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Abstract: One of the main challenges of urban wind energy harvesting is the understanding of the
�ow characteristics where urban wind turbines are to be installed. Among viable locations within
the urban environment, high-rise buildings are particularly promising due to the elevated height
and relatively undisturbed wind conditions. Most research studies on high-rise buildings deal with
the calculation of the wind loads in terms of surface pressure. In the present paper, �ow pattern
characteristics are investigated for a typical high-rise building in a variety of con�gurations and wind
directions in wind tunnel tests. The aim is to improve the understanding of the wind energy resource
in the built environment and give designers meaningful data on the positioning strategy of wind
turbines to improve performance. In addition, the study provides suitable and realistic turbulence
characteristics to be reproduced in physical or numerical simulations of urban wind turbines for
several locations above the roof region of the building. The study showed that at a height of 10 m from
the roof surface, the �ow resembles atmospheric turbulence with an enhanced turbulence intensity
above 10% combined with large length scales of about 200 m. Results also showed that high-rise
buildings in clusters might provide a very suitable con�guration for the installation of urban wind
turbines, although there is a strong di�erence between the performance of a wind turbine installed at
the centre of the roof and one installed on the leeward and windward corners or edges, depending on
the wind direction.

Keywords: wind tunnel; building aerodynamics; urban wind energy; turbulent �ows

1. Introduction

The positioning strategy of wind turbines in the built environment normally relies on aesthetical,
architectural or regulatory considerations rather than a performance-oriented approach based on the
available wind energy resource. The main reason for this is the rather poor knowledge about the �ow
pattern around buildings [1,2]. The scienti�c positioning strategy of traditional wind farms is based
on careful observations of the wind energy resource on site, with lengthy and costly �eld tests [3].
There is increasing concern about the performance of wind energy converters in non-uniform �ow
conditions [4], the structural and electrical condition monitoring [5], or the turbulence characteristics in
wind farms [6]. However, urban wind energy does not share the same deal of resources to justify a costly
experimental campaign to investigate the wind energy harvesting potential on possible installation
sites in the built environment. Furthermore, if an urban wind energy project comes into consideration
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BAWT with building architecture [13,14,24]. This has shown to be viable in a handful of applications,
such as the Bahrain World Trade Centre [7]. Other works propose instead to enhance the energy yield
by slightly improving the shape of the rooftop by building a collector directing the wind to the turbines
to optimise the in�ow [17]. Other studies also con�rm that the shape of the roof is crucial in a�ecting
parameters such as the extent of regions with higher turbulence intensity [19,23].

Most of literature on the wind energy resource above high-rise buildings uses Computational Fluid
Dynamics (CFD) as a methodology to predict the wind speed [17�19,21,23]. However, the accuracy of
CFD simulations should be veri�ed and validated [7]. As �eld tests remain costly, wind tunnel tests
are still viewed as the most reliable and e�ective technique to investigate the urban �ows [7]. However,
there are very few wind tunnel tests focusing speci�cally on wind velocity measurements. The most
known experimental campaigns are the database published by the Architectural Institute of Japan
(AIJ) [25] and CEDVAL database [26]. Both databases focus the attention to pedestrian level winds and
not the �ow over the building.

As mounting of WT on the top of the buildings represents the large majority of the applications
(Figure 1i), an experimental campaign was launched to investigate the �ow above the roof of high-rise
buildings in the built environment using wind tunnel testing. Four wind directions � = 0�, 15�, 30�

and 45� are considered in di�erent geometric con�gurations: isolated high-rise building with two
di�erent roof shapes and in clusters of high-rise buildings. Measurements presented in this work
are available publicly as Mendeley Data for the isolated building case [27] and clusters of high-rise
buildings [28]. A previous work, based on the same experimental results, focused mainly on the
�ow pattern by predicting separation regions above the roof of the high-rise building. Based on the
velocity and pressure �elds �ow pattern over the isolated building was analysed [29], while [30]
focus on clustering e�ect. In addition, in [31] the �ow above the �at roof was simulated using CFD
approach. In contrast, the focus of the presented work is on the turbulence characteristics of the energy
resource that a hypothetical wind turbine might face during its service life in various positions on
the roof. Furthermore, it comprises all considered test cases with detailed comparison between them.
The experimental setup is detailed in the next section. Turbulence statistics are then discussed for
leeward and windward corners, edge locations and at the centre of the roof. At the end, the wind
energy density of the wind resource is estimated based on the measured data.

2. Experimental Setup

2.1. Wind Tunnel Tests

Wind tunnel tests have been conducted at the Atmospheric Boundary Layer (ABL) Wind Tunnel
Lab of the Ruhr-Universität Bochum (RUB, Germany), with a cross section of 1.6 m � 1.8 m and a
length of 9.4 m, and an open tunnel con�guration with the fan downstream of the test section.

Figure 2 shows that the ABL is simulated thanks to turbulence generating spires and a castellated
barrier, and roughness cubes (from 3.6 cm to 1.6 cm) capable of generating a broad variety of atmospheric
boundary layer pro�les. Measurements of the �ow pattern were taken above the rooftop, using hot-wire
anemometry (HWA). A miniature �-wire probe of the DANTEC 55P61 kind has been placed at di�erent
heights above the model rooftop, using a traverse system. Figure 3 shows a con�guration for the
high-rise building model implemented in this study, with a detail of the HWA probe. The probe could
not be positioned for distances smaller than zmin = 1 cm due to the fact that HWA do not account for
reverse �ow.
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Figure 9. Mean skew angle at windward (c1,c2) and leeward (c3) corner locations. Symbols as indicated
in the legend, for con�gurations #1, #2, and #4 and the four wind directions. Positive values for nose-up
skew direction.

3.3.2. Centre, Windward, and Leeward Edges

Figure 10 shows the skew angle for the windward edge locations, showing the highest values in
the dataset, with � > 15� at z/D~0.2 and � = 0� for con�guration #1. This is also the case for � = 15�,
while for higher wind directions the skewed angle is reduced but steady around �~12�. Clustering
does not vary this trend for � � 30� consistently with other locations. However, � reduces at lower
wind directions, showing the bene�cial e�ect on �ow around the border of the roof operated by the
upstream �ow. In con�guration #3 and #4 the skew angle is reduced for z/D > 0.1. The �ow is inclined
to �~10� at z/D~0.1 due to the inclination of the roof, which is also the case for con�guration #3 and
� = 45�. At the centre location m1, the skew angle is negative in the case of �at roof shape up to
z/D~0.3 consistently for all wind directions, showing that the separated region is reattaching. Similarly
to other locations, clustering reduces the nose-up �ow, and � is slightly negative for z/D > 0.3 at � = 0�,
while it is weakly positive in other wind directions.
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Figure 10. Mean skew angle at windward and leeward edges (e1,e2), and centre location (m1). Symbols
as indicated in the legend, for con�gurations #1, #2, #3, and #4 and the four wind directions. Positive
values for nose-up skew direction.
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3.4. Turbulence Intensity

The longitudinal turbulence intensity is calculated using the mean wind speed Iu =
q

�2
u/U.

The vertical turbulence intensity shows an analogous behaviour to the longitudinal one, and therefore
it is not shown in the following for the sake of brevity. However, the similarity of turbulence intensities
gives some indications on the isotropy of the �ow. In general, for z/D > 0.2, Iu~Iw, meaning that
the turbulence is rather uniform and isotropic, close to grid turbulence and therefore easy to be
reproduced in wind tunnels. This shows that it could be possible to use grid turbulence in wind
tunnel testing for practitioners to design and test wind turbines in turbulent �ows [40]. Such isotropic
behaviour is not present at lower heights (z/D < 0.2), where the longitudinal component is signi�cantly
higher than the vertical one. This anisotropy indeed has an e�ect on the behaviour and aerodynamic
response of devices placed in its stream and at present there is no convincing technique to reproduce
this rate of anisotropy in the wind tunnel without a signi�cant and expensive amount of trial and
error, so unfeasible for practitioners investigating the response of wind turbines. However, in those
areas the highly skewed and disturbed �ow conditions are not usually relevant to the positioning of
wind turbines.

3.4.1. Windward and Leeward Corners

Figure 11 shows corner locations c1, c2, and c3. The atmospheric wind pro�le at building height is
Iref~12% and generally this is the turbulence intensity noticeable above the roof for z/D > 0.3 for the
isolated high-rise building con�guration. Figure 11 shows that the building seems to a�ect turbulence
intensity up to a height of about one third of its width. At z/D~0.1, the turbulence intensity is the
highest Iu > 20�30%, and this is incompatible with the serviceability of wind turbines, as the IEC
allows a maximum Iu = 15% [41]. However, z = 3 m is a common installation height for small wind
turbines on buildings. A height of z/D~0.3 corresponds to turbulence intensities of the order of Iu~12%,
meaning that ideally at least a 10�12 m mast over the rooftop of high-rise buildings would be necessary
to comply to values indicated by IEC standards for the reference turbulence intensity or for a wind
turbine to avoid the region with high turbulence [41,42].

��


¥�—�¤

�… �…

�…

 

#1 #2 #4 

  + 
Figure 11. Longitudinal turbulence intensity Iu at windward (c1,c2) and leeward (c3) corner locations.
Symbols as indicated in the legend, for the con�gurations #1, #2, #4 and wind directions.
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Clustering reduces Iu at corners if � = 0� and 15�, while it slightly increases it at � = 30� and
45�. The windward corner c1 shows a turbulence intensity comparable to Iref, expectably due to the
favourable position of the windward corner. The clustered docked roof con�guration shows a lower Iu
at � = 0�, con�rming the bene�cial e�ect of modifying the roof shape on the wind resource.

3.4.2. Centre, Windward, and Leeward Edges

Figure 12 shows the edges and centre locations. The denser measurements points con�rm that the
disturbed �ow region extends to z/D~0.3 at � = 0�. Con�guration #1 shows the highest turbulence
intensity of the dataset at all positions. Clustering seems to increase the expected turbulence intensity
even at z/D > 0.3 for both roof shapes for � = 0�, while the docked roof shape is found to greatly reduce
the turbulence intensity at z/D < 0.3 for � = 0� and 45�. This could be interpreted with the larger
disturbed region of the �ow around the cluster, engul�ng the roof area of the building.
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Figure 12. Longitudinal turbulence intensity Iu at windward and leeward edges (e1,e2) and centre
locations (m1). Symbols as indicated in the legend, for the four con�gurations and wind directions.

3.5. Integral Length Scale

The integral length scale of turbulence Lu is calculated applying the Taylor hypothesis and using
the autocorrelation coe�cient �(�)= Ruu(�)/u2, where Ruu(�) = u(t)u(t + �) is the autocorrelation
function, and � is the time lag. The integral

R
�(�)d� yields the integral time scale Tu and Lu = UTu,

where U is the mean velocity [43]. In this work, the integral is calculated considering the �rst 0 crossing
of �, i.e., Lu= U

R�0
0 �(�) d�, where �(�0)= 0, and Tu is estimated using a simpli�ed relation where

�(Tu)= 1/e [44]. The reference integral length scale calculated using the atmospheric wind pro�le at
building height yields Lre f /D � 4.

3.5.1. Windward and Leeward Corners

Figure 13 shows Lu for the corner locations. In addition, analogously to what is found for the
turbulence intensity, most data converge to Lre f at z/D~0.3. Lu shows a monotonic growth with height
for the windward and leeward corners. Clustering reduces the size of the length scale by a factor of ~3
at � = 0� at z/D > 0.3. A slight reduction is also noticeable for the docked roof shape, and in that case
clustering follows the same pattern as observed for the �at roof. As for con�guration #1, length scales
at z/D~0.3 and 0.45 converge towards similar values to Lref at the leeward corner, while the windward
corner shows a monotonic growth with height. The growth rate is greatly reduced in con�guration #2,
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and in general clustering reduces the size of vortices, possibly due to the fact that the model is enclosed
in the wake of upstream buildings.
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Figure 13. Longitudinal integral length scale of turbulence Lu at windward (c1,c2) and leeward (c3)
corner locations. Symbols as indicated in the legend, for the four wind directions and con�gurations.

3.5.2. Centre, Windward, and Leeward Edges

Figure 14 shows the edge and centre locations. For con�guration #1, the length scale gradually
increases towards Lref up to z/D~0.2, to then maintain that value at other heights for all wind directions.
Con�guration #2 shows a di�erent behaviour to #1 at � = 0�, with a sensibly smaller length scale
(comparable to Lref/2 instead of Lref, which might indicate a larger extent of the separated �ow
region [32]). For the centre location of con�guration #1, the behaviour is di�erent between � = 0� and
the other directions. For � = 0�, Lu increases steadily towards Lref up to z/D~0.3�0.4, while for the other
wind directions Lu increases in a similar manner for both con�gurations #1 and #2. At � = 45� the length
scale shows similar values at both lower and higher quotes, showing the e�ect of the cone vortices and
the relatively undisturbed �ow region at the centre of the roof. The docked roof con�gurations #3 and
#4 show a reduction of the length scale similar to con�guration #2 at � = 0�, and larger uniform values
at � = 45� for con�guration #3.

Results on the integral length scale show that wind turbines placed at z/D > 0.3 experience a �ow
with coherent structures similar to those found in freestream atmospheric conditions, i.e., a length scale
with a size comparable to the building rather than the wind turbine blade or rotor diameter. At lower
heights, where small wind turbines are likely to be installed, the length scale is reduced dramatically,
with unclear repercussions on the aerodynamic performance and power output. In fact, at z/D~0.1,
the integral length scale is equivalent to ~5�10 m, hence it is comparable to the size of rotors.

In full scale conditions, Lref~4D is equivalent to ~150 m, which is compatible with previous �ndings
on the urban boundary layer [45�47]. This also applies to the turbulence microscale (not shown for
brevity) which shows a steady value for the entire dataset of ~15 m [32].
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Figure 14. Longitudinal integral length scale of turbulence Lu at windward and leeward edges
(e1,e2) and centre locations (m1). Symbols as indicated in the legend, for the four wind directions
and con�gurations.

3.6. Energy Spectra

To further compare the behaviour of the roof �ow region with the atmospheric wind, Figure 15
shows the power spectral densities for the windward edge e1 and centre m1 locations (respectively,
upper and lower rows) at z/D = 0.3 or z = 12 m for the various con�gurations and wind directions as
indicated. The von Karman Spectrum, as calculated using the integral length scale Lu, is also computed
and plotted together with the results. U is the mean wind speed, n is the frequency in Hz and �2

u the
wind speed variance. Results are consistent with �ndings of Figures 13 and 14, with the di�erent
con�gurations diverging from the von Karman spectrum at � = 0� (Figure 15).

nSu(n)
�2

u
=

4nLu/U
h
1 + 70.8(nLu/U)2i 5/6

(1)

The con�guration with the closest resemblance to the atmospheric wind is con�guration #3, where
no high frequency peaks are noticeable from the energy spectra. However, a slight peak is noticeable
at nLu/U~2. Similar high frequency peaks can be observed for the other con�gurations for � = 0� and
15�, with con�guration #1 experiencing the most evident peak. This is compatible with a measurement
point taken in the shear layer where a vortex sheet is forming. Energy spectra aid in the detection of
the shedding of vortices, which is important to assess due to possible resonance e�ects on wind turbine
masts or other components installed above the roof [24]. In this study, con�guration #1 is prone to
vortex shedding at the centre location, while the e�ect is milder.

Clearly in clustering, this is disrupted by the presence of surrounding buildings or the di�erent
shape for the roof, although some periodicity at those frequencies is still present.
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Figure 15. Power Spectral Density of wind speed at position e1 (bottom row) and m1 (top row) for the
four wind directions (columns) and con�gurations. The dashed line indicates the von Karman �t for
the various con�gurations, as calculated using Equation (1).

4. Probability Distribution Function

One of the most signi�cant outcomes from an environmental study on the wind energy resource
is the assessment of the probability distribution function (PDF). By �tting the distribution, it is possible
to obtain general expressions to aid with the modelling of a realistic wind resource. The present dataset
has been normalised against the standard deviation u/�u and its PDF �tted to a Weibull distribution
for each time-history of the dataset:

p(u/�u) =
k
a

 
u/�u

a

! k�1

e�( u/�u
a )

k

(2)

Some of the measurements have been repeated to check the quality of the time-histories
(in accordance with checks on the extension of the separation bubble), and no variation of the
freestream velocity has been operated. The Weibull distribution of the freestream velocity of building
height has a shape factor k = 8.6. Above the roof, it has been found that the shape of the Weibull
distribution is consistent for all con�gurations and wind directions, with the scale parameter yielding
a~5.6�6.2 and the shape parameter analogous to the freestream k~6�8. The shape parameter for ambient
wind taken over an extensive period of time resembles a Rayleigh distribution, i.e., k~2. This study has
the limitation of the sample period only considering a limited amount of information. Nevertheless,
it is signi�cant that the PDF for di�erent con�gurations and wind directions takes a similar shape
if z/D�0.3 or z � 12 m, as this can be considered a safe distance from the building where turbulence
intensity is analogous to ambient turbulence.

Figure 16 shows the PDFs taken at z/D = 0.1 and z/D = 0.3 for three locations, i.e., windward edge,
centre and leeward corner. The shape of the PDF at the lower quote (lower row) shows negative fat
tails and is positively skewed for the corner and centre locations. For the edge location the shape of the
PDF varies with the wind direction, with a bimodal distribution noticeable at � = 45� for con�guration
#2, possibly due to vortex shedding interacting with the local �ow and causing an intermittent wind
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speed. While the same trend can be observed for � = 0�, for higher wind directions the distribution
is negatively skewed with positive fat tails. This is consistent for both con�gurations #1 and #2.
For � = 30�, the PDF normalises for con�guration #2.
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Figure 16. Probability Distribution Function for locations e1 (
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), m1 (
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) and c3 (

��

�…

3 (    

�…

�…

) at z = 3 m
(bottom) and z = 12 m (top) for the 4 wind directions (columns).

At � = 45� the PDF is analogous to higher quotes, with the exception of con�guration #1 which
show still a negative skewness with positive fat tails. At z/D = 0.3 the distribution is analogous at all
con�gurations and locations, with positive skewness and negative fat tails. In all cases and quotes the
docked roof con�gurations show an analogous wind distribution, normalising the behaviour.

Quadrant Analysis

The joint probability distribution function (JPDF) can be useful to understand the physics of a
turbulent �ow in terms of dominance of a wind component with respect to the other. Figure 17 shows
the JPDF for locations e1 and m1 at z/D = 0.3. For � = 0�, the mean wind speeds of all con�gurations
are comparable to Uref for building clusters, and they slightly di�er for the isolated building at both
positions. The main di�erence is the vertical component, which is ~0 for con�guration #2 and ~0.75 for
con�guration #1 showing the large variability of skewed angle. The horizontal spread of the contour
plot signi�es a lack of variability of the vertical wind component, and it is signi�cant that con�guration
#4 shows the largest variability of w. In the centre position m1, all contours insist on the origin of
the plot at � < 45�, meaning that a similar mean wind speed is present in di�erent con�gurations.
However, the variability of w is enhanced, showing the unsteady behaviour of the shear layer above
the reattachment region of the roof.

In general, the trend of a larger variability of the vertical component w can be observed for all
wind directions and con�gurations, with a more limited variability for clusters.



Energies 2020, 13, 3641 16 of 23

��

 

 

#1 #2 #3 #4 

  * + 

�…

�…

�… �…

�• 
l 
p

Figure 17. Joint Probability Distribution Function for the along-wind u and vertical w velocity for
windward edge e1 (bottom row) and centre locations m1 (top row) at the four wind directions (rows).

5. Wind Energy Density

In order to understand the expected performance of a model wind turbine operating on a high-rise
building, an evaluation is proposed of the available wind energy density, giving some indications on
the turbulence intensity on the various roof locations.

The wind energy density of the wind resource is calculated for a unitary area considering the
mean wind speed on a speci�c location.

Pu =
1
2

�U3
� W
m2

�

The following �gures interpolate across the locations of the dataset to obtain a wind energy
density map and locate positions where the maximum and minimum yields are to be expected for
the di�erent wind directions. To improve the density of points, for symmetric wind directions � = 0�

and 45�, positions e2 and c2 are mirrored with respect to the symmetry axis. The missing points at
other wind directions are instead interpolated from the closest positions using a cubic interpolation
algorithm. No point in the dataset is extrapolated and due to the coarseness of measurements points
the docked con�gurations #3 and #4 are omitted in the this section. However, relevant conclusions can
be made also from the wind speed plots of Figures 7 and 8.

Figure 18 shows Pu at z/D = 0.1. This height corresponds to common locations where a small
wind turbine might be installed in the built environment. Pu is normalised against the wind power
as calculated using Uref, or the power which would be available in the absence of the building.
Con�guration #2 (top row) shows that in general a cluster of buildings bene�ts the energy available
at lower height compared to the isolated building con�guration. The windward corner is the region
where most power is to be harvested, with an increment of harvestable energy up to ~+50% at � = 45�.

Figure 18 also shows contour lines for the turbulence intensity at z/D = 0.1. All over the roof
the turbulence intensity has values around 30%. The worst wind directions are those which cause a
separation bubble to occur, i.e., � = 0� and 15�. At � = 45�, the corners at the transversal diagonal of
the building perimeter yield the lowest energy, with a decrease in power of � �90%, while on the other
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diagonal an increment of >100% occurs. This is telling towards positioning strategies. If high values
for the turbulence intensity are somehow accepted, a good approach to implement urban wind energy
at low heights can be the installation of multiple small devices at all corners of the roof. In this way,
devices in suitable locations make up for the reduced power of other locations. In fact, at this height,
the best values are measured at corners in all wind directions. The worst performing locations are the
edges of the building, which should be avoided due to both the low energy and the high turbulence.
The centre of the roof has instead a good yield, on the same order of magnitude of the undisturbed
power. When the building is isolated in con�guration #1, the energy yield is in general not favourable

as Pu/
�
1/2�U3

re f

�
< 1 if the wind direction is � = 0� or 15�, or if a separation bubble is present. Cone

vortices are found to be less turbulent and for � = 30� and 45� an energy gain is noticeable, with the
isolated model and the clustered one behaving similarly.
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Figure 18. Wind Power density normalised against reference velocity, for con�gurations #1 (bottom row)
and #2 (top row) and height z/D = 0.1 equivalent to 3 m in full scale.
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indicate, respectively,
the position of the lower and higher wind power density. Dashed blue contour lines show turbulence
intensity Iu (%), with markers
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, respectively, showing the position of lower and higher Iu.

Figure 19 shows the wind energy density at z/D = 0.3. Unlike z/D = 0.1, clustering strongly reduces
the energy yield and increases the turbulence intensity at � � 30�. The isolated building con�guration is
particularly bene�cial to the wind resource with increments of the available power up to 2.6�2.8 times
for � = 0� and 15�. In fact, con�guration #1 shows that the centre location is the most productive of the
dataset, with corners strongly underperforming. Vice versa, con�guration #2 sees the bene�cial e�ect
of the accelerated �ow, with power of the order of magnitude of the undisturbed �ow for � � 30�.
In this case it is trickier to evaluate the best position, with corner locations possibly preferred due to
the lower turbulence and slightly higher acceleration of the �ow shown in Figure 19. Clustering also
increases the turbulence intensity, especially at � = 0�.
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Figure 19. Wind Power density normalised against reference velocity, for con�gurations #1 (bottom
row) and #2 (top row) and height z/D = 0.3 equivalent to 12 m in full scale.
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Figure 20 shows results for z/D = 0.45 or z = 18 m, which might be constructively complex to realise
on existing buildings, but it might be relevant to the size of small wind turbines (~10 m in diameter for
a HAWT). Similar conclusions to Figure 19 can be drawn, with a lower power from con�guration #2
and a slight increase for con�guration #1 reaching up to 1.5�1.8 increase in power. The centre location
looks in this case to be the most suitable location, although in several wind directions the corner is the
most and also the worst performing location. At this height, the turbulence intensity is rather uniform
with values Iu~10�12% analogous to the atmospheric turbulence.

In terms of incrementing the wind energy resource, it can be argued that cluster of high-rise
buildings are only bene�cial at � = 45�, where a channelling e�ect takes place among the dummies
and the central building.

With wind energy density maps, as those shown in Figures 18�20, a positioning strategy for wind
turbines can be developed. The energy resource over the whole of the roof region is to be analysed to
estimate the yield of an urban wind turbine.

In particular, the distribution of multiple devices might be a promising strategy to tackle the
very di�erent behaviour for varying wind directions, as also suggested in previous research [19].
The optimal height to install devices for this dataset is z~12 m, while installing with turbines on edges
should be avoided, as the roof �ow shows the least potential in such areas. If turbulence intensity
is less concerning (�xed direction, ducted or vertical axis devices), corner locations at z~3 m can be
exploited as they experience an acceleration, as well as the centre region. At z = 12 m the turbulence
intensity is much reduced, with a reduced wind shear analogous to atmospheric values. This allows for
larger devices to be placed in optimal �ow conditions at the centre of the roof, provided that structural
safety is guaranteed.

A question arises, whether turbulence should be avoided, a rather di�cult limitation to respect,
or exploited, and much research is needed to understand how turbulence a�ects the behaviour of
aerodynamic devices [32].
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Figure 20. Wind Power density normalised against reference velocity, for con�gurations #1 (bottom
row) and #2 (top row) and height z/D = 0.45 equivalent to 18 m in full scale.
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6. Conclusions

In this study, the �ow above the roof of a high-rise building is investigated under various wind
directions to assess the wind energy resource at several locations. The �ow can be divided into three
distinct regions:

� A region close to the roof surface z/D = 0.1 where turbulence is exclusively a�ected by the building
itself. In this region, the wind speed is relatively low in magnitude and dominated by separated
�ow, while the turbulence intensity is at its highest (>20�30%). The integral length scale is also
smaller than the characteristic size of the high-rise building, with increased isotropy. In this region,
the experimental results from hotwire anemometry might be misleading due to the insensitiveness
to reversed �ow conditions which characterises the �ow �eld. Weibull parameters in this region
diverge from those found in the atmospheric wind pro�le.

� A region of highly sheared �ow at z/D~0.3�0.4. The position and extent of this region varies with
the wind direction and con�guration of the building. The velocity is weakly accelerated and
combined with relatively low turbulence intensity Iu~15%. The Weibull distribution is analogous
to the atmospheric �ow with a shape factor k~8�9.

� A region of accelerated �ow, which is highly in�uenced by the atmospheric wind pro�le at
z/D~0.45. Both mean wind speed and turbulence are analogous to the in�ow, U~Uref and Iu~12%,
having integral and microscales comparable to atmospheric boundary layer values.

Wind turbines are normally placed quite close to the roof surface, so as to avoid expensive
substructures not (yet) justi�able from the perspective of the energy e�ciency of the wind turbines
installed. The present study suggests that an e�ective design of small wind turbines installed on
buildings will necessarily take into consideration yawed and intermittent in�ow characteristics. Table 2
summarises the �ndings for the wind directions.
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Table 2. E�ect of wind direction on energy resource.

� =
Wind Energy Resource

at z = 3 m at z = 12�18 m

0�

Wind power energy strongly penalised due
to � with generally P < 0.5Pref for #1.

Clustering and docked roof shape improve
P. Flow is weakly skewed at corners, and
edges with �~0�, while the docked roof is

a�ected by inclination of decks �~10�.
Iu~40�50%, improving with clustering ~30%

and docked shape ~20%.

Centre location increase in power up to
P~2.5Pref at z = 12 m (~2Pref at 18 m).

Clustering reduces P~Pref.
Turbulence Iu~17% at centre and lower at

perimeter. Iu~20% for #2.
Skew angle highest ~15 � at corners for #1,
and �~0� for #2. Docked shape reduces � at

edges.

15�

Wind power increases at windward corners,
while Iu decreases. Clustering doubles
available P. Skew angle analogous to 0�.
Turbulence enhanced Iu~50% at leeward

corners and reduced at windward corners
~30%. Clustering improves Iu and �.

Power reduced slightly for #1 and increases
for #2, compared to 0 �.

Turbulence Iu~15% in both #1 and #2.
Highest skew angle of dataset for corners
and edges � > 15�. Clustering reduces �.

30�

Power increases to P~1.5Pref with lower
turbulence Iu < 30% at centre and corners.

Skew angle slightly decrease �~�5� at
corners and centre. #2 analogous to #1 in
terms of power and turbulence, with a

lower skew angles �~7�.

Power reduced to ~1.7Pref, and to ~Pref
when clustering.

Iu~Iref
For #1 at corners �~0�, at edges �~10�, and

#2 is analogous.

45�

Similar conclusions as to � = 30� in terms of
power and skew angle. Clustering increases
turbulence on edges. Docked shape reduces

turbulence to Iu~Iref.

Power lowest ~1.5Pref for isolated #1, while
P > 2Pref for #2.

Iu~Iref
Clustering increases � at all positions.

At corners �~0 �, at edges �~10�.

The square plan high-rise building is strongly a�ected by the wind direction. The docked roof
shape improves the behaviour as the �ow at the measured locations shown in this study is quite
insensitive to the variability of the wind. However. More locations are to be investigated to draw
further conclusions. Nevertheless improving the shape of the roof by tilting it seems to be a feasible
way of enhancing the wind energy resource.

The region z/D < 0.3 is characterised by reversed �ow associated with high turbulence and a
smaller velocity magnitude. It is advisable to avoid this region altogether to have a signi�cant gain
from wind energy harvesting. However, the corner locations of the roof might be less a�ected and,
in fact, show acceleration of the �ow and stretching of turbulence, which might be bene�cial to the
performance of multiple wind turbines compensating for each other’s lack of performance based on
wind directionality.

The region z/D > 0.3 shows an increase in the available atmospheric power, due to the �ow
avoiding the obstacle posed by the high-rise building, at all con�gurations and wind directions, with a
turbulence intensity comparable to the atmospheric one. However, signi�cant complications might
arise due to the installation of large rotating machines on masts up to 10�15 m, if a careful structural
assessment is not done prior to the construction. Therefore, it is essential that an assessment of the
wind resource has to be made with simulation tools, such as wind tunnel testing or computational
�uid dynamics, to estimate the potential yield of devices.

The local Weibull distribution could be useful to predict the Annual Energy Output of a roof farm,
by adapting the freestream wind to local �ow features. This study suggests that at z/D > 0.3 a shape
factor analogous to the one found for the freestream wind can be used. However, at lower heights,
the shape factor varies from k = 2 to k = 6�8, depending on the local turbulence and wind speed. It is
therefore advisable to carefully consider the wind direction and actual probability distribution to plan
the installation of wind turbines close to the surface of the roof.
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More research is needed to characterise the above-roof region with dependence on the surroundings
and the shape of the building itself using techniques capable of predicting turbulence rather than mean
velocity. These preliminary results show the need for a high-�delity approach for the modelling of the
turbulence pattern around building for wind energy harvesting.
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