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W N e

Abstract: In the framework of the wind energy network for distributed generation in urban environ-
ments for most South American countries, wind resource assessment studies have been carried out in
activities to establish a suitable methodology to assess the wind potential in urban environments. Some
methodologies are already published in research studies, and the wind tunnel is the most accurate
solution to obtain insight into the wind resource when measurements are unavailable, which is the
most frequent case. Nevertheless, besides its validity, one cannot disregard the high cost of producing
a scaled urban model and access to a wind tunnel. In this sense, this paper compares results from
a wind tunnel experiment and different numerical modeling approaches. Two commercial models
(WindSim and Wasp Engineering) and one open-source CFD code (OpenFOAM) are used. The results
from the modeling simulation concluded that CFD models could achieve lower deviations for the mean
wind speed and turbulence intensity when compared with non-CFD models. With such results, CFD
modeling is a promising tool for reliably evaluating wind potential in urban environments.

Keywords: wind resource assessment; building environment; numerical modeling; CFD; wind tunnel
simulations; urban area; wind flow

1. Introduction

In recent years, several governments have made efforts to define measures to mitigate
climate change effects and reduce greenhouse emissions (GHE). These measures were
established in Europe by the publication of national climate and energy plans and outside
Europe through similar programs, such as National Energy Plans 2030 and 2050 for Brazil.
In this context, the installation of renewable energy systems has been incentivized, not
only through large power centrals but also through distributed generation by installing
small renewable energy systems. In this sense, urban wind assumes a relevant role in the
contribution to the accomplishment of the national goals on energy and climate.

The wind potential in urban areas and the use of small wind energy systems have
become very popular [1-3] in recent years, especially in the context of smart and sustainable
cities. In addition, the costs associated with the installation of these systems are low when
compared to wind farms.

However, the wind in urban environments is very complex due to the presence of
buildings and urban elements, making the wind very unpredictable and contributing to
the existence of high turbulence [4-6]. The spatial variability of the wind flow is especially
relevant in urban contexts, where the wind speed varies drastically over short distances [4,6].
Specific approaches for wind resource assessment in an urban environment have been
proposed [6,7] and are of major importance, especially when there are very little or even
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non-observational data [8,9]. However, there are still challenges in predicting the wind
flow over specific areas inside the urban area, particularly between tight streets and dense
and irregular buildings [10-12].

In what concerns wind measurements in an urban environment, these are frequently
conducted using ultrasound anemometry rather than the conventional cup devices since,
desirably, the characterization of the 3D wind is needed. In recent years, some experiments
have been conducted using LiIDAR (Light Detection and Ranging) measurement systems
by the scientific community for this purpose, according to Refs. [2,13-15], used mainly in
the scope of R&D projects due to the high investment associated with the acquisition and
maintenance of this type of equipment.

Moreover, the accuracy of the urban fabric represents a challenge in the modeling of
the urban wind resource [16,17]. Although several municipalities already have accurate
representations of the cities’ urban fabric, they are not easily accessible to most users.
Solutions related to the use of airborne LiDARs are available but with remarkable costs.
Therefore, most studies are conducted in small areas within a city representing small
groups of buildings or neighborhoods. The use of satellite images or Orto-photomaps,
geographical information techniques and manual digitalization of the buildings (using
GIS—Geographical Information System) may be used to obtain the urban fabric, although
the accuracy may be reduced. However, some research databases enable us to obtain the
urban fabric in some cities and use it in resource assessment models. An example is the
NUDAPT database project (National Urban Database with Access Portal Tool), which
enables the downloading of 2D and 3D building information for some American cities
(http:/ /www.nudapt.org, accessed on 27 July 2022).

The most suitable models to use in the study of urban wind are CFD based (Compu-
tational Fluid Dynamics). Such models have proved through the years to present valid
results in small areas, such as small groups of buildings and isolated buildings. The same
is not entirely true when one wishes to perform the wind resource assessment in larger
areas. In this case, these models can be very time-consuming. In addition, the use of CFD
standard codes is not user-friendly and demands, in most cases, a deep knowledge of
the fluid mechanics processes involved and, most of the time, advanced programming
skills. In addition, most of the available models have expensive commercial licenses since
they are dedicated to a large set of research topics. Nevertheless, freeware models are also
available, although their use is frequently less user-friendly. An example of a freeware CFD
code is OpenFOAM, whose capabilities have been widely used in urban wind applications,
according to Refs. [18-21].

In recent decades, several models that can be used for this objective have been devel-
oped and, with special care on the input data (data series and urban fabric), enable us to
obtain good results. Examples are WindSim (https:/ /www.windsim.com, accessed on 27
July 2022) and OpenFOAM (see Section 3 for more detail).

Finally, the physical modeling of the wind behavior in a wind tunnel is one of the
most accurate solutions to obtaining the wind flow in urban areas when measurements are
unavailable [6,7]. Nevertheless, besides its validity, one cannot disregard the high costs
associated with the scaled urban model and the access to the wind tunnel.

Therefore, this paper takes the wind tunnel simulation as the baseline for benchmark-
ing two specific commercial CFD-based tools (WAsP Engineering and WindSim) and a
general-purpose open-source CFD code (OpenFOAM) to evaluate the wind flow over a
complex urban area and makes some considerations about the applicability of each model
in simulating the wind flow over areas of the city that the actual literature [12,16,17] still
appoints as challenging areas to predict the wind behavior inside an urban area.

2. The Wind in the Urban Environment

The atmospheric boundary layer (or planetary boundary layer) is the portion of the
atmosphere closest to the earth’s surface. In this planetary boundary layer, several sublayers
are identified according to [22,23] such as in Figure 1. In the wake and logarithmic sub-
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layers, an analytical model can describe the mean velocity profile. At the same time, the
roughness sub-layer is a non-homogeneous flow region imposing changes to the vertical
velocity profile. When the wind blows over a city, inside the roughness sub-layer, the flow
occurs in an urban environment composed of multi-block low-rise and high-rise buildings
and squares, trees, and shorelines.
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Figure 1. Atmospheric boundary layer sublayers.

Since wind in urban areas is strongly three-dimensional, the aerodynamics of the
buildings must be studied in detail. The wind around buildings and its aerodynamic
effects have been previously studied by Refs. [10,24,25]. They give examples of flow
behavior around buildings in different situations and the loads associated with such
interactions. Several of these cases have been included in codes such as ASCE (2017) [26]
and EUROCODE (2007) [27]. When analyzing the wind flow around a bluff body in an
isolated condition, it is possible to verify several three-dimensional effects experimentally;
some of these are depicted in Figure 2.

+

Pressure
gradient

Contraction
flow

? Horseshoe

vortex
Lateral

vortex

Secondary

flow

(@)

(b) (c)

Figure 2. Typical flows around bluff bodies: (a) the common boundary layer separation with the
production of vortices and turbulence; (b) the common horse-shaped vortices developed at the base
of high buildings developing strong convergence/divergence of the flow producing strong vorticity

gradients; (c) the flow complexity around multiple obstacles very closed to each other as seen by a
wind tunnel experiment.

Because of wind flow and the building interaction, a pressure field is generated on the
building envelope. Boundary layer separation, velocity gradient, vorticity, and turbulence
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production, occur around the building (Figure 2a). Recirculation and accelerated flow
regions appear, and vortex emissions can occur. The extension of the different regions
depends on building geometry. For example, if the building is longer than the height, the
flow is reattached, and the recirculation region downstream is similar to the building height.
If the building is shorter, the separation region increases [28].

For high-rise buildings, a horseshoe-shaped vortex develops at the base of the building
and a strong pressure gradient is established on the front face (Figure 2b). In addition,
very high velocities occur near the ground. In addition, and beyond the vortex’s zones, the
separation effects induced by buildings with irregular shapes cause a wind speed deficit
and excess turbulence in the boundary region of each building, extending the dimensions
of each vortex up to 5 to 20 building heights downstream [28]. However, in most urban
areas, the buildings are close to each other, originating a complex interaction between flow
and obstacles since the flow does not return to the initial condition (Figure 2c).

In a conceptual form, the urban area configuration will influence the wind flow
behavior producing three different types of flow regimes-isolated, interference, and skim-
ming [29]. An isolated flow is when the urban elements are far apart and let the wind flow
act like an individual wake generator at the urban elements. The interference flow is when
the urban elements are very close and make wakes reinforce each other. The skimming
flow is when the density of urban elements is so high that it makes the wind flow slip over
the top of the urban elements [30].

In a city, different types of terrain can be identified [31]. There are uniform regions
where the buildings have similar geometries. For example, “high-rise buildings surrounded
by high-rise buildings” or “low-rise buildings surrounded by low-rise buildings”. There is
also a boundary region where the geometry changes or the open-face regions are directly
exposed to the wind from the sea or from rural areas [31]. Although the urban environment
may have uniform regions, some differences between buildings’ geometry can force the
wind flow to behave as a stagnation zone over the building or develop strong turbulence
or a chain of trailing vortices between tall trees.

In summary, in certain conditions, such as a significant height above the ground, the
flow could be analytically well modeled, but still, a physical or numerical modeling technique
must be used in the roughness sub-layer to describe the three-dimensional flow behavior.

3. Methodology and Models

The methodology developed for this work is based on three main steps. The first
consists of an experiment over an urban area modeled in a wind tunnel. The second of the
numerical modeling of the wind flow using three different tools, and the third of validating
the numerical modeling results based on a wind tunnel experiment.

The tools used are: WAsP Engineering [32], a simplified physical model to describe
the wind flow over complex terrain and close to sheltering obstacles [30], WindSim [33],
a CFD commercial tool for complex terrains and wind flow over wind farms [31], and
OpenFOAM [34], a free general purpose open source CFD code able to describe the wind
flow around obstacles [32]. The three models have different scopes of use, but in a general
way, they can show reliable results for wind behavior in urban environments.

3.1. Wind Tunnel

The Wind tunnel is an open section type with a test section of 17 m long, 2.25 m wide,
and 2.1 m high, which is illustrated in Figure 3a and is installed in the School of Engineering
of the Universidad de la Republica in Uruguay. The wind tunnel can provide a constant
wind flow or a well-defined wind profile if coupled with an artificial Standen method [35,36]
(Figure 3b) which can reproduce any vertical wind profile according to the desired roughness
and mean wind speed for the free atmosphere, keeping the temperature and atmospheric
pressure constant during the experiment.

The wind tunnel was configured to provide the vertical wind speed profile for the
area outside the surroundings of the urban area, where the roughness height is classified
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as 1 m, and the wind speed is 13 m/s at 90 m. To describe these conditions, the Standen
method coupled with the wind tunnel is formed with three spires of 1.2 m high, a barrier
of 30 cm high, and a rough floor of 12.8 m long composed of cubes 30 mm side located
in scatter. The distance between cube lines is 9.3 cm, and the distance between cubes in
a line is 18.6 cm. This method aims to inquire about the vertical wind speed profile and
turbulence properties in the approximation region of the urban area. This analysis was
developed considering the methodology described in Ref. [37].

(b)
Figure 3. (a) Wind tunnel at the School of Engineering of the Universidad de “la Republica” Uruguay;

(b) the Standen Method for the establishment of the vertical wind profile according to roughness
length and mean wind speed.

The urban area and the approximation region were modeled at a geometrical scale
of 1/100. Figure 4a shows the model, including the urban area highlighted in purple and
the surrounding in grey. Figure 4b shows the IFA 300 hot wire/film anemometer of three
channels under operation, which can measure the three components of the wind flow. Data
acquisition was performed with a National Instruments A /D card and a programming code
to read the data developed in CVI Lab Windows. The IFA 300 hot wire/film is mounted in
a four-freedom degree positioner system, as shown in Figure 4b. The central urban area—in
purple—is prepared to rotate 360° degrees to model the wind flow effect from any angle.

(a) (b)

Figure 4. (a) Urban area and surroundings model at a geometrical scale of 1/100. The purple area
represents the focus urban area to be evaluated by numerical models; (b) the IFA 300 hot wire/film
under operation mounted in a four-degree positioner.
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3.2. Windsim Model

This model was developed specifically for wind energy applications in complex
terrains, assuming, as inputs, wind data series, orography and roughness description, and
obstacles, and it uses a structured and Cartesian mesh. Figure 5 illustrates a simplified
scheme with the workflow of the model.

This model solves the Reynolds Average Navier-Stokes equations for the mean flow
(RANS) with the finite element method, starting with solution estimates as initial conditions.
The evolution of the model’s convergence may be visualized at a selected point, as well
as the values of the flow parameters and the residuals of the numerical simulation. The
resolved variables are the pressure, the three wind speed components (i, v, and w), the
turbulent kinetic energy, and the turbulent kinetic energy dissipation rate. It has two types
of solvers, segregated and coupled. One of the disadvantages of the first solver is the
difficulty of convergence when modeling a large number of cells. Coupled (MIGAL) [38]
uses the coupling technique—velocity-pressure and a linear solver that simultaneously
updates the velocity and pressure fields in the entire domain. Since this is an algebraic linear
solver, it only executes the first part of the velocity-pressure iteration. After this process, the
PHOENICS model completes the non-linear part of the iteration (http://www.cham.co.uk,
accessed on 27 July 2022). In terms of convergence, this solver converges with much fewer
iterations, despite requiring greater storage capacity than the previous one. The process
adopted by this model involves the execution of several modules whose included models
are operated in a chained way until the results are obtained.
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Figure 5. Schematic workflow for performing a simulation with the WindSim model.

3.3. WAsP Engineering Model

WASP Engineering is the industry-standard modeling software to calculate wind
conditions over complex terrain and around wind farms. This model is fed with initial
conditions, such as an urban digital terrain model, equivalent characteristic roughness
value in the simulation area, and vertical wind profile parameters. Figure 6 depicts a
schematic workflow of the model.
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The model solves the wind flow for stationary situations through the linear solver LIN-
COM [32]. This solver does not depend on time steps since it is neither iterative nor convergent.
The model has a set of simplified parametrizations for atmospheric turbulence and solves
the adiabatic effects of the mountain areas and recirculation zones in complex terrains and
wake-effect models adapted according to the type of wind turbine and soil roughness. It also
has a simplified scheme to deal with the thermal stratification of the atmosphere.

3.4. OpenFOAM Model

OpenFOAM is a free, open-source CFD code based on numerical routines to process
the input information to the CFD model and routines for post-processing the results. It is
efficient, easily adaptable and flexible. OpenFOAM’s SnappyHexMesh utility was used to
snap the grid around the imported Stereolithography (STL) file with the geometry of interest.
In this work, we used the version OpenFOAM-v2012 (https://www.OpenFOAM.com,
accessed on 27 July 2022), released on 23 December 2020, adopted with the steady-RANS,
k-¢ turbulence model. This model is an appropriate choice for wind CFD modeling in
complex terrains and urban wind applications [39].

Figure 7 shows a simplified view of the numerical routines applied in this work (in
operation order) and the type of information addressed for the full operation of each
numerical module.

The OpenFOAM solver SimpleFoam is based on the SIMPLE algorithm (Semi Implicit
Method for Pressure Linked Equations) [40], which solves the single-phase, incompressible,
and steady-state Navier—Stokes equations.
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Figure 7. Schematic workflow for performing a simulation with the OpenFOAM model.

4. Case Study

The selected case study is Pefiarol, an urban area in Montevideo (Uruguay). Figure 8a
shows the area under study in Google Earth, where Montevideo is illustrated with emphasis
on the Pefiarol neighborhood and the Carrasco International Airport. Figure 8b illustrates
a zoomed view of the urban area under analysis. Most of the constructions are houses
or buildings, with dense distribution and with heights varying between 3 m to 6 m. The
area is characterized by narrow roads, which makes it a challenging zone for urban wind
resource assessment.

In the Pefiarol area, no experimental data enable us to characterize the wind flow
and turbulence. The closest meteorological mast is located at the International Airport of
Carrasco, 10 km east of Pefiarol. The measured data corresponds to ten years of hourly
wind and direction observations, obtained at 10 m height and enabled us to provide a
preliminary estimate of the wind speed and direction at measurement height. Using
analytical modeling techniques [41], it was possible to evaluate the wind flow (speed and
direction) at 90 m height for a flat area outside the surroundings of the urban area with a
roughness height classified as 1.0 m [28]. The wind tunnel experiment was configured to
provide a reliable vertical wind profile following the results. For this case, the wind speed
reaches approx. 13 m/s at 90 m height.

4.1. Wind Tunnel

With the help of the IFA 300 hot wire/film anemometer, several reads of the three
wind components at different heights (up to a scale of 90 m height) were obtained for the
surrounding urban area (a grey area near the purple area—see Figure 4a) to provide a
reliable vertical wind profile and turbulence intensity inlet conditions for CFD modeling.
The surrounding urban area covers a circular area with a radius of 200 m around the central
point of the urban area. The results obtained for the grey area are depicted in Figure 9a,b,
which represent the vertical wind profile read probes and the adjusted logarithmical vertical
wind profile, and the turbulence intensity results, respectively.

The wind tunnel results show a vertical wind speed profile with a maximum mean
wind speed of 12.95 m/s reached at 60 m height above ground level with a converged
turbulence intensity of 18%. With these wind tunnel results, it was also possible to derive a
sub-urban flow correspondent to the Pefiarol neighborhood (Figure 9a) and a computed
roughness length of 0.87 m obtained from the adjustment of a logarithmic law to the data.
These results constitute the inlet conditions for the numerical models under evaluation.
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Figure 8. (a) Montevideo City with the location of the urban area under study merged in the

surroundings of the Pefiarol area; (b) zoom overused area for the case study.
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Figure 9. (a) Estimated vertical wind profile at the surrounding urban area; (b) the turbulence

intensity distribution by several reads at different heights up to scaled 90 m height.

To validate the performance and results of the models WindSim, OpenFOAM, and
WASsP Engineering, when compared with the Wind Tunnel data, a set of 11 sites inside
the urban area were established (Figure 10a). For each of the 11 sites, three measures of
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the wind flow were collected at 3 m, 7 m, and 15 m high above the buildings” rooftops,
representing approximately 6 m, 12 m and 17 m above the ground. All measures were
taken with the help of the IFA 300 hot wire/film, as previously described. Measures were
taken at 22.5° degree intervals (referenced in the meteorological North, see Figure 10b),
corresponding to 16-degree sectors (N, NNE, NE, ENE, NE, E, ESE, SE, SSE, S, SSW, SW,
WSW, W, WNW, NW, and NNW). However, to decrease computational costs related to the

various numerical experiments, only the results for sectors that are multiples of 45 degrees
will be presented hereafter.
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Figure 10. (a) Location of the 11 probe points in the wind tunnel to infer the wind flow at three
different heights above ground level; (b) Sixteen-degree rotating sectors (according to wind rose) for
probing the data according to the projection of (a).

4.2. Geometry and Domain Simulations

To represent the urban area and its surroundings, a prototype scaled at the 1/100 model
was created. The model includes the area of interest and its surroundings, forming a circular
area with a 200 m radius (from the central point of the area under study, red rectangle in
Figure 11). The circular model of the urban area is depicted in Figure 11.

Due to its nature, WAsP Engineering and WindSim models cannot directly use a
mesh exclusively formed with buildings since they are mostly dedicated to wind farm
resource assessment. In this sense, there was the need to include the terrain. Therefore,
an STRM—30m [42] terrain for the Pefiarol area was extracted, and, using the method in
Simoes and Estanqueiro (2016) [3], it was possible to build a digital urban terrain model of
the area (Figure 12a). The heights of the buildings are represented in Figure 12b.

The following phase was the creation of a mesh suitable for both models, WAsP
Engineering and WindSim. The WAsP Engineering model can only be configured with
regular meshes. Therefore, a mesh of 0.5 m x 0.5 m was created and is depicted in
Figure 13a. For the case of the WindSim model, one can configure regular or irregular
mesh plus a nested grid. For this experiment setup, an irregular mother domain mesh of
4m x 4 m was created and merged with an irregular nested mesh with 2 m x 2 m spatial
resolution, covering the central part of the urban area—Figure 13b.
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Figure 11. Circular urban area model (red area—the focus urban area) with surroundings at a scale
of 1/100 with a radius of 200 m from the midway point.
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Figure 12. (a)—Digital urban terrain model of the urban area for WAsP Engineering and WindSim
models—Vertical exaggeration of 1.5x; (b) Buildings height.
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Figure 13. (a)—Digital urban terrain model at 0.5 m x 0.5 m spatial resolution computed by WAsP
Engineering; (b) Regular nested mesh generated by WindSim model for the central urban area with
2 m X 2 m spatial resolution.
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In terms of the vertical structure of the mesh, the WAsP Engineering model solves
the Lincon model for a 2D XY user-defined horizontal level above ground level. Nine
horizontal X-Y section plans were established at 9 m, 12 m, 17 m, 30 m, 40 m, 60 m, 90 m,
120 m, and 200 m above ground level. The urban area’s results and surroundings are based
on the lowest three levels (9 m, 12 m, and 17 m). The level at 200 m height was defined to
inquire about the free atmospheric wind flow at the top of the boundary layer.

The WindSim model can be configured with a 3D vertical structure with or without
a nested refined mesh. For the urban area and its surroundings, a 3D mesh with eight
levels was defined, imposing eight vertical levels for the grid, namely at 1 m, 17 m, 62 m,
135 m, 238 m, 369 m, 529 m, and 717 m to keep model convergence stable for all angles.
Figure 14 shows a partial extract of the vertical structure of the refined mesh generated by
the WindSim model.

717m

529m

369m

238m

135m

__\ 62m
17m

im
~ ground

Figure 14. Schematic representation of the 3D vertical structure refined mesh generated by WindSim
model. Eight vertical levels were considered to meet the convergence criteria of the CFD solver.

In OpenFOAM, an STL file with the geometry of the urban area of interest was created
for the generation of the computational domain geometry. Using the SnappyHexMesh
tool. The whole domain consists of a box, which was rotated to be aligned with the inlet
direction. The mesh comprises hexahedral elements and contains two zones, a circular
subdomain to frame the building’s zone and another for the rest of the domain. The circular
area was refined (buildings area) in order to detail and better characterize the building’s
zone where the largest velocity and pressure gradients will occur. The k-e standard model
was adopted as the turbulence closure model.

Figure 15 shows the mesh used for the computational domain.

A mesh independence study with an imposed hypothetical vertical wind profile
was performed to guarantee the independence of the results with the size of the adopted
elements (see Figure 16). To do this, a simulation was performed with three different
meshes, reducing the size of the elements of both regions. Mesh 1 has 22.9 million cells,
Mesh 2 has 18.2 million cells, and Mesh has 25.4 million cells. Values of velocity were
taken at probe points per height and compared with results obtained from the wind
tunnel adapted to the hypothetical vertical wind profile. Mesh 1 is used in OpenFOAM,
considering the calculation accuracy and convergence velocity presenting slightly fewer
deviations than Meshes 2 and 3.
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4.3. Initial and Boundary Conditions for Modeling Simulations

Table 1 shows the options imposed for the initial and boundary conditions for the
simulations with WAsP Engineering. Table 2 shows the options defined to meet the
convergence criteria for Windsim. Finally, Table 3 shows the options and parameters
defined for the simulations with OpenFOAM.

Table 1. Initial and boundary conditions imposed for the WAsP Engineering model.

Model Version WASsP Engineering v. 2.0

Urban digital terrain model

Top of boundary layer: 200 m height above ground
Spatial resolution: 0.5 m x 0.5m

Roughness length: Zy = 0.87 m (dense occupation);

Initial Conditions

Nonslip wall function (constant value of 0.03);
° Vertical wind profile:

Boundary Conditions a. Zef =60m
b. Zy = uniform = 0.87 m (dense occupation)
C. Zground =0

Table 2. Initial and boundary conditions imposed for the Windsim model.

Model Version Windsim v. 6.0

Urban digital terrain model

Top of boundary layer: 800 m height above ground
Refined orthogonal 3D grid: 2m x 2 m
Roughness Height: Zy = 0.87 m (dense occupation)
Height distribution factor: 0.01

Ratio additive length to resolution: 0.01
Smoothing Gaussian model:

Initial Conditions

a. Terrain smoothing limit: 0.01
b. Smoothing radius: 0
C. Gradual smoothing type: Inner gradual smoothing

Low height for boundary layer: 200m

Speed at low height for boundary layer: 13 m/s
Top boundary condition: Fixed pressure
Vertical wind profile:

a. Zref =60m

b. Zy = uniform = 0.87 m (dense occupation)
C. Zground =0

d. Turbulence Intensity = 0.18

Boundary Conditions

Solver: GCV

Number of iterations: 200

Convergence criteria: 0.005

Potential temperature: Disregard temperature
Air density: 1.225 kg/m?

Turbulence model: modified k-¢

Height of reduced wind database: 200 m

Calculation Parameters
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Table 3. Initial and boundary conditions imposed for the OpenFOAM model.

Model Version OpenFOAM v. 2012
e  STL model of the urban area
Initial Conditions ° TOP .of boun@arx layer: 300 m height above ground
e  Minimum grid size: 0.5m
e  Aerodynamic roughness length: Zy = 0.087 m

Speed above boundary layer height: 13 m/s
Top and sides boundaries: Slip

Inlet condition: atmBoundaryLayerInletVelocity
Vref =12.95m/s

Zief =60 m

Zo = uniform = 0.087 m

Zground =0

Boundary Conditions

ao oo

Solver: simpleFoam

Number of iterations: 5000

Convergence criteria: 0.0001

Potential temperature: Disregard temperature
Air density: 1.225 kg/ m>

Turbulence model: standard k-¢

Calculation Parameters

4.4. Results
4.4.1. Wind Tunnel Results

The wind tunnel measurements are presented in Table 4. Values are computed for
the eight wind rose directions (45° sectors). The results presented are the relation between
measured wind speed (V) and the defined wind speed at the top of the boundary layer
(VH) and the turbulence intensity values (TI) expressed in percentage. Moreover, these
results are presented for each test point, P.1, P2, and P.3, where P is the point number (1 to
11), and 1,2,3 are the respective median heights above ground level, respectively, 9 m, 12 m,
and 17 m.

Table 4. Wind tunnel results per direction per point (1 to 11) and per height. V/VH is the ratio
between velocity (V) and velocity at the top of the boundary Layer (VH); Tl is the turbulence intensity.
The height above ground is given by .1, .2, and .3, meaning 9 m, 12 m, and 17 m, respectively.

N-0° NE-45° E-90° SE-135°° S-180° SW-225° W-270° NW-315°
Point V/VH TI VIVH TI V/IVH TI VIVH TI V/IVH TI VIVH TI VIVH TI V/IVH TI
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

1.1 0.61 23 0.58 19 0.49 24 0.44 29 0.52 25 0.64 20 0.61 22 0.5 28
1.2 0.65 19 0.58 21 0.55 23 0.48 26 0.58 23 0.68 18 0.68 21 0.59 22
1.3 0.72 19 0.62 19 0.60 21 0.52 24 0.66 20 0.75 17 0.70 19 0.64 19
2.1 0.56 23 0.52 24 0.50 26 0.44 30 0.56 25 0.64 19 0.50 26 0.51 26
2.2 0.61 20 0.57 22 0.50 26 0.49 28 0.63 23 0.68 19 0.61 22 0.56 22
23 0.63 18 0.64 21 0.57 23 0.54 25 0.71 21 0.72 18 0.66 19 0.59 21
3.1 0.55 26 0.55 22 0.45 27 0.47 28 0.65 22 0.65 21 0.56 23 0.5 24
3.2 0.63 21 0.61 21 0.50 25 0.51 26 0.67 22 0.69 18 0.62 22 0.54 23
3.3 0.64 19 0.65 21 0.58 23 0.61 21 0.70 21 0.72 18 0.62 21 0.58 22
41 0.70 21 0.54 25 0.46 27 0.4 31 0.51 25 0.56 22 0.52 26 0.56 24
4.2 0.74 20 0.56 23 0.51 25 0.48 26 0.61 21 0.65 21 0.59 24 0.59 20
4.3 0.77 19 0.62 22 0.55 22 0.53 23 0.65 20 0.67 19 0.66 19 0.67 19
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Table 4. Cont.

N-0° NE-45° E-90° SE-135°° S-180° SW-225° W-270° NW-315°

Point V/VH TI VIVH TI V/IVH TI VIVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

5.1 0.61 24 0.54 22 0.42 31 0.39 31 0.54 24 0.58 24 0.48 29 0.48 29

5.2 0.70 21 0.61 22 0.46 28 0.48 29 0.63 22 0.61 20 0.59 22 0.54 23

5.3 0.77 19 0.66 23 0.56 25 0.54 26 0.64 20 0.65 20 0.65 20 0.6 21

6.1 0.52 25 0.56 22 0.48 29 0.53 24 0.53 25 0.53 25 0.53 24 0.44 28

6.2 0.60 22 0.61 21 0.58 24 0.55 22 0.55 23 0.59 22 0.58 20 0.52 26

6.3 0.63 19 0.62 21 0.65 20 0.6 20 0.64 21 0.62 21 0.60 20 0.57 22

7.1 0.57 29 0.61 23 0.44 29 0.41 27 0.49 24 0.48 25 0.46 29 0.53 24

7.2 0.70 24 0.63 21 0.52 25 0.47 24 0.54 22 0.57 23 0.55 25 0.63 22

7.3 0.76 19 0.7 20 0.55 24 0.51 23 0.62 20 0.59 21 0.60 22 0.66 20

8.1 0.81 20 0.6 23 0.48 26 0.44 26 0.54 24 0.54 24 0.46 30 0.58 22

8.2 0.85 18 0.69 20 0.47 26 0.47 25 0.53 23 0.56 23 0.51 28 0.66 19

8.3 0.88 16 0.74 20 0.59 23 0.51 24 0.62 21 0.62 21 0.60 22 0.69 18

9.1 0.60 25 0.61 22 0.51 25 0.39 31 0.53 23 0.48 26 0.46 27 0.5 25

9.2 0.62 25 0.63 21 0.57 23 0.48 26 0.59 20 0.55 26 0.52 24 0.56 23

9.3 0.71 20 0.71 19 0.63 22 0.56 24 0.63 19 0.59 23 0.62 22 0.65 20

10.1 0.59 25 0.68 20 0.55 26 0.44 27 0.48 26 0.54 28 0.53 28 0.48 27
10.2 0.66 23 0.7 17 0.62 24 0.5 24 0.56 22 0.56 25 0.62 22 0.52 23
10.3 0.74 21 0.77 18 0.68 21 0.5 24 0.59 21 0.64 21 0.64 19 0.62 21
11.1 0.54 27 0.63 21 0.55 27 0.51 23 0.55 22 0.45 30 0.57 21 0.4 30
11.2 0.58 24 0.7 19 0.66 21 0.54 22 0.61 21 0.51 27 0.63 21 0.5 27
11.3 0.65 21 0.74 19 0.70 20 0.56 21 0.62 19 0.61 23 0.65 20 0.56 22

4.4.2. Wasp Engineering Results

Table 5 illustrates the WAsP Engineering results obtained for each direction and for
each probe point and level. Since this model used the urban digital terrain model, the
results were calculated from the same heights above buildings imposed for wind tunnel
results and are presented as deviations (in percentage) according to the following equation:

M-—-WT
= X

d
WT

100 @
where d is the deviation expressed in percentage, WT represents the wind tunnel results
(from Table 4) and M the values from the simulated model. In fact, Equation (1) will be
used throughout this study to infer the deviation values for the other numerical models
used. The absolute deviation ad is computed according to Equation (2) and will be used in
the same way hereafter.

ad = _‘ x 100 2)

Table 5 expresses the mean deviation per sector of the wind rose per height. The
average is calculated at each height for the 11 points, and Table 6 presents the mean
absolute deviation results obtained from WAsP Engineering per height and sector.

Figures 17-19 present the graphical form of Table 5, where the mean deviation values
(wind and turbulence intensity) are represented for each point and height, respectively.

In terms of mean deviations, it is visible from Figures 17-19 that they diminish with
height for both wind and turbulence intensity. It is also clear from Figures 17-19 that WAsP
Engineering tends to overestimate the wind and underestimate the turbulence intensity
and there is a tendency for the deviations for wind and turbulence intensity to be higher
for sectors 90°—135° and 270° —225°.
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Table 5. Deviation results obtained from the WAsP Engineering model. V/VH is the ratio between
velocity (V) and velocity at the top of the boundary layer achieved by the model (VH); Tl is the turbu-
lence intensity. Values shadowed by dark grey represent deviations with values > 20% or < —20%
while values shadowed by light grey color represent deviation values > 10% or <—10% and no
shadowed values have deviation values > —10% or values < 10%. Points denoted by .1 or .2 or .3
mean height above ground at 9 m, 12 m, and 17 m, respectively.

N-0° NE-45° E-90° SE-135° S-180° SW-225° W-270° NW-315°
Point V/VH TI V/IVH TI VIVH TI VIVH TI VIVH TI VIVH TI V/IVH TI VIVH TI
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
11 12.61 —5.65 —16.80
1.2 11.60  7.89 —14.35 .
1.3 6.09 2.11 —6.50 14.05 —4.12
21 1951 043 1951  —12.00 9.25 8.95
2.2 16.77  6.50 13.06 —10.87 9.39 2.11
2.3 19.78 11.11 6.28 —8.10 9.40 222
3.1 —13.08 2.60 1.82 9.82 524
3.2 1270 0.95 —545 8.58
3.3 1743  5.26 8.87
4.1 1.76 —-1.90
4.2 125  —-2.00
4.3 1.80 —1.58
5.1 8.07  —2.08
5.2 143
5.3 —1.40
6.1
6.2
6.3
7.1

7.2 582  —17.08

7.3 2.63 —0.53 .

8.1 —16.52 9.50 1711 091
8.2 —15.11 13.89 7.89
8.3 7.22
9.1 —18.40
9.2 —16.96

13.11

10.2
10.3
11.1
11.2
11.3

11.85

—9.50

—17.62 12.39

14.51
—15.24 12.06

—6.36

Ave. 13.76
Ave.
abs 16.56
Value

11.45

Observing the mean absolute deviations, there is a tendency for the values (both wind
speed and turbulence intensity) to be lower when height increases. It is also observed for
both wind speed and turbulence values that there are predominant sectors (sectors around
270° and 90°) where the deviations are higher, while for sectors 0° and 180°, the deviations
are lower. This may be related to the fact that around 90° and 270° sectors, there are more
buildings influencing the passage of the wind flow up to the validation locations when
compared with sectors of 0° and 180°, where fewer buildings are present. Overall results
obtained by the WAsP Engineering tend to be higher than 30% for mean absolute wind
speed in all sectors and heights, and higher than 15% for the turbulence intensity equally
in all sectors and heights. This means that even using an urban digital terrain model, a
non-CFD model such as WAsP Engineering can produce reasonable estimates for the wind
resource in urban areas.
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Table 6. Mean Absolute deviation results obtained from the WAsP Engineering model per height and
sector. V/VH is the ratio between velocity (V) and velocity at the top of the boundary layer achieved
by the model (VH); TI is the turbulence intensity. Values shadowed by dark grey represent deviations
with values > 20% or <—20% while values shadowed by light grey color represent deviation
values > 10% or <—10% and no shadowed values have deviation values > —10% or values < 10%.
Points denoted by .1 or .2 or .3 mean height above ground at 9 m, 12 m, and 17 m, respectively.

N-0° NE -45° E-90° SE-135° S-180° SW-225° W-270° NW-315° Average
Point V/VH T.I V/IVH TI V/VH T.I V/IVH TI V/VH T.I V/IVH TI V/VH T.I V/IVH TI V/IVH T.I
[%] %] [ (%] (%] %] (%] (%] (%] (%] (%] (%] [%] (%] (%] (%] (%] (%]
1 14.09
2 15.66 12.04
3 1271 8.22
Ave. 1656 11.45
V/VH : h=9m TI:h=9m
100 a0
80 30
20
— 60 —_
3 £ |
AT m
2 20 | i | | l I | o 0 5 0 5 0 5 g
>
g Il | I I | g -20
0 as 90 135 180 225 270 315 =0
-20 -30
] -50
w0 Direction [°] Direction [°]
N1 E2 3 M4 8506 7 68 N9 m10 W1l m1m2 3 m4 8506 758 m9 w10 w11
(a) (b)
Figure 17. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 9 m with WAsP Engineering.
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Figure 18. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 12 m with WAsP Engineering.
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Figure 19. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 17 m with WAsP Engineering.

Figure 20 illustrates the mean wind speed patterns for the three heights on the studied
sectors of the wind rose (0°, 90°, 180°, and 270°). Model results produce similar patterns
for sectors 0° and 180°, and the same happens between sectors 90° and 270°. These spatial
results are consistent with the expected results derived from the LINCON simplified flow-
turbulence scheme resolved by the WAsP Engineering model. In a general way, the spatial
wind pattern for all sectors provided by the model does not have the expected wind behav-
ior around obstacles. However, the results here achieved still make this model acceptable
to be used as a first approximation for estimating the wind flow in urban environments.

4.4.3. Windsim Results

The WindSim model requires a terrain dataset to produce wind flow estimates. There-
fore, using the same urban digital terrain model as the WAsP Engineering, it was possible
to simulate the wind flow with this CFD model.

Table 7 presents the results obtained with WindSim for each of the eight sectors, each
of the 11 points, and heights. The results simulated the same heights above buildings as
the wind tunnel experiment.

Table 7. Windsim deviation results. V/VH is the ratio between velocity (V) and velocity at the top
of the boundary layer achieved by the model (VH); Tl is the turbulence intensity. Values shadowed
by dark grey represent deviations with values > 20% or <—20% while values shadowed by light
grey color represent deviation values > 10% or <—10% and no shadowed values have deviation
values > —10% or values < 10%. Points denoted by .1 or .2 or .3 mean height above ground at 9 m,
12 m, and 17 m, respectively.

N-0°

NE-45° E-90° SE-135° S-180° SW-225° W-270° NW-315°

V/IVH TI

V/VH

T.I VIVH TI VIVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI

[%] [%]

[%]

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

0.39 11.40
—1.62 250
—6.16 —13.53
—2.37  19.58
—4.22 298
0.67 —4.69
1.38 6.20
-578 —2.80
0.24 —11.17
—10.64 26.74
—12.17 —-1.88
—11.37 —14.55

17.57
20.14
15.59
9.75
7.12
3.71
11.48
527
4.75
42.95
39.06
27.07

3578 3093 579 990  —19.12 447 796 116 | 2671 20.69 10.56 & 29.53 —9.53
—7.55 | 2382 2024 13.06 2933 554 -—1196 044 2.95 1341 —1554 1556 —14.42
—14.46 2228 —2927 1951 | —3393 —6.67 —1545 —-262 —10.84 16.83 | —23.83 13.64 —17.88
7.05 6.20 3.42 16.67 | —2190 -5.15 340 —7.74 | 3492 4595 | -9.18 | 2479 | 5.2
—13.04 17.51 | —25.03 15.15 | —3441 -860 —3.14 714 136 | 2495 —20.08 20.15 —16.01
—2446 1631 = 3127 1705 —-36.64 —10.52 —238 —472 —10.65 22.04 2328 2226 —26.39
10.15 = 4019 -7.76 16.55 —19.23 —1836 18.89 —0.91 1872 = 3491 8.76 | 3248 @ 7.50
—13.79 3277 2739 1633 = 3175 1427 212 227 345 | 2533 —17.22] 28.62 —17.42
—28.12 2205 3549 720 @ —2690 —9.60 —-164 —074 1376 2997 —29.18 27.13 —28.86
214 | 4184 589 | 2897 2356 1990 3.64 1472 1530 @ 3892 | —4.61 —441 1434
—2142 35,00 2633 19.00 2993 562 1406 3.11 —8.81 | 2912 2679 113 145
—3428 3392 3168 2169 3233 586 | —2881 556 —1506 2339 2596 127 —1597
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Table 7. Cont.
N-0° NE-45° E-90° SE-135° S-180° SW-225° W-270° NW-315°
Point V/VH TI VIVH TI VIVH TI VIVH TI VIVH TI VIVH TI V/IVH TI VIVH TI
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
5.1 —1344 1525 18.66 14.18 2.72 8.10 —4.79  6.38 —12.62 -9.01
5.2 —18.78 —1.06 10.78 —16.46 15.86 -570 —11.70 —2.60 0.41 —17.14 1798 —15.00
53 —19.15 —-8.97 945 14.11 1.04 —19.36 0.00 —13.38 16.00
6.1 4.24 6.43 176 8.75 407  -1042 -995 -251 072 646 11.09 -070 1628 295 1313 —3.40
6.2 —-3.03 -10.64 106  —1481 —457 -1919 -230 -1633 4.07 1192 546 —15.02 1473 —9.08 9.17
6.3 0.78 —14.92 9.46 —-3.77  —19.58 2.90 —-093 1874 755 15.95
7.1 18.10 —10.57 545  11.89 —13.68 1224 —11.64 1721 10.33 —17.78 —10.17 4.20
7.2 -1.17 6.90 11.22 11.59 —-10.23 —13.63 —16.27
7.3 —571 —18.61 1.97 18.86 326 —17.74 —3.83
8.1 —-1.88 14.01 —11.01 —12.26 12.09 —16.70 —12.73 11.63
8.2 927 -933 204 -179 1254 11.23 —14.38 —3.25
8.3 1.00 881 —1820 1547 —6.01 —19.96 9.20 —6.72  —14.60
91 687 764 1098 19.56 16.95 006 —7.66 890  9.03
9.2 8.05 1138 —9.66 1353 —19.01 766  —16.40
9.3 —0.24 3.47 —19.38 10.63 473
101 051 690 —424 987  10.50 —18.38
10.2 -3.84 1779 —-3.08 0.34 2.98 17.67 —19.95 14.45 —18.87
103  —5.65 -718 —18.85 —0.07 11.52
111 1021 -1.31 093 -329 774 1114 847 —14.15 1432 12.63
11.2 9.46 —490 207 -1264 —-11.30 1220 —14.15 L 8.92 16.14
11.3 5.83 —4.68 —9.13 17.50 19.86 —18.97 12.66 19.36
Ave. —421 —402 7.65 —6.47 19.64 4.63 —532 1277 —10.51 —19.50 11.77
Ave.
abs 8.23 1312 1033 16.15 11.33 12.01 1480 17.46
Value
Table 8 presents the results obtained with this model in the same terms as the previ-
ously presented models.
Table 8. Mean Absolute deviation results from Windsim per height and sector. V/VH is the ratio
between velocity (V) and velocity at the top of the boundary layer achieved by the model (VH); TI is
the turbulence intensity. Values shadowed by dark grey represent deviations with values > 20% or
<—20% while values shadowed by light grey color represent deviation values > 10% or <—10% and
no shadowed values have deviation values > —10% or values < 10%. Points denoted by .1 or .2 or .3
mean height above ground at 9 m, 12 m, and 17 m, respectively.
N-0° NE-45° E-90° SE-135° $-180° SW-225° W-270° NW-315° Average
Point V/VH TI VIVH TI V/IVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI
[%]  [%]  [%] (%]  [%] (%] (%] [%] [%] [% [% [%] % [% [%] [%] [% [%]
1 8.78 1331 1142 1448 886 1883 1545 1544 9.84 19.88 1271 1173 19.21 834 1933 11.84
2 8.67 10.63 10.82 10.02 14.54 10.07 9.39 1396 15.79 1511 1574 15.04 16.82
.3 723 1544 874 17.00 16.80 8.49 16.80 10.56 12.95 13.04
Ave. 823 1312 1033 16.15 16.72 11.33 12.01 1480 17.46 15.76 1586 15.80 17.67

Figures 21-23 depict the values of Table 7, in which the mean deviation values are
plotted for wind and turbulence intensity per point and per height, respectively.
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Figure 20. Mean wind speed estimates obtained by the WAsP Engineering model for three heights
(9 m, 12 m, and 17 m) and four wind sectors rose (0°, 90°, 180°, and 270°).

In terms of mean deviation values, from Figures 21-23, one observes a different
behavior between deviation from velocity and turbulence intensity. While for wind, the
mean deviations decrease with height, the turbulence intensity shows the opposite. The
WindSim model also tends to overestimate the wind deviations through all points and
heights but underestimates the turbulence intensity over all heights except at h = 9 m,
where there is a tendency to overestimate sectors N and S (0° and 180°).
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Figure 21. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 9 m with Windsim.
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Figure 22. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 12 m with Windsim.
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Figure 23. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 17 m with WindSim.

Since WindSim is a CFD model, the obtained results, as expected, are better estimated
when compared with WAsP Engineering. The overall results show mean absolute deviation
values of less than 16% for wind speed through all sectors, while turbulence intensity
deviation values are less than 18% for all sectors. The WindSim model has a similar
tendency to originate fewer deviations (both wind speed and turbulence intensity) when
height grows and shows similar behavior for sectors 270° and 90° and their surroundings
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where the deviations are larger, while for sectors 0° and 180° and their surroundings the
deviations are lower. Again, this discrepancy may be related to the fact that the wind
flow crosses more buildings to the validation points from the sectors 90° and 270° when
compared with a smaller number of buildings to cross for 0° and 180° sectors. Globally,
the results obtained by the WindSim model are quite good for the urban wind resource
assessment, even using an urban digital terrain model with a spatial resolution of 2m x 2 m.
Figure 24 illustrates mean speed results for the three heights per four sectors of the
wind rose (0°, 90°, 180°, and 270°), where the WindSim model shows a different spatial
pattern varying according to angle as expected. The urban digital terrain model produced
a concise spatial variability of the wind flow between and around ridges very typical for an
urban area which makes this model quite acceptable for urban wind resource assessment.

m/s

(228 J

Figure 24. Mean wind speed estimates obtained by the WindSim model for three heights (9 m, 12 m,
and 17 m) and four wind sectors rose (0°, 90°, 180°, and 270°).

4.4.4. OpenFOAM Results

Contrary to the previous models, OpenFOAM does not need a terrain dataset to pro-
duce wind flow estimates; therefore, only the urban area model was used to provide results.
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Table 9 illustrates the results obtained with OpenFOAM for each of the eight sectors,
the 11 probe points and heights. The results are simulated for the same heights above
buildings as the wind tunnel results. Table 10 presents the mean deviation values according
to the results in Table 9.

Table 9. OpenFOAM deviation results. V/VH is the ratio between velocity (V) and velocity at the top
of the boundary layer achieved by the model (VH); Tl is the turbulence intensity. Values shadowed
by dark grey represent deviations with values > 20% or < —20% while values shadowed by light
grey color represent deviation values > 10% or <—10% and no shadowed values have deviation
values > —10% or values < 10%. Points denoted by .1 or .2 or .3 mean height above ground at 9 m,
12 m, and 17 m, respectively.

N-0° NE-45° E-90° SE-135° S-180° SW-225° W-270° NW-315°
Point V/VH TI V/VH TI V/VH TI V/VH TI V/VH TI V/VH TI V/VH TI V/VH TI
[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
1.1 14.69 | —21.09 9.94 —214 1620 —1690 10.76 & —2323 3.22 —16.39 0.83 —1252 —3.13 —10.83 0.52 —3.18
1.2 19.26 —13.58 16.72 —14.14 17.19 —19.40 18.79 —2244 10.37 @ —20.07 4.88 —823 —124 —-1485 12.89 —16.46
1.3 18.23 —20.97 16.44 —8.35 19.33 —18.72 25.77 —25.53 9.61 —16.32 1.87 —3.36 3.61 —9.22 1218 —6.86
2.1 30.16 —31.10 8.58 —1422 191 —1090 3.35 —15.56 9.86 —29.85 1.80 —7.78 9.85 —20.55 10.65 —21.03
2.2 29.15 —22.69 17.08 —20.65 22.39 —24.24 19.50 —29.81 6.88 —26.06 5.06 —10.33 8.49 —16.93 20.88 —16.90
2.3 36.20 —18.03 1343 —19.64 23.83 —2423 2577 —3321 277 —20.99 6.10 —621  9.04 —6.71 | 23.14 —16.21
3.1 9.11 —14.41 1293 —2328 11.37 —9.31 4.82 —15.37 —15.64 8.78 —498 —-3.32 8.48 —17.26. 25.59 —21.88
3.2 18.78 —15.71 1098 =@ —20.74 22.68 —22.12 20.52 —3242 —-2.00 —14.38 3.74 —247 758 —14.15 26.66 —19.60
3.3 32.66 —19.47 12.06 —21.37 21.60 —25.12 12.20 —22.73 4.45 —20.87 5.86 —4.57 15.32 —14.08 24.83 —19.06
4.1 —2.08 —14.82 3.64 —14.54 1.40 0.29 8.64 —1192 1747 —1746 9.02 —12.44 281 —2247 6.73 —23.48
4.2 3.64 —16.20 13.90 —16.59 14.28 —12.88 15.03 —18.51 14.31 —21.73 8.20 —19.58 6.82 —22.73 1337 —11.07
4.3 10.70 —19.84 14.19 —18.85 26.28 —17.33 22.60 —19.87 14.35 —19.54 1343 —13.32 7.88 —9.82 8.05 —10.18
5.1 3.13 —17.70 3.59 —-9.64 1559 —18.12 1822 —1849 9.68 —19.04 9.85 —2537 11.19 | —25.11 19.65 | —32.38
5.2 8.15 —21.17 4.16 —16.00 31.68 —29.45 20.28 —31.74 5.96 —20.19 15.36 —15.06 11.11 —18.92 21.69 —23.63
5.3 10.58 = —2092 7.65 —2456 2491 —29.41 23.65 —33.30 13.63 —1543 16.71 —16.00 11.27 —1541 20.12 —19.24
6.1 17.23 —6.41 3.07 —14.20 6.07 —2437 3.81 —2093 7.85 —16.83 18.63 —23.69 4.82 —10.51 4.93 —5.80
6.2 26.52 2472 647 —1691 5.79 —18.70 1530 | —2253 17.64 —1729 1859 = —20.15 16.05 —1398 17.92 | —24.02
6.3 35.01 —21.97 15.19 —19.93 8.44 —1298 14.17 —-16.97 12.85 —17.28 21.99 —18.45 21.11 —15.58 2527 —21.81
71 —18.05 —10.44 043 —19.27 1644 —16.83 6.29 3.72 15.89 —12.36, 24.80 —20.51 18.19 —28.62 6.30 —16.41
7.2 —9.55 —1043 6.33 —16.69 18.02 —19.31 13.86 —3.11 | 2237 —18.80 1890 & —22.32 1635 | —27.80 5.55 —22.28
7.3 10.82 —18.96 3.07 —14.87 2828 —25.77 26.99 —16.86 16.90 —15.33 26.73 —19.21 19.70 & —24.86 10.06 —17.72
8.1 —20.96 8.16 491 —19.73 9.90 —-9.60 10.15 —-7.32 455 —1746 1043 —1840 1552 & —24.03 4.47 —21.85
8.2 —-933 —-9.80 —220 —13.55 31.19 —20.76 20.30 —13.95 18.60 —16.45 19.03 —20.85 24.06 —34.61 210 —14.36
8.3 —294 —681 —3.03 —14.14 1990 | —2230 28.89 2273 1397 —16.10 1946 —18.62 19.07 | —2476 5.17 —-9.23
9.1 —1293 —-058 —-352 —15.77 0.31 —1.34 10.02 —7.19 11.61 —14.61 22.15 —2231 1127 —17.03 122 —7.13
9.2 7.58 —19.44 5.71 —18.57 7.93 —12.74 18.71 —19.33 14.09 —12.46 22.33 —29.49 23.99 —25.46 12.01 —16.12
9.3 1714 = —2252 197 —12.42 12.23 —19.64 19.02 —25.03 15.88 —11.04 26.69 —25.15 16.21 —24.72 10.68 —16.61
10.1 —27.44 20.19 —5.65  —20.81 —-7.88 —3.70 17.99 —17.51 2547 —2750 —-8.92 1.31 —0.23 —15.06 8.24 —13.50
10.2 —10.11 3.75 —-296 —327 131 —15.93 2279 —21.84 1995 —1851 1291 —13.04 6.04 —20.12 21.14 —20.00
10.3 10.92 = —23.71 —-5.88 —843 5.50 —17.20° 35.62 —27.41 23.19 —18.06 16.58 —16.48 13.08 —12.86 15.09 —20.30
11.1 —0.03 —-19.11 —-6.30 —10.74 —525 —1439 9.94 —18.62 14.07 —12.72 20.76 —16.76 5.75 —11.45 1349 —15.56
11.2 19.45 —23.77 —-5.37 —11.14 -321 —12.38 16.40 —20.41 11.98 —14.88 30.12 —27.11 5.37 —16.74 18.01 —23.85
11.3 2768 —2737 —2.62 —1379 2.2 —13.92/ 21.38 —18.10 17.68 —8.65 | 22.87 —2351 1091 —15.94] 26.12 —22.13
Ave. 9.19 —15.20 5.30 —15.42 1296 —16.96 17.02 —19.70 11.80 —16.85 13.39 —15.62 10.80 —18.28 13.78 —17.27
Ave.
abs 16.07 17.15 7.58 15.42 13.95 16.98 17.02 19.93 12.87 17.38 14.23 15.69 11.08 18.28 13.78 17.27
Value

Figures 25-27 represent Table 9 values in which the mean deviation values are plotted
for wind and turbulence intensity for each point and height, respectively.

According to Figures 25-27, OpenFOAM tends to overestimate the mean wind de-
viations as height increases but tends to underestimate the turbulence intensity. With
OpenFOAM, there is no clear evidence of sectors having more or fewer deviation values
like in WAsP Engineering or Windsim results.
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In fact, OpenFOAM results are similar when compared with those from the WindSim
model. The overall results obtained with OpenFOAM show mean absolute deviation values
of less than 14% for wind speed through all sectors, while for turbulence intensity mean
deviation value is up to 18%. The obtained results from the wind speed are good for a pure
CFD model, and the turbulence intensity results present deviation values slightly lower
when compared with Windsim or WAsP Engineering results. OpenFOAM presents fewer
deviation values (both wind speed and turbulence intensity) in points at a lower height.
Sector 45° has the lowest mean deviations, and the other sectors present a similar range of
mean deviations. The fact that the wind flow crosses more buildings to reach the validation
points on sectors 90° and 270° is not affecting the results from OpenFOAM.

Figure 28 illustrates the mean wind speed results for the three heights (0°, 90°, 180°,
and 270°). OpenFOAM shows an expected spatial variability of the wind flow in an urban
area. The wake effect is better resolved for the obstacle influence in the 3D structure of the
wind. Regardless of the problem with the turbulence intensity values, this CFD model is
the most adequate and reliable tool for assessing wind resources in an urban area.

Table 10. Mean Absolute deviation results from OpenFOAM per height and sector. V/VH is the ratio
between velocity (V) and velocity at the top of the boundary layer achieved by the model (VH); TL is
the turbulence intensity. Values shadowed by dark grey represent deviations with values > 20% or
<—20% while values shadowed by light grey color represent deviation values > 10% or <—10% and
no shadowed values have deviation values > —10% or values < 10%. Points denoted by .1 or .2 or .3
mean height above ground at 9 m, 12 m, and 17 m, respectively.

N-0°

NE-45°

E-90° SE-135° S-180° SW-225° W-270° NW-315° Average

Point V/VH TI

V/IVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI VIVH TI V/IVH TI VIVH TI

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
1 14.17 1491 5.69 1494 839 1143 945 1453 1230 1755 12.01 1495 829 1845 925 1656 995 1541
2 14.68 1648 8.35 1530 1597 1890 18.32 2146 13.10 1826 1447 1715 1155 2057 15.66 1893 14.01 18.38
3 19.35 | 20.05 8.68 16.03 1748 | 20.60 2328 23.80 1321 1633 1621 14,9 1338 1581 1643 1631 16.00 17.99
Ave 16.07 1715 7.58 1542 1395 1698 17.02 1993 1287 17.38 1423 1596 11.08 1828 13.78 1727 13.32 17.26
V/VH : h=9m TI:h=9m
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Figure 25. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 9 m with OpenFOAM.
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Figure 26. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the

11 probe validation points at height h = 12 m with OpenFOAM.
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Figure 27. Mean absolute deviations of the wind (a) and turbulence intensity (b) per direction for the
11 probe validation points at height h = 17 m with OpenFOAM.

4.4.5. Overall Results

In this section, the overall results obtained for the three selected models are presented

(Table 11). The results are the mean deviation and the mean absolute deviation for all points
in all sectors and all heights.

Table 11. Overall results obtained from models, WAsP Engineering (non-CFD), Windsim (CFD) and
OpenFOAM (CFD). V/VH is the ratio between velocity (V) and velocity at the top of the boundary
layer achieved by the model (VH); TI is the turbulence intensity.

Average Average Absolute Values
Model V/VH TI V/VH TI
[%] [%] [%] [%]
Wasp Engineering 35.20 -17.33 35.55 18.26
Windsim 11.98 —12.85 15.80 17.67

OpenFOAM 11.49 —-16.91 13.32 17.26
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In terms of average deviation values, all models tend to overestimate the wind flow
and underestimate the turbulence intensity. As expected, WAsP Engineering tends to
overestimate the results more than Windsim and OpenFOAM. The obtained values are
consistent with the recent publication involving numerical studies as appointed in Section 1.
In terms of turbulence intensity, the values obtained are satisfactory, especially since this is
not a CFD model and the accuracy for urban environments is lower. Moreover, the fact that
WASsP Engineering and WindSim do not use a 3D mesh based on urban fabric, and instead
use an urban digital terrain model may influence the results.

9m
12
10
00 8 m
E
6 =)
r
2
0
900 .[
180°.I
270..

Figure 28. Mean wind speed estimates obtained by the OpenFOAM CFD model for three heights
(9 m, 12 m, and 17 m) and four wind sectors rose (0°, 90°, 180°, and 270°).
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Figures 29 and 30 depict, respectively, the mean wind and mean turbulence deviation
roses obtained for the 11 test points per height and per model. It is visible that in terms of
wind speed deviations, all models tend to show higher deviations for sectors 90°, 135°, and
270°, both for wind speed and turbulence intensity. The same pattern is visible when height
varies. However, it is visible that the deviation values decrease when the height increases,
which is expected since the influence of the buildings on the wind flow diminishes as
height increases. In a general way, it is clearly visible that both CFD models (OpenFOAM
and WindSim) produce lower mean wind speed deviations when compared with the

WASsP Engineering.
% wind deviation h=9m % wind deviation h=12m % wind deviation h=17m
g YV g VWS =mge=OF e VW ==\ == F g AE s WG s () F
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80 20 o 80
315 60 45 ais 50 a 315 60 a5
40 40 40
270 90 270 90 270 90
225 225 135 225 135
180 180 180
(a) (b) (c)
Figure 29. Overall mean wind speed absolute deviation per points 1, 2, 3 and per height (a)—9 m,
(b)—12 m, and (¢)—17 m above ground.
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Figure 30. Overall mean turbulence intensity absolute deviation per points 1, 2, 3 and per height
(a)—9 m, (b)—12 m, and (c)—17 m above ground.
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4.5. Discussion

Results achieved by the models are satisfactory for wind speed and turbulence inten-
sity. Both CFD models, WindSim and OpenFOAM, produce mean wind speed deviation
between 14% and 16%, while WAsP Engineering presents deviations in wind speed up to
35%. Although the deviation values may seem high, one should consider that the urban
area under analysis is quite dense and characterized by narrow streets and irregular build-
ing heights, which constitutes a challenge in wind behavior modeling, especially in large
urban areas.

The WindSim model shows lower deviation at low levels near the ground, where the
turbulence is stronger, but the deviation values increase with height where the turbulence
was imposed. Contrarily, WAsP Engineering showed lower deviations with increasing
heights. In the case of OpenFOAM, the deviations are similar for all heights.

The overall results showed that the building density in the urban area is of major
importance when there is the need to simulate the wind flow, and it must be considered
in both types of models—CFD or Non-CFD models. The higher building density and the
most irregular heights occur in the sectors aligned with 90° and 270° sectors. In this sense,
and based on the results, it is possible to observe that the less accurate estimates occurred
in these sectors, as expected.

5. Conclusions and Perspectives

Three models were used and presented in this paper to study the wind flow over
an urban area and validated with wind tunnel results for different sectors of the wind
rose. A non-CFD-Model WAsP Engineering—a world-leading commercial software to
solve the wind flow for wind farm resource assessment is used against two CFD models.
One commercial is the WindSim model—which is commonly used to solve the wind flow
over very complex terrain to produce wind farm estimates—and the freeware OpenFOAM
model, a pure CFD model adequate to solve transient or stationary case studies for many
different engineering areas.

The numerical model’s performance was evaluated with data from physical modeling
developed in a wind tunnel. A zone in a sub-urban region was modeled. A wind flow for
a sub-urban exposure area was modeled, resulting in a roughness length of 0.87 m and a
turbulence intensity of 18% at 60 m high.

The three numerical models were run with the same sub-urban wind profile character-
ized by the mean wind profile and the turbulence intensity profile. A deviation parameter
was defined to evaluate the performance, and it was applied to evaluate the mean wind
speed and the turbulence intensity faced in wind tunnel results.

The CFD models—OpenFOAM and WindSim—produced the best mean wind speed
estimates. The mean deviation for the mean speed was 14% and 16%; respectively, while
applying the WAsP Engineering model, the mean deviation was 36%. In WindSim and
WASsP Engineering model, deviations are more pronounced for directions 90° and 270°
and less pronounced for 0° and 180°. Although these deviations are high, it should be
noted that this type of urban area (densely distributed) is still a challenge for wind behavior
modeling since it is composed of very narrow streets and irregular height buildings and
the probe points were strategically chosen at the most challenging zones where strong
convergence or divergence wind flows are expected to occur.

The WindSim and OpenFOAM models achieved a turbulence intensity mean absolute
deviation near 18% like the one obtained with WAsP Engineering, although, while in
WASsP Engineering, the lowest deviation values increase with height, where the turbulence
intensity parameter is imposed, both CFD models showed the opposite trend, i.e., the mean
absolute turbulence intensity deviations increase with height.

The wind speed and turbulent intensity deviation roses, at all heights, show the
pattern already identified according to whose sectors have more pronounced deviations,
and it was verified higher deviation values for 90° and 270° sectors and lower deviation
values for 0° and 180° sectors. An exception to this occurred for the WindSim model at the
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lowest height. This exception is probably due to the automatic smoothing effect imposed
on those sectors due to their higher complexity and irregularity (this model performs a
gentle smoothing of the terrain in high complexity situations to avoid non-convergence
criteria for each simulated direction) to improve convergence.

In the first approach, it is concluded that all the models presented here can produce
reliable results for planning purposes—identifying promising sites for urban wind exploita-
tion. However, the CFD models are more reliable and capable of inferring the wind flow
with more detail and, consequently, more suitable to study detailed sheltering obstacle
effects on wind flow, turbulence or other phenomena, whereas models such as OpenFOAM,
or similar, should be used.

In summary, from the results presented here, it can be concluded that for planning
purposes in the scope of smart and sustainable cities, models such as WindSim would
be suitable to give a reasonable estimate of the wind flow over areas within urbanized
regions, such as cities or groups of neighborhoods ideal for the installation of small wind
turbines. OpenFOAM would be an excellent choice to describe the detailed wind flow
for more detailed studies where 3D wind characterization is needed. Nevertheless, the
simulated results can be even more improved with OpenFOAM when applying different
turbulence model parameterizations to study the deviation values of wind speed and
turbulence intensity which was not covered in this study mainly due to limitations of
WASsP Engineering and WindSim, which would not enable us to compare the results in all
three models.
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