feature of OpenFOAM version
2.3.0. The mesh resolution stretches from 1.25
m on the terrain and building surfaces, to 20 m
in the region far away from the buildings and
terrain. The bottom surface of the computa-
tional domain in which the terrain is not ex-
plicitly resolved has 2.5 m grid resolution. An
x-z plane of the computational domain showing
the mesh refinement is presented in Fig. 1c.

Grid sensitivity checks are carried out on
three different meshes. These are generated
by varying the mesh resolution only within the
building region of 1 km×1 km but keeping the
surface mesh resolution constant at 1.25 m and
the number of buffer layers between successive
levels of refinement as 5, which is higher than
the default value. The mesh resolutions within
this region are set to 5 m, 2.5 m and 1.25 m,
yielding total cell counts of 17×106, 19×106
and 35×106 respectively. It should be noted
that this refinement mechanism is different to
the conventional case, where the fine grid is 1.5
times finer than the coarse grid in all three di-
mensions. In OpenFOAM, the snappyHexMesh
utility enables the user to specify various refine-
ment levels in the region of interest and num-
ber of buffer layers between the successive lev-
els of refinement. In these simulations, only
the resolution in the building region is varied.
As a result, the difference between the overall
cell count for the coarse and fine mesh is lower
than the conventional case which is 3.375. With
this method, the coarse mesh has 6% polyhe-

dral cells and the fine has only 3%, with the
rest being hexahedral cells in all cases.

For the mean inlet wind direction, θin=220◦

(indicated in Figs. 1a and b by the white
and black arrows, respectively), simulations are
done using three meshes and the simulation re-
sults are compared at the locations of the field
measurements. Both the wind speed and direc-
tion from the coarse and medium meshes dif-
fer by less than 11% of the fine mesh case at
10 out of the 12 sensor locations indicated in
Fig. 1b. This value is well within the bounds
of the measured standard deviation at the field
sensors. Therefore the coarse mesh has been
chosen to perform the computations for differ-
ent inlet wind directions, i.e. the mesh is con-
served for these simulations and the appropri-
ate velocity components and normals are spec-
ified at two inlet planes. The simulated wind
speed and direction at the exact sensor loca-
tions are also compared with the corresponding
volumetric average of a cuboid of side length 1
m, with the centroid located at the exact sen-
sor location. Except for two sensor locations,
the difference between the exact and volume-
averaged results differ by less than 5%, thereby
suggesting that values taken at the exact sen-
sor locations would suffice for comparison with
the field measurements.

2.2. Boundary conditions and solver settings

The top boundary of the computational do-
main is set to symmetry, while zero normal gra-
dients are specified on the outlet boundaries.
At the inlets, the mean wind speed U , is spec-
ified using the standard atmospheric log law
and the turbulence is generated by means of
turbulent kinetic energy k, and turbulent dis-
sipation rate ε, profiles as derived by Richards
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and Hoxey [32]

U(z) =
u∗

κ
ln

(
z + z0
z0

)
, (1)

k(z) =
u∗2√
Cµ

, (2)

ε(z) =
u∗3

κ(z + z0)
. (3)

Here u∗ is the atmospheric boundary layer fric-
tion velocity that can be derived from (1) using
the mean wind speed at the reference height
and the aerodynamic roughness length of the
approach flow, κ is the von Karman constant
0.41, and Cµ=0.09 is the turbulence model con-
stant. As the simulated geometry is surrounded
by a built-up region, z0=1.0 is specified at the
inlet. It is assumed that the approaching wind
profile does not change for the wind directions
examined. As all of the directions are contained
within a relatively small 30◦ sector, this is a rea-
sonable assumption. The mean reference wind
speed is obtained from the Changi meteorologi-
cal station whose details are given in §2.3. The
Reynolds number based on this reference wind
speed (1.75 m/s at 15 m height) is 1.75×106.

In conjunction with the standard wall func-
tion, sand-grain roughness modification as sug-
gested by Blocken et al. [33] is imposed on the
terrain and bottom surfaces and is given by

ks =
9.793z0
Cs

. (4)

The value of z0 for the terrain is specified as 0.1
m to include the effects of many trees, shelters
etc. On the bottom surface, z0 is set to 1 m as
the simulated geometry is predominantly sur-
rounded by many buildings and can be seen in
Fig. 1a. ks is the roughness height parameter
whose value has to be less than or equal to the
near-wall centroid height. For the terrain, ks
is set to 0.6 m and for the surrounding bottom
surface, 1.2 m is specified. The roughness con-
stant Cs can then be deduced using (4). In the
case of buildings, the surfaces are considered as
smooth.

The 3D steady RANS equations are solved
with the realizable k-ε turbulence closure model
- a widely used model both in the building
industry and in literature for flows over simi-
lar complex geometries [29, 30]. Second-order
schemes are chosen for all the terms of the
governing equations. For the gradient terms
a cell-limited least squares method is used,
while for the convective terms in the momen-
tum, k, and ε equations, bounded variant of an
upwind-biased Gauss integration scheme with
linear interpolation is used. SIMPLE is used
for pressure-velocity coupling. The simulations
are run until the scaled residuals converged to
O(10−6) for ε, streamwise and spanwise veloc-
ities, O(10−5) for k and vertical velocity, and
O(10−4) for pressure. All the simulations are
done using OpenFOAM version 2.3.

2.3. Field measurements and inflow conditions
The simulation data are compared to field

measurements taken at 12 locations within the
domain of interest. These are indicated in
Fig. 1b by the red circles, and are labelled P1
to P12. The latitude and longitude of the mea-
surement locations are also given in Table 1,
alongside the heights of the sensors with respect
to the nearest horizontal surface (i.e. terrain,
rooftop) and above mean sea level (AMSL).
The sensor locations and heights vary from
street-level, lamppost mounted sensors (i.e. P3
to P6 and P8 to P10 in Fig. 1b) where the
measurements are heavily influenced by condi-
tions that cannot easily be replicated in the
CFD analysis, i.e. nearby traffic and trees,
to multi-storey car park rooftop sensors (i.e.
P7, P11 and P12) where the main influenc-
ing conditions are the surrounding tall build-
ings. The sensors P1 and P2 are located on
a walk-way corridor at one floor level above
the ground and flanged by 70 m tall residential
buildings on either side. The horizontal wind
speeds and directions were measured with LSI
Lastem DNB105 sonic anemometers, and data
from the three month period 1st June 2016 to
1st September 2016 has been used in the present
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Table 1: Latitude and longitude of the measurement locations, sensor height with respect to nearest horizontal
surface, and AMSL, and sensor mounting point.

Sensor Latitude (◦) Longitude (◦) Sensor height (m) Mounting point
label Ground AMSL
P1 1.405429 103.906684 2.6-2.8 22.7 Lamppost, residential development
P2 1.406093 103.905849 2.6-2.8 29.2 Raised pedestrian walkway
P3 1.405213 103.907167 3.3-3.4 18.9 Roadside lamppost, beneath trees
P4 1.406235 103.907050 3.3-3.4 26.4 Roadside lamppost
P5 1.406325 103.905198 3.3-3.4 24.0 Roadside lamppost
P6 1.404456 103.906103 3.3-3.4 22.7 Lamppost, residential development
P7 1.403440 103.906180 2.6-2.8 35.7 Rooftop, multi-storey car park
P8 1.402264 103.906989 3.3-3.4 16.6 Roadside lamppost, beneath trees
P9 1.404011 103.904258 3.3-3.4 18.4 Roadside lamppost
P10 1.402662 103.906324 3.3-3.4 17.4 Lamppost, traffic island
P11 1.402941 103.905011 2.6-2.8 29.6 Rooftop, multi-storey car park
P12 1.403214 103.907366 2.6-2.8 36.3 Rooftop, multi-storey car park

work to coincide with Singapore’s South West
monsoon period. The wind data is provided
by the Institute for Infocomm Research, Singa-
pore; and was collected at a frequency of 0.2 Hz
before being averaged into 10 minute data on-
line at each measurement location. This online
averaging is performed for two reasons. Firstly,
the 10 minute averaging ensures that the fre-
quency of the measurement data is well posi-
tioned within the spectral gap of the wind speed
power spectrum [34, 35], this practice is in line
with similar works in the field [i.e. 30]. The
second reason was due to hardware limitations,
performing the 10 minute averaging online re-
duces the bandwidth necessary to ensure a con-
tinuous stream of data from each sensor to a
centralized server, as well as the total volume
of data collected.

Hourly mean meteorological data for wind di-
rection, wind speed, and rainfall were provided
by the Meteorological Service Singapore (MSS)
for several surrounding meteorological stations.
One of these is located within the simulation
domain (Punggol), and is indicated in Figs. 1a
and b by the red stars. This station collects
rainfall data only, and was used to detect pe-
riods of rainfall in order to discard these time
periods from the data used for validation. The
other meteorological stations were used to de-

termine the overlying wind conditions during
the measurement period. It was determined
from the surrounding stations that in the pe-
riod June 2016 to September 2016 the domi-
nant daytime wind-direction was South West-
erly, where daytime was considered to be within
the hours of 6am and 10pm. For sampling of
the local field measurements, the Changi MSS
station was chosen as a reference location and
is located approximately 10 km to the East of
the assessment region. The use of Changi MSS
station as a reference station is not ideal, and
instead of using this station as the reference
there would preferably be measurements within
the investigation area at >70 m height. In the
absence of such data either within the assess-
ment site or within the fetch area, Changi MSS
station was selected as the reference. It is lo-
cated in an open area, relatively high above the
ground (15 m), and is not influenced by any sur-
rounding buildings. The mean daytime wind
direction at Changi during the chosen period
was 220◦, with a standard deviation of 8◦.

The data points used for comparison with the
CFD simulations in the present analysis were
therefore selected as follows: 1) there was no
rainfall detected at the measurement time, and
2) the Changi MSS station was displaying a
wind direction, θ, in the range θ=220 ± 8◦,

7



and 3) the local wind speed at the Changi
MSS station was over 1.75 m/s. Of a possible
13,248 available data points in the collection
period, 4,887 remained after the sampling pro-
cess. This equates to 815 hours of acceptable
data at each measurement location.

3. Results

3.1. Comparison of CFD with field measure-
ments

The data used for comparison are the wind
speed ratio and the wind direction. The wind
speed ratio, K, is defined as K=U/Uref , where
Uref is the wind speed at a reference location.
For the simulations, this is the reference value
that is used to generate the inlet wind profile.
The reference value for the field data fluctuates
in time, and so a time-dependent normalization
is used. For the field data, K is given as

K =
1

N

N∑
n=0

u(n)

Uref (n)
(5)

where u(n) is the wind speed at the measure-
ment location at time instance n, Uref (n) is the
reference wind speed at the Changi MSS station
at the same instance, and N is the total num-
ber of data points after sampling. Note that
as the data points used for comparison are not
necessarily continuous - each 10 minute inter-
val is considered as a discrete data point, and
those data points not adhering to the sampling
criteria outlined in Section 2.3 are discarded.
The above method of normalization for the field
data is adopted as all of the available measure-
ments are taken at 2-4 m height either from the
ground or roof surfaces, and none of them are
suitable for use as a reference location. Even
though the accuracy of the normalization in us-
ing the nearby meteorological station informa-
tion is debatable, it is the only available data
that meets the criteria of being a reference lo-
cation for measurements and representative of
the approach flow.

A comparison ofK at measurement locations
P1 to P12 is presented in Fig. 2. The field data
are shown by the black squares (�), open trian-
gles (4), lines, and carets (∨/∧). The squares
indicate the mean wind speed value, the open
triangles are the median, the lines represent
one standard deviation about the mean, and
the carets represent the upper and lower quar-
tiles. The simulation values are indicated by
the colour circles, as shown in the legend. The
red indicates an inlet wind direction greater
than 220◦, while blue represents less than 220◦.
The darker the colour, the greater the devi-
ation from 220◦, which is shown by the hol-
low circles. Other than at P1 the mean and
median scaled windspeeds differ by less than
0.05, therefore the comparison will initially be
made with respect to the mean value. Most
of the simulated results at the measurement
points under-predict the mean and median val-
ues from the field data. The only instances
where the simulated value is higher than the
mean measured values is at P3 for inlet wind
directions θin ≤210◦, at P5 for θin>220◦, and
at P10 for θin=210◦. Other than at P4 and
P12, at each measurement location at least one
simulated value was within one standard devia-
tion of the measured wind speed. Out of a total
of 84 possible comparison points (i.e. 7 simu-
lations, 12 comparison locations), only 14 sim-
ulated values were within the lower and upper
quartiles of the measured data. This highlights
the difficulty in using a single simulation re-
sult to compare with measurement, as for minor
changes in the inlet boundary conditions (here
the wind direction) the quality of the agreement
can differ greatly. Additionally, at some of the
comparison locations, namely P3, P5, P7, and
P10, the simulations exhibit wider response to
the various inlet wind directions, while at some
locations, i.e. P6, P7, and P12, there is greater
disagreement between the simulated and mea-
sured values. Possible reasons for this will be
further discussed in Section 3.2. Overall, the
agreement between the simulations and mea-
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Figure 2: Measured and simulated wind speed ratio, K, at the measurement locations. � indicates the mean value
for K from the field measurements, 4 are the median, − represents one standard deviation from the mean value,
and ∨, and ∧ are the lower and upper quartiles, respectively. The coloured # are the simulated values.

surements is fairly satisfactory, given that all
measurement locations are located between 2
and 4 m from the surface, and are surrounded
by trees, lamp posts, shelters etc. whose effect
is only considered via aerodynamic roughness
length in the present simulations.

The measured wind directions are shown by
the wind roses in Fig. 3. The first thing to
note is the wide scatter present in almost all of
the field measurements. Except for the street-
level sensor P5 which is located in a wind cor-
ridor for all simulated wind directions shown
in Fig. 4, the wide scatter at all other sensors
could be due to the strong influence of neigh-
bouring buildings. Secondly, there can be large
deviation in the simulated wind direction for
only a 5◦ change in inlet wind direction, notably
for P1 and P6. For instance, at location P1 the
wind direction changes from approximately 0◦

for an inlet direction of 220◦, to 260◦ for inlet
direction 215◦. Similarly for P6 an inlet wind
direction of 220◦ results in wind direction of
144◦, while inlet wind directions of 215◦ and
225◦ give simulated values of 102◦ and 357◦,
respectively.

The scatter in both the simulated and mea-
sured wind direction are interesting results
where comparison of urban CFD with field
measurements is concerned: small errors in the

locations or orientations of buildings in the sim-
ulation geometry could give very different sim-
ulation results. The implications of this for ur-
ban planning scenarios will also be discussed in
the following section.

3.2. Effect of inlet direction on wind patterns
The wind patterns for the different inlet

wind directions, θin, are presented in Fig. 4
as contours of the wind speed ratio. It is ev-
ident that even for small changes in the in-
let wind direction, the overall wind pattern
changes considerably. An example of this is
the wind corridor that extends down the cen-
tre of the building geometry, oriented approx-
imately North to South. For θin=205◦, 210◦

and 215◦, the wind is channelled along this cor-
ridor, and throughout its extent the wind speed
ratio K>0.5. However for 220◦ ≤θin≤235◦ the
wind is no longer being channelled, and large
stagnation areas are present along this pas-
sage. Similarly for the area South of measure-
ment point P9 (above P9 in the figures) a stag-
nation zone is present between the buildings
for 205◦<θin<215◦, while there is a region of
K>0.5 for the other simulated wind directions.

Fig. 5 displays contours of the absolute dif-
ference between the simulated wind speed ratio
for the off-mean wind direction, and the simu-
lated wind speed ratio for the mean wind direc-
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Figure 3: Measured and simulated wind directions at the measurement locations. The grey bars represent the
frequency of the measured data, i.e. the length of the bars indicate the proportion of time the wind was blowing
from that direction. The coloured bars represent the simulation results. The inlet wind directions are denoted by
the colour of the bar, as given by the legend in Fig. 2

tion (i.e. Fig. 5a is a contour of |K205 −K220|).
From Fig.5 it can be seen that the strength of
the North-South wind corridor present in the
centre of the building geometry grows in inten-
sity as the inlet wind direction deviates further
from 220◦. Apart from the deviation in K due
to large scale flow patterns such as this wind
channel and also the stagnation region present
South of P9, Fig. 5 helps to show some of the
smaller scale variations in the simulated flow
patterns.

It is evident that, especially in the upstream
region, locations laterally adjacent to the build-
ings are more sensitive to the inlet wind direc-
tion. See for example at the top right of Figs. 5c
and d (i.e. the South-West corner of the build-
ing area). The shear layers to the sides of these
buildings are sensitive to the inlet wind direc-
tion, and even for a 5◦ change in the inlet wind
direction K changes in magnitude by around
0.5. Similarly P6 is located immediately down-
stream of a cluster of densely-packed high-rise
buildings, and from Fig. 5 it can be seen that
in regions such as this K exhibits greater sen-
sitivity to the inlet wind direction (similar be-
haviour is seen to occur amongst the buildings
South of P8 and in the buildings North of P9).

As mentioned in the previous section, and
evidenced by Figs. 2 and 3, the simulated wind

speeds and directions at some of the measure-
ment locations display a wider response. This
will now be elaborated on, with assistance from
Figs 4 and 5.

Measurement location P5 shows excellent
agreement for the wind direction, but has a
wide spread in the simulated wind speeds. This
can be explained through Fig 4 as for all sim-
ulated wind directions this sensor is situated
within a wind corridor. Although the wind
speed at this location changes, highlighted by
Fig 5, the channelling effect of the buildings
means that the wind direction shows less vari-
ability. Unlike the other sensors, P4 always lies
in the wake of a building for all of the consid-
ered wind directions, and there are no further
buildings downstream of this location. As P4 is
always within the wake the wind speeds are low
for all simulated wind directions. Additionally,
the simulated flow at P4 is approximately from
the North for all wind directions, indicating
that the sensor lies within the reverse-flow re-
gion of the wake. The simulated wind speeds at
P6 are lower than the measured wind speeds for
θin ≤220◦. From Fig 4 it can be seen that the
sensor is located at the boundary of a simulated
building wake. Fig 3 shows that the wind direc-
tion is also incorrectly predicted at P6, and that
the measured wind direction is predominantly
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from the South. This suggests that the actual
sensor lies outside the building wake, and the
wake length has been incorrectly predicted by
the simulations. Although, P7, P11, and P12
are all situated on the roof-tops of multi-storey
car parks, P7 exhibits a much wider response in
both the simulated wind speed and direction.
Additionally, from Fig. 4, it can be observed
that P11 and P12 are always in the wake of
buildings, whereas P7 lies in the wind corridor
regime for θin<220◦. At present the exact rea-
son between the poor agreement in wind speeds
at P7 and P12 cannot be given.

Most of the sensors are surrounded by trees,
lamp posts, shelters, buildings etc. and lie be-
tween 2 and 4 m height from the surface. In the
simulations, some of the building shapes are
simplified to a certain extent, and the effects
of trees and other miscellaneous structures are
represented only through aerodynamic rough-
ness length. The combination of these factors,
plus multiple other system and inflow variabili-
ties (i.e. inflow turbulence levels), are the cause
of discrepancy between the measurements and
simulations. For an excellent example of how
these unknowns can be incorporated into the
simulation validation process via uncertainty
quantification techniques the reader is referred
to García-Sánchez et al. [26].

3.3. Effect of inlet direction on ventilation
We close this section with a brief analysis of

the effect of θin on the ventilation quality of a
portion of the simulation domain, following the
manner proposed by Ng [15]. The site spatial
average wind velocity ratio, SVRW - defined
as the area average of K evaluated at pedes-
trian height (i.e. 2 m above the average terrain
height) - for the area denoted by the cyan cir-
cle in Fig. 1 is presented in Table 2. SVRW
is commonly used as an indicator of how pro-
posed building plans for an area impact on the
wind availability [15]. When assessing a pro-
posed development, SVRW can be used to iden-
tify which designs have the most beneficial ef-
fect on the pedestrian level winds [15]. For this

analysis, the region enclosed by the cyan cir-
cle is chosen as it is surrounded by buildings in
all directions. A larger circle would extend too
close to the perimeter of the buildings where
the contributions from the incident flow and
the downstream part of the computational do-
main would not correctly represent the ventila-
tion quality.

It is shown in Table 2 that a change in the
inlet wind direction of 5◦ results in a deviation
in SVRW in the region of interest of up to 2.5%,
while a change in the inlet wind direction of 15◦

causes a deviation of up to 7.7%. While these
deviations have been caused by intentional ad-
justments to θin in the present work, similar
behaviour could be expected for minor errors in
the simulated building geometry, thereby high-
lighting the caution that should be taken when
using CFD results for planning purposes.

Table 2: Space-averaged wind velocity ratios and the
percentage deviation from the reference 220◦ inlet wind
direction for an area within the simulation domain. The
area is denoted by the cyan circle in Fig. 1b.

θin SVRW ∆SVRW (%)
205 0.263 7.7
210 0.256 5.0
215 0.250 2.5
220 0.244 -
225 0.245 0.62
230 0.254 4.26
235 0.256 5.00

4. Conclusions

Despite the large amount of studies on the
use of CFD for studying the urban environ-
ment, there is little work on the effect of mi-
nor changes in the inlet wind direction on the
results, especially in ‘real’ built-up scenarios,
which is critical in urban planning. Within
the present work, 3D steady RANS simulations
have been performed using the realizable k-ε
model for a real urban environment in Singa-
pore. A range of different inlet wind direc-
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Figure 4: Contours of simulated wind speed ratio in a horizontal plane at 20 m height above sea level for each inlet
wind direction, θin.
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Figure 5: Contours of the absolute difference between the simulated wind speed ratio for inlet wind direction θin,
and the simulated wind speed ratio for the inlet wind direction 220◦ (i.e. |Kθ −K220|). The horizontal plane shown
here is at 20 m elevation.
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tions have been considered - evenly distributed
within a 30◦ sector - and the results have been
compared to field measurements. The aims of
the study were twofold: 1) to highlight the vari-
ablity in measurement results caused by un-
steady and varied overlying wind conditions,
and 2) to observe whether, and to what ex-
tent, the simulation results would change for
different θin.

Care has been taken with the simulations to
ensure proper methodologies have been used,
in line with available recommendations in lit-
erature. The comparison between simulation
results and field measurements - some of which
are obtained between 2.5 and 3.5 m from the
terrain and some from rooftop level - shows
that good agreement has been obtained for the
wind speed velocity ratio, while the agreement
for wind direction is more variable. The lat-
ter is expected due to the strong local effects of
surrounding street-level features such as trees,
lamp posts etc. that are not explicitly con-
sidered in the computations. The study has
also shown that even for minor changes in the
inlet wind direction the simulated flow pat-
terns can change considerably, to the extent
that planning decisions might be influenced.
These results have implication for those in the
field of urban planning, where CFD simulations
are often used to inform the decision-making
process. Additionally they bring about fur-
ther questions: given that the simulated flow
patterns can change considerably for a small
change in wind direction, how should planners
interpret these results and how should perfor-
mance criteria for new buildings be evaluated?
How important is it to consider unsteady simu-
lations as well as thermal stratification effects?
These questions are currently the subject of fur-
ther research. Finally, the results highlight the
care that must be taken when observing simu-
lation results, and indeed suggest that even for
carefully and properly performed simulations,
a pinch of salt may be required when it comes
to their interpretation.
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