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ABSTRACT
Application of CFD (Computational Fluid Dynamics)
toward performance-based building design has a long
tradition. Increasingly, CFD tools are also being
applied to address large-scale urban climatic
questions. For instance, CFD-based analyses have the
potential to provide a more detailed representation of
the micro-climatic boundary conditions needed for
building energy simulation. Likewise, CFD-based
methods can be deployed to pursue queries pertaining
to the contribution factors to the so-called Urban Heat
Island effect. In this context, the reliability, usability,
and the predictive performance of such tool represent
a number of challenges, implying the need for
additional studies of the effectiveness of CFD
utilization concerning urban-level queries. In the
present paper, we discuss the results of a systematic
effort to generate urban segment CFD models,
conduct simulations to compute key variables of the
air flow field, and compare the simulation results with
measurements. Thereby, the influence of a number of
factors on the nature and magnitude of the modelling
errors (deviation of simulation and measurement
results) are explored. These factors include
assumptions pertaining to geometry and surface
properties, boundary ("inlet") conditions, mesh
resolution and selection of the reference weather
station.

INTRODUCTION
Over half of the World’s population (54%) resides in
urban areas; by 2050 it is expected to reach 66% (UN
2014). The increasing urbanization accompanied with
global climate change has implications for the urban
climate. Hence, a better understanding of the urban air
flow patterns is of critical importance. Dispersion of
heat and pollutant from complex street networks,
courtyards, and plazas is increasing perceive as a
major issue in urban studies (Kawamoto et al. 2012,
Hoshiko et al. 20012). It is also relevant for issues
pertaining to pedestrian comfort and safety
(Stathopoulos 2006, Blocken et al. 2012), natural
ventilation of street canyons (Georgakis 2006), and
wind loading on buildings (Tamura et al. 1997).
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Characterization of the flow in dense urban areas can
inform building and urban design and renovation.
Toward this end, Computational Fluid Dynamic
(CFD) can provide effective support. However, the
evaluation of the reliability, usability, and the
predictive performance of CFD-based tools represents
a number of challenges, especially with regard to
urban-level queries. A considerable number of choices
needs to be made by the user. These include, amongst
other thing, boundary condition settings, the extent of
the detail of the geometrical model, the resolution of
the computational grid, the selection of the
discretization scheme, and the turbulence model.
These choices undoubtedly influence the results.
Therefore, a certain level of domain expertise is
indispensable. To address these issues, several best
practice guidelines (BPG) have been issued (Casey
and Wintergerste 2000, Franke et al. 2004, Franke et
al. 2007, Britter & Schatzmann 2007, Tominaga et al.
2008, Blocken and Gualtieri 2012).
Generally, CFD studies regarding Atmospheric
Boundary Layer (ABL) flows have been conducted for
prevailing wind directions or maximum eight main
directions to reduce the simulation time. In this study,
we conducted a total of 554 simulations. Therefore,
relying on BPG insights, we simplified the
geometrical and physical model to the extent possible.
The simplification consists of generating a simpler
geometry and a coarser mesh. Moreover, the approach
Reynolds Averaged Navier Stokes Equations (RANS)
was selected, which is computationally less
demanding over Large Eddy Simulation (LES), even
though LES can reportedly provide more accurate
results (Murakami et al. 1992, Tominaga et al. 2008a,
Blocken 2014). Subsequent to these simplifications, a
few more variables has to be specified toward
conducting the parametric study (e.g., velocity and
turbulence profiles, roughness elements, and the
reference weather station). Decisions regarding the
specification of these factors are discussed later in
detail (see CFD Model).
The above challenges need to be address continuously.
To contribute to the body of the respective studies, we
discuss in the present paper the results of a systematic
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effort to generate urban segment CFD models,
conduct simulations to compute key variables of the
air flow field, and compare the simulation results with
measurements. Specifically, we explored the
sensitivity of the simulation results to variations in a
number of model input assumptions. Thus, the
potential for generation of empirically calibrated
urban-level CFD models could be examined.

CASE STUDY AREA
The selected urban area for modelling and
measurements ("Karlsplatz") is located close to the
centre of the city of Vienna, Austria. Given its location
and historical background, it attracts many
pedestrians. The core area of interest modelled (with a
diameter of roughly 1 km) consists of residential and
administrative buildings (20 to 40 m high). The terrain
is mostly flat (maximum height difference 10 m).

MEASUREMENTS
Measurements of wind speed and direction in the
selected area were performed using both stationary
weather stations (situated above the urban canopy
layer) and mobile weather stations (at pedestrian level)
(see Figure 1). The two stationary weather stations
generate a continuous stream of data (ambient air
temperature and relative humidity, wind direction and
speed, solar radiation, etc.). They are referred to here
as WIS (one of the weather stations of the Vienna's
meteorological department "ZAMG"), and BPI (the
weather station of the Department of Building Physics
and Building Ecology of TU Wien). WIS and BPI are
installed at a height of 52 and 42 m above ground
respectively.
The pedestrian level conditions (at 1.4 m height) were
captured via spot measurements at 14 distinct
locations using a mobile weather station (MS).
Thereby, various streets, courtyards, and plazas were
covered (positions C1 to C3, P1 to P7, and S1 to S4,
Figure 1). For each location, 20 measurements were
performed over a period of 2 months, resulting in a
total of 280 measurements.

CFD MODEL
The simulation process involved the following steps:
CAD model preparation, mesh generation, CFD
solution of the flow, and visualization of the results.
ANSYS® Meshing was used for mesh generation,
ANSYS® FLUENT 14.5 as solver, and ANSYS®
CFD-Post for post processing (ANSYS 2014).
Model geometry
The computational domain (3000 m long, 2600 m
wide, 500 high) was separated into three parts: (1) The
core, where the measurements took place, (2) domain,
with the modelled urban fabric, (3) the "empty" flow
field (see illustration in Figure 2). To facilitate
parametric simulation, the model was simplified to the
extent possible. Only the buildings inside the core
were modelled explicitly. The surroundings (4
additional street blocks) with a radius of 500 m were
defined implicitly only by their overall shape and
height. The highest building in the domain was 63 m
(Hmax ) while the rest of the buildings range mainly
from 20 to 40 m. The blockage ratio is 0.4%, which is
lower than the suggested maximum value 3% by best
practice guidelines (Franke et al. 2007, Tominaga et
al. 2008).
The distance between the edge of the explicitly
modelled domain and the model boundaries is at least
760 m (i.e., more than 12xHmax ). As the
computational domain was tested for various wind
directions, we maintained this distance for both
downstream and upstream areas.

Figure 2 Illustration of the spatial model

Figure 1 measured locations WIS, BPI and MS
locations defined by P (plaza), S (street) and C
(courtyard)
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Computational grid
Given the constraints regarding model complexity and
computational costs, a semi-automatic grid generation
method was selected. This resulted in a coarse mesh,
which is an unstructured grid consisting of 2266407
cells (see Figure 3). Between building blocks, at least
8 cells in core and 3 cells in domain were placed. The
expansion ratio between two consecutive cells was
1.2, which is lower than the recommended maximum
value of 1.3 (Franke et al. 2007). The first 5 cells of
the ground surface and the wall surfaces in core are
quadrilateral, hexagonal or prismatic cells (parallel to
the wall surface) and the rest mainly consist of
tetrahedral and pyramidal cells.

z α
V(z) = Vref (
)
href

Here z is the elevation and href is the height of the
weather station above ground. The power law
exponent α, was set as 0.33 (recommended value for
urban closed areas as per ASCE 1999). Default
settings were selected for roughness and turbulence
parameters.
For a number of instances of the aforementioned 280
measurements, the prevailing boundary conditions (as
represented via monitored data from the WIS weather
station) were similar. Thus, 217 simulation runs were
sufficient to generate data for a comprehensive
comparison of measurements and simulations in the
base case. To conduct the analyses for scenarios 1 to 5
below in a reasonable time frame, the number of
simulations was reduced to a manageable number (see
Table 2). Thereby, the samples were selected in such
a way that their error distributions were as close as
possible to the error distribution of the entire
population of 217 simulations in the base case. The y+
values are calculated according to the following
equation:
y+= (yp.U*)/v

Figure 3 Computational grid

SIMULATIONS
Boundary conditions
Model inlet and outlet were defined depending on the
reference wind direction. Mostly two sides of the
rectangular domain were set as velocity inlet while the
other two left as pressure outlets and the top of the
domain were assigned as a “symmetry” boundary
condition. When the flow direction is perpendicular to
one of the boundaries, only one inlet and one outlet
were defined. The side walls left as symmetrical
boundary condition.
At the outlet, zero static pressure was imposed and at
the walls standard wall functions were used (Launder
et al. 1974). The other boundary condition inputs
change depending on the parametric scenarios as
follows (see Table 2):
 Base Case
Inlet profile of the mean wind speed Vref (m/s) was
imposed to the inlet boundary of the domain. For the
base case scenario, we wanted to explore the utility of
a weather station, which is located inside the domain.
We selected WIS, which is mounted on one of the
highest building in the interest area. The mean wind
speed profile was prescribed by the power law
assumption:
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(1)

(2)

Here yp is distance from the center point P of the
model's lowermost boundary wall cell to the ground,
U* the wall-function friction velocity, and v the
kinematic viscosity. The y+ values are in the range of
1800 to 15500, which are substantially over the
recommended value of 500 to 1000. Yet standard wall
functions are still deployed in CFD simulations for
ABL flows even if y+ value exceeds the upper limit
without reducing the performance of the flow velocity
(Blocken et al. 2007). Respective validation studies
were conducted by van Hoof and Blocken (2010a,
2010b).


First scenario
The base case scenario simulations clearly
underestimated wind speed measurements (see Figure
4). Thus, a 40% higher value for Vref was used in this
scenario, keeping all the other settings as in the base
case scenario.
 Second scenario
Another weather station (AKH: located some 2 km
outside the modelled area and installed 96 m above the
street level), which is maintained by Municipal
Department of Environmental Protection in Vienna
(MA22), provided the boundary conditions for this
scenario.
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 Third scenario
This scenario is similar to the second scenario.
However, the wind profile was described as follows:
𝑈(𝑧) =

∗
𝑈𝐴𝐵𝐿
𝑧 + 𝑧0
𝑙𝑛 (
)
𝜅
𝑧0

(3)

Here z₀ denotes the aerodynamic roughness length
∗
(0.5), 𝑈𝐴𝐵𝐿
the ABL friction velocity, and  the von
Karman constant (0.42).


Fourth scenario

In this case, we used roughness modification
suggested by Blocken et al. (2007). Sand grain
roughness height k s and roughness constant Cs depend
on the aerodynamic roughness length z0:
ks =

9.783z0
Cs

(4)

Note that in Fluent, 𝑧0 is not given as an input
parameter. Thus, only the product of 𝑘𝑠 𝐶𝑠 can be
adjusted. Additionally, 𝑘𝑠 values larger than 𝑦𝑃 are not
allowed. Therefore 𝐶𝑠 was chosen to control the
roughness modification. The ground of the empty
flow field was specified with k s = 0.7 and Cs = 7
(assuming a z0 of 0.5 m).


Fifth scenario

The turbulence kinetic energy k (m²/s²) and turbulence
dissipation rate ε (m²/s³) were calculated according to
Richards et al. 1993:
𝑘(𝑧) =

𝜀(𝑧) =

∗2
𝑈𝐴𝐵𝐿

(5)

√𝐶𝜇

∗3
𝑈𝐴𝐵𝐿
𝜅(𝑧 + 𝑧0 )

(6)
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Here Cμ is a constant (0.09) of the standard k-ε model.
For specifying the surface roughness, the ground
surface was divided into 3 parts: core, domain, and
flow field. The corresponding roughness parameters
are summarized in the following Table.
Table 1
Roughness parameters for the fifth scenario
ks [m]
Cs
z0 [m]
Core
0.59
0.5
0.03
Domain
0.7
7
0.5
Flow field
0.7
7
0.5


Sixth scenario (empirical calibration)

Lastly, in this scenario, our objective was to explore a
simple calibration measure to achieve a better overall
agreement between measured and simulated data.
Thereby, the observable systematic error in a subset
(one third) of the measurements was translated into a
linear correction factor applied to the rest of the
measurements.
Other computational parameters
Steady Reynolds-averaged Navier-Stokes (RANS)
equations with the realizable k-ε turbulence model
were employed due to their good performance for
pedestrian-level wind around built environment (Shih
et.al. 1995, Blocken et al. 2009). This model reduces
the effect of stagnation anomaly (overestimation of
turbulent kinetic energy near the frontal corner and
underestimation of separation and recirculation
regions) without negative effects concerning the wake
region (Franke et al. 2004). The SIMPLE algorithm
was used for pressure-velocity coupling and second
order discretization schemes were implemented. The
simulations were terminated at 3000 iterations when
the solution showed no further convergence.
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Table 2
Summary information on scenarios 1 to 5
Parametric
Scenarios
Base Case

Meteorological data

Wind
Profile

Other Boundary conditions

Number of
Simulations

Measured
locations

WIS

Power
Law;
α=0.33

Wall roughness: Ks=0 m;
Cs=0.5
Specification Method: Intensity
and viscosity ratio

217

All

st

Corrected
WIS wind
speed

Power
Law;
α=0.33

Wall roughness: Ks=0 m;
Cs=0.5
Specification Method: Intensity
and viscosity ratio

60

WIS, BPI,
C2, P2,
S4

nd

AKH

Power
Law;
α=0.33

Wall roughness: Ks=0 m;
Cs=0.5
Specification Method: Intensity
and viscosity ratio

88

WIS, BPI,
C2, P2,
P4, S3, S4

rd

AKH

Log Law;
z0
= 0.5 m

Wall roughness: Ks=0 m;
Cs=0.5
Specification Method: Intensity
and viscosity ratio

68

WIS, BPI,
C2, P2,
P4, S4

th

AKH

Log Law;
z0
= 0.5 m

Wall roughness: Free field
ground surface: Ks=0.7 m, Cs=7
Specification Method: Intensity
and viscosity ratio

67

WIS, BPI,
C2, P2,
P4, S4

th

AKH

Log Law;
z0
= 0.5 m

Wall roughness: Free field and
domain ground surface: Ks=0.7
m, Cs=7; core ground surface
Ks=0.59 m, Cs=0.5
Specification Method: K-ε

54

WIS, BPI,
C2, P2,
S4

1 Scenario

2 Scenario

3 Scenario

4 Scenario

5 Scenario

RESULTS:
To compare measurements and simulations, we
considered the statistics coefficient of determination
(R²), mean error (ME) and root mean squared
deviation (RMSD):
𝑅2 = (

𝑛 ∑ 𝑚𝑖 𝑠𝑖 − ∑ 𝑚𝑖 ∑ 𝑠𝑖
√(𝑛 ∑ 𝑚𝑖2 − (∑ 𝑚𝑖 )2 )(𝑛 ∑ 𝑠𝑖2 − (∑ 𝑠𝑖 )2 )

𝑀𝐸 =

𝑠𝑖 − 𝑚𝑖
𝑛

∑𝑛 (𝑚𝑖 − 𝑠𝑖 )2
𝑅𝑀𝑆𝐷 = √ 𝑖=1
𝑛

2

)

(7)

Table 3 Error statistics of the simulation results for
all scenarios
Parametric
Scenarios

𝑅2

Mean error

RMSD

Base Case

0.68

-1.07

1.57

st

0.77

-0.75

1.20

nd

0.74

-0.98

1.37

rd

0.79

-0.84

1.22

th

0.81

-0.85

1.21

5 Scenario

th

0.83

-0.89

1.22

6th Scenario

0.65

-0.07

1.23

1 Scenario

(8)

2 Scenario
3 Scenario

(9)

4 Scenario

Here mi and si are the measured and simulated wind
speed respectively.
Moreover, Figures 4 to 7 illustrate the correlation
between simulated and measured values for several
scenarios.
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Figure 4 Comparison between measurements and
simulations in the base case scenario

Figure 7 Comparison between measurements and
simulation in the sixth scenario (empirical
calibration)

DISSCUSSION AND CONCLUSION
As it can be seen from the results shown in Table 3
and Figure 4, the comparison of the initial modelling
results (base case) with air flow speed measurements
displays relatively high errors. Through a number of
scenarios (scenarios 1 to 5, Table 2), we explored the
sensitivity of the simulation results with regard to a
number of model input and simulation setting
adjustments. Specifically, we modified the inlet wind
speed (scenario 1), adopted an alternative weather
station to represent boundary conditions outside the
model (scenario 2), altered the wind profile, (scenario
3), modified roughness parameters (scenario 4),
altered the turbulence parameters (scenario 5), and
finally explored a kind of empirically-based
calibration (scenario 6). The results suggest the
potential for improvement, albeit a modest one (see
Table 3 as well as Figures 4 to 7):

Figure 5 Comparison between measurements and
simulation in the third scenario

 Given the systematic underestimation of the air
flow speed levels in the base case scenario,
manipulation of the inlet velocity slightly
improved the model's predictive performance.
 The selection of AKH as the weather station
representing boundary conditions also slightly
improved the results. Note that AKH has a higher
elevation than WIS (96 m vs 52 m) and rises 8 m
above the rooftop (as opposed to 2 m in case of
WIS). Therefore, at AKH the measured wind is
less likely to be in the recirculation region.
 The logarithmic law assumption in scenario 3
implies higher wind speeds at the lower segment
of the reference wind profile, which is more
consequential for near-ground air flow field
circumstances such as the positions modelled and
measured in our study.

Figure 6 Comparison between measurements and
simulation in the fifth scenario
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 The roughness modification in the fourth scenario
resulted in the definition of the empty flow field as
a uniformly rough terrain. This reduces unintended
turbulences where inlet wind profile meets the
computational domain.
 In the fifth scenario, changing the specification
method of turbulent parameters resulted in a more
homogeneous flow. This measure yielded the best
correlation between measured and simulated
values.
These findings suggest that certain adjustments in
modelling assumptions and settings could noticeably
improve the correlation between measurements and
simulations. However, they were less effective in
significantly mitigating the systematic modelling
errors documented for the base case. Given the
relatively large sample size in the base case, it was
possible to explore the potential of a relatively simple
empirically based model calibration effort (6th
scenario). The idea was to use a smaller subset of
measurements, describe the error of the corresponding
simulation results in terms of a regression function,
and apply this function to systematically correct
modelling results for the rest of the data. As it could
be expected, this measure resulted in a significant
reduction of the mean error (see Table 3), but not
RMSD nor correlation.
Overall, the results of the present contribution
highlight the importance of efforts toward persistent
comparison of CFD-based modelling results with
measurements. Given the increasing use of urbanlevel CFD-based studies of the air flow field (in urban
canopies, around buildings, etc.), engineers and
designers need information with regard to the current
potential of CFD-based analyses in reliably
representing detailed air flow field circumstances for
realistic – rather complex – urban situations. Various
modelling requirements, challenges, and constrains
(size of the domain, resolution of the grid,
representation of inlet conditions, detailed
representation of building blocks including their fine
geometry and surface characteristics, representation of
roughness, representation of vegetation and various
formal and material non-uniformities in the domain)
have major implications for the degree to which CFDbased results could be expected to closely match
reality. Thus, quantitative validation data obtained
from test studies in wind tunnels may not be directly
applicable to estimations of CFD-based predictive
power in a realistic applications pertaining to the
urban context.
Nonetheless, if applied with caution, CFD-based
studies have the potential to effectively support urbanlevel queries on air flow. The present study suggests
that thereby, a combination of insights into
appropriate model input assumptions and settings with
the potential of specific calibration measures based on
a set of in situ measurements can improve the
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correlation between predictions and measurements
and simultaneously reduce the model's systematic
errors.
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