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The ideal position for a roof mounted wind turbine is investigated experimentally in a wind tunnel. The set-up
consists of two cube-shaped buildings. A Savonius (drag driven) vertical axis wind turbine is placed on one of
the buildings and its position is varied. Three different locations on the cube and two different turbine heights
are examined. Wind from five directions is simulated to obtain a holistic characterization of the problem.
The performance of the turbine is evaluated directly through measurements of the converted power. This
is complemented by measurements of the surface pressure on the cubes to gain insight into the flow field. A
central position on the building was found to maximize the power output for a uniform wind rose, independent
of the turbine height. Placing the turbine higher above the roof increased performance for wind normal to the
faces of the buildings, while a lower position showed slight advantages for the other wind directions. Overall
improved performance for the roof mounted wind turbine was observed compared to the same turbine without

a cube present.

1. Introduction

In an effort to mitigate the impact of climate change, nations world-
wide agreed on limiting the global temperature increase to 1.5 °C (UN-
FCCC, 2015). A focal point in this process is the transition to renew-
able energies (Chang et al., 2017) with wind energy as a key energy
source (Porté-Agel et al., 2020). Compared to utility scale implemen-
tations of wind energy, little attention has been given to installations
in the built environment (Walker, 2011; Toja-Silva et al., 2015). The
wind resources in such areas are complex and large installations are
difficult to realize. However, there are also advantages to this path,
namely a reduction of transmission losses and simplified distribution
infrastructure (Kc et al., 2019). One of the key points to address in order
to advance this technology further is to develop a better understanding
of urban wind resources (Toja-Silva et al., 2015; Stathopoulos et al.,
2018; Kc et al., 2019; Rezaeiha et al., 2020; Skvorc and Kozmar, 2021).
The two lowest layers in the urban atmosphere are the urban canopy
from the ground up to building height and the roughness sublayer
above that Oke (1976). The urban canopy is dominated by microscale
effects leading to complex flows (Wang et al., 2014) and low mean
velocities. Thus, wind turbines in the built environment are typically
placed above roof level in the roughness sublayer (Millward-Hopkins
et al., 2012), which extends up to 2-5 building heights (4) above the
ground (Raupach et al., 1991). This makes roof mounted installations
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an attractive option (Zhang et al., 2022). No large towers are required
and no additional space on the ground is occupied.

Topics of interest for roof mounted wind turbines are the influence
of different turbine types (Danao et al., 2013; Scheurich and Brown,
2013; Wekesa et al.,, 2016; Loganathan et al., 2017; Aliferis et al.,
2019), roof shape (Ledo et al., 2011; Abohela et al., 2013; Toja-
Silva et al.,, 2015; Shahizare et al., 2016; Zhou et al., 2017) and
position relative to the building (Mertens, 2003, 2006; Ledo et al.,
2011; Abohela et al., 2013; Allard and Paraschivoiu, 2022). Mertens
(2003) made a first attempt at assessing the potential energy of roof
mounted wind turbines for flat roof buildings. The importance of the
recirculation bubble growing on top of the roof was stressed. This
induces a skew angle in the mean flow, which varies along the roof,
and a region of accelerated flow on top of the recirculation bubble. A
central location was found to be ideal to maximize the energy density
while minimizing the skew angle for a uniform wind rose. In a related
work, Mertens (2006) showed that an increased skew angle can be
beneficial for lift-driven vertical axis wind turbines (VAWTs). This
led to the conclusion that for lift-driven VAWTs the windward edge
would be the ideal position. Ledo et al. (2011) examined an array of
buildings and found that flat roofs lead to both higher velocities and
lower turbulence intensities above the buildings compared to pitched
and pyramidal roof shapes. Thus, they recommended installation on
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a flat roof, where all investigated positions (edge, corner and centre)
were concluded to be suitable locations, whereas on pyramidal roofs
only the edge was deemed suitable. On a pitched roof no location was
deemed suitable. Abohela et al. (2013) analysed flat, spherical, gabled,
pyramidal, vaulted and pitched roofs. A region of accelerated flow was
found for all shapes. This lead to a maximal increase in available power
between 26% for pyramidal and 56.1% for vaulted roofs. A standard
flat roof building yielded up to 40.5% increase in available wind power.
When finding the optimal position, turbine heights below 30% of the
building height above the roof were ignored, due to the increased
turbulence in this region. This lead to ideal heights 30%-60% h above
the roof. Toja-Silva et al. (2015) looked at flat, spherical, vaulted and
pitched roof shapes. The roof edge geometry was also varied for the
flat roofs. Sharp and curved edges as well as vertical and horizontal
overlapping railings were examined. Curved shapes were found to be
beneficial for the available energy for both the roof shape and the
edges while a vertical railing was shown to enlarge the recirculation
area. Allard and Paraschivoiu (2022) investigated the power output
of Darrieus-type (lift-driven) VAWTs on a cubic building. For wind
facing the corner of a cube an increase in power coefficient compared
to undisturbed flow was found, particularly for a position on one of the
adjacent corners.

The aforementioned studies relied primarily on RANS simulations,
thus there is a need for experimental studies (Kc et al., 2019). Al-
Quraan et al. (2016) and Skvorc and Kozmar (2021) recommend wind
tunnel measurements as a potential tool that can provide a good
approximation of real urban wind energy problems. Sarki¢ Glumac
et al. (2018) investigated the wind energy potential above a high rise
building with hot-wire measurements in a wind tunnel. The influence
of four surrounding buildings with a distance of two building widths
was also examined. Wind facing the corner was found to be favourable
for the available wind power. In a subsequent study on the same set-
up, Vita et al. (2020) found that wind turbine heights larger than 0.3
building widths above roof height were preferable, where accelerated
flow was measured and the recirculating flow close to the roof was
avoided. However, it was also identified that this involves significant
complications to the installations as the wind turbines need to be
placed on tall masts mounted to the building roofs. Thus, investigating
turbine heights lower than that carries significance. Zhang et al. (2022)
investigated a cluster of horizontal axis wind turbines on an array of
cubes in a large eddy simulation. Actuator disks were used to model
the turbines. The turbine diameter was d; = 0.25h, and three hub
heights between 0.375h and 0.875h above the roof were considered.
This extends the rotor swept area down to 0.125h above the roof. A
significant area of acceleration was detected above the cube array. A
turbine height of 0.625h above the roof was found to be ideal, but the
power output was within 10% for all three heights.

The upstream blockage a wind turbine generates has a measurable
impact on the available power (Medici et al., 2011; Yan et al., 2018;
Porté-Agel et al., 2020). In a recent study (Jooss et al., 2022), showed
that for roof mounted wind turbines the influence of the wind tur-
bine itself is especially significant and hard to predict. Most of the
aforementioned studies investigating the ideal roof position do not
take into account the presence of a turbine itself, instead they solely
rely on velocity measurements. The use of actuator disks can partially
compensate for this (Ge et al., 2021; Zhang et al., 2022). However, the
full complexity of a rotating energy extracting machine remains hard to
replicate. Thus, in the present study a small vertical axis wind turbine is
placed on a model building. Furthermore, the influence of an identical
neighbouring building 22 away is examined. Based on power mea-
surements the ideal location for a roof mounted wind turbine is then
evaluated. VAWTs have received increasing attention overall (Dabiri,
2011; Shamsoddin and Porté-Agel, 2014) and are considered to be
well suited for the urban environment (Kooiman and Tullis, 2010; Li
et al.,, 2010; Hui et al., 2018). VAWTs for buildings are commercially
available from, for example, Aeolos, CleanVerTec, Quietrevolution,
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Greener Energy, Semtive and the Solar Impulse Foundation. In fact,
they have become so common that they can be directly purchased by
consumers on Amazon. Typical wind turbine heights (#;) are between
1 m and 6 m, resulting in size ratios on one storey and three storey
buildings of 0.23 < hp/h < 1.44 and 0.08 < hy/h S 0.62, respectively.

Surface mounted cubes are used to model the buildings in the
present study. This is a common approach to model residential build-
ings both in simulations and wind tunnel studies (Millward-Hopkins
et al., 2012; Abohela et al., 2013; Ge et al., 2021; Zhang et al., 2022;
Allard and Paraschivoiu, 2022; Jooss et al., 2022). However, the range
of applications for flow around cubes is wide, thus making it an exten-
sively studied topic. This ranges from single cubes (Castro and Robins,
1977; Yakhot et al., 2006; Hearst et al., 2016; Kozmar, 2020, 2021) to
cube arrays (Meinders and Hanjali¢, 1999; Cheng et al., 2003; Xie and
Castro, 2006; Xie et al., 2008; Ferreira and Ganapathisubramani, 2021).
Particularly relevant to the present work are the studies by Castro
and Robins (1977), Martinuzzi and Havel (2004), Gao et al. (2021)
and Jooss et al. (2022). Castro and Robins (1977)’s study of a single
surface mounted cube subjected to various inflow velocity profiles and
wind directions is used to illustrate the fundamental difference between
the flow around a cube for inflow from § = 0°, normal to a face of
the cube, compared to 0 = 45°. Martinuzzi and Havel (2004) and Jooss
et al. (2022) examined the flow around two cubes in tandem formation
with a cube spacing of s/h = 2 and thus provide information on the
flow field for § = 0° and 180°. While (Martinuzzi and Havel, 2004)
give a holistic image of the flow field, Jooss et al. (2022) provide a
detailed analysis along the centre plane of the cubes using particle
image velocimetry (PIV).

A set-up with two buildings represented by cubes spaced s/h = 2
was used in the present work. The performance of a Savonius (drag-
driven) VAWT was examined at three different locations and five
different wind directions. In addition, two different turbine heights
were used, yielding a total of 30 experimental cases. From this it was
possible to identify favourable wind directions and assess the ideal
position both for individual wind directions and holistically.

2. Experimental procedure

The experimental set-up consists of two 4 = 100 mm cubes represent-
ing idealized buildings with a small VAWT of the Savonius (drag) type
on top. The set-up is based on a previous study by Jooss et al. (2022).
The cubes were placed in line with each other separated by 24 on a
circular flat plate, which was used as an artificial floor. A schematic
of this is shown in Fig. 1 (a). The plate has a diameter of 1.4 m and a
thickness of 10 mm. It was placed in the large scale wind tunnel at the
Norwegian University of Science and Technology. This is a closed loop
recirculating tunnel with a test section of 2.71 m x 1.80 m x 11.15 m
(width x height x length). The plate was mounted on legs and elevated
from the wind tunnel floor to lift it above the naturally occurring floor
boundary layer. The edge of the plate was sharpened to a 15° angle on
the bottom to minimize flow separation. A 2 mm wire placed 100 mm
from the edge was used to trip the boundary layer to create a repeatable
and constant transition point. The flow velocity in the tunnel was kept
constant at U,, = 9.05 m/s +0.05 m/s corresponding to a Reynolds
number Re;, = U, h/v of approximately 60000. U, was measured with
a Pitot-static tube and the viscosity, v, was calculated based on the
air temperature. The changes in temperature and atmospheric pressure
were tracked with a K-type thermocouple and a mercury barometer. To
simulate varying wind directions, 6, the plate was rotated from 6 = 0°
to 0 = 180° in 45° steps, where 0 = 0° refers to the case with the turbine
on the upstream cube, and 6 = 180° to the one with the turbine on the
downstream cube. Three different wind turbine positions on the cube
were examined and are hereafter referred to as position 1, 2 and 3,
as illustrated in Fig. 1(a). The coordinate system is fixed on the plate
in the centre of the examined cube. In addition, the distance between
the turbine blades and the roof of the cube was varied from a low (L)
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Fig. 1. Geometrical set-up: (a) displays the positions of the cubes on the plate and the examined wind directions, (b) shows the low turbine on the cube and its relative
positions (Jooss et al., 2022), (c¢) gives the cross section of the Savonius type vertical axis wind turbine (Jooss et al., 2022).

position at 0.084 to a high (H) position at 0.16A, which gives turbine
centre heights of 0.23h and 0.31h above the roof, respectively. The
combination of incoming wind angles, turbine placement positions, and
turbine mounting heights yields a total of 30 examined cases.

Larin et al. (2016) show that, with the right configuration, Savonius
(drag) type turbines can be a promising option for roof-mounted wind
turbines. In the present study a generic two bucket Savonius turbine
inspired by Alexander and Holownia (1978) and Akwa et al. (2012)
was used. Note, that it is not the objective of this study to optimize
the turbine design. It is made out of polylactide (PLA). The design is
shown in Fig. 1 (b) and 1 (¢) and is identical to the design used in Jooss
et al. (2022). The turbine has a diameter d; of 0.4h and a blade height
of 0.3h. This yields a size ratio to the building which is representative
for VAWT installations on one to three storey buildings (see Section 1).
Its blades consist of two overlapping semi-circles. The overlap helps to
decrease the starting torque (Kumbernuss et al., 2012). The resulting
wind turbine’s Reynolds number Re,, = U, dr/v based on the turbine
diameter is 24000.

To evaluate the performance of the turbine and to control its oper-
ation, a brushed DC motor (12G88 Athlonix) was used as a generator.
The circuit is shown schematically together with a picture of the set-up
in Fig. 2. The generated current, I, was measured over a 0.1 Ohm shunt
resistor with an INA219 High Side DC Current Sensor. [ is directly
proportional to the electromagnetic torque, Q, = KyI, where Ky is
the torque constant of the motor. The rotational velocity, £, of the
turbine was measured with a reflective object sensor (OPB705WZ). An
infrared emitter and a phototransistor were used to detect the partly

reflective shaft of the turbine. Thus, the converted power, P, = 0, £,
can be calculated. This is a good measure of the mechanical power,
P, = P, + P, which is only different from P, by the friction losses,
Py, which can be estimated based on the motor data (Bastankhah and
Porté-Agel, 2017). Drag driven VAWTs are generally run at relatively
low tip-speed-ratios, 4 = Q&T, which is the velocity of the blade
tip relative to the flow velocity. This is where friction losses become
less relevant (Bastankhah and Porté-Agel, 2017). A high frequency
variable switch (IRF540NPbF) operated through an Arduino Uno was
used to control the turbine. By opening and closing the switch at a
set frequency, the rotational velocity of the turbine was controlled.
A similar method was employed in recent studies by Gambuzza and
Ganapathisubramani (2021) and Jooss et al. (2022). Full power curves
with a minimum of 10 operating points per curve were acquired for
every case. An uncertainty analysis including both systematic and
random errors based on (Wheeler and Ganji, 1996) was carried out.

To obtain information on the flow around the cubes for the different
wind directions, the surface pressure was measured with 61 pressure
taps distributed on the examined cube. The pressure was measured
with a Scanivalve MPS4264 miniature pressure scanner. The static port
of a Pitot-static tube was used as a reference. All ports were sampled
simultaneously for 60 s at a frequency of 800 Hz.

3. Flow field

The focus of this study is on the performance of the wind turbine
at different positions on the cube for varying wind directions. In a
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Fig. 2. Schematic of the experimental set-up to measure the converted power P, of
the wind turbine and control its tip speed ratio.

preceding study using a similar set-up it was shown that the turbine
performance should be measured directly and cannot easily be deduced
from velocity measurements at the turbine position (Jooss et al., 2022).
Basing power estimates on the flow field without a turbine present led
to significant discrepancies. Thus, to evaluate the ideal position of a
roof mounted VAWT, the actual power output of a turbine should be
measured. Nevertheless, it is useful to have a fundamental understand-
ing of the flow patterns that occur in this set-up to explain the results
and draw conclusions on the general applicability.

The flow on top of the plate was first examined without the cubes
and turbine present. For this a velocity profile at x/h = -0.5, the
position of the windward edge of the upstream cube for 6 = 0°, and
y/h = 0 was obtained with a Pitot-static boundary layer probe. See
Fig. 1 for the coordinate system. Fig. 3 (a) shows the resulting velocity
profile. The boundary layer thickness, 5, where the velocity is 99% of
the freestream velocity is 6/h = 0.32. Above that the velocity profile
is uniform. This is by design to have generic and reproducible inflow
conditions. The turbulence intensity in the freestream was measured
with a Dantec 55P21 X-wire probe and found to be «/ /U, = 1.1%,
where u/_ is the standard deviation of the turbulent fluctuations in the
freestream. The integral length scale normalized by the building height
is L, /h = 0.49 and the Reynolds shear stress is effectively zero at

% = 1.2x 1072, The energy spectrum of the streamwise velocity in
the freestream, normalized by the Kolmogorov length scale () and the
viscosity (v) is shown in Fig. 3 (b). Although we provide the turbulence
statistics for reference, the flow is intended to be a low-turbulence,
quasi-laminar flow that is easily reproducible in other facilities and in
computational fluid dynamics simulations.

The surface pressure is measured on the cube to obtain a qualitative
understanding of the flow regions arising for the different wind direc-
tions. Fig. 4 (a) shows a comparison of the pressure coefficient C, =
”f;% along the centre line of the upstream cube for § = 0° with data
from a single cube by Castro and Robins (1977), where p,, p,, and p
are the surface static pressure, the freestream static pressure and the air
density, respectively. Castro and Robins (1977) examined two different
inflow velocity profiles, one with a uniform velocity field upstream of
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the cube, similar to the present study, and one where the cube was
immersed in the boundary layer. The measurements by Castro and
Robins (1977) have finer spatial resolution, nonetheless it is apparent
that the present measurements follow the C, of the uniform inflow
well. There are slight deviations in the lower part of the windward face
(0 < I/h £ 1), where the present study records lower C, compared to
the reference data with uniform inflow. C, is closer to the boundary
layer case here, which presumably originates from a slightly larger é in
the present study compared to the uniform case by Castro and Robins
(1977). On the roof (1 < //h < 2), which is the most relevant area
for this study, the measurements collapse with the uniform inflow case
by Castro and Robins (1977). This indicates a similar flow on top of the
upstream cube compared to a single cube and suggests limited influence
of the boundary layer as long as it is thin. On the leeward face the
agreement is still strong with slightly higher C,-values in the present
study, which is expected due to the presence of the second cube.

Jooss et al. (2022) conducted high-fidelity velocity measurements
on a similar set-up using PIV for # = 0°. This information can be
complemented with hot-wire measurements above the centre of the
cube (x/h =0, y/h = 0) for § = 0° and 6 = 45° by Castro and Robins
(1977). These measurements are plotted together with the swept area
of the two examined turbine heights in Fig. 4 (b). A good agreement
between (Jooss et al., 2022) and Castro and Robins (1977) for 8 = 0°
can be observed, which again underlines the similarity between the
flow above the upstream cube and the flow above a single cube. The
comparison between the velocity profiles for § = 0° and 6 = 45° shows
significant differences in the region where the turbines are placed. The
full flow field along the centre plane from Jooss et al. (2022) is shown
in Fig. 5. For # = 0° the flow separates at the windward top edge of the
cube and a large area of recirculating flow emerges on top of the cube.
This results in low velocities and partly reverse flow up to z/h = 1.4. For
0 = 45° the measurements by Castro and Robins (1977) at the centre
of the cube do not indicate any flow separation, with the velocities
exceeding the freestream velocities throughout the entire swept area
for both turbine heights. The velocity surplus is higher closer to the
roof and approaches U, with increasing distance.

Fig. 6 shows C, on the roof of the cube for the different wind
directions. These measurements were conducted without the turbine
present. The locations of the pressure taps are marked with circles,
black at the turbine locations, white for the additional taps. From this
a contour map is approximated through linear interpolation between
the pressure taps. This is done only to obtain a qualitative illustration
of the flow patterns on top of the roof. A detailed analysis would
require a finer discretization. However, general trends can still be
identified from this. The flow field for & = 0° and 6 = 180° has been
described in Jooss et al. (2022), as shown in Fig. 5. Upstream of the
first cube the flow decelerates and at the bottom edge a horseshoe
vortex forms (Castro and Robins, 1977; Martinuzzi and Havel, 2004;
Kozmar, 2021). At the top leading edge the flow separates and a
large region of recirculating flow arises on top of the first cube and
downstream of it. This manifests in low and relatively constant values
of C, in Fig. 6 (a). Similar observations were made for the roof of
a single high rise building by Sarki¢ Glumac et al. (2018). For wind
from 6 = 180° the examined cube is in the wake of an upstream
cube (Jooss et al., 2022). The flow intermittently reattaches on top of
the examined cube, leading to higher but still relatively constant C,.
Flow from 6 = 45° on a single cube was examined by, e.g., Castro
and Robins (1977), Natarajan and Chyu (1994) and Kozmar (2020)
and for a high rise building by Sarki¢ Glumac et al. (2018). They
all report two conical vortices forming along the two top windward
edges. This is visible in Fig. 6 (b) with very low C, where the flow
separates. These studies also show that the flow along the diagonal of
the cube in the direction of the flow does not fully separate. This is
apparent looking at the velocity profile by Castro and Robins (1977)
for 6 = 45° in Fig. 4 (b). The slight asymmetry presumably comes
from the influence of the downstream cube. This asymmetry is even
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Fig. 3. (a) Incoming velocity profile measured at the windward edge of the first cube x/h = —0.5. (b) Spectral distribution of energy of the streamwise velocity measured in the
freestream.
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Fig. 5. Flow field of streamwise velocity U from Jooss et al. (2022) for 6 = 0° (and 180°).

more pronounced for # = 135°, where the neighbouring cube now the right side which causes a deflection and acceleration of the flow
is upstream of the examined cube. In principle, the same structure towards the examined cube. A more detailed analysis on this flow case
as for & = 45° is visible. For § = 90°, again the flow separates on was conducted in a recent study by Gao et al. (2021) investigating
the top windward edge. However, here also an asymmetry from left the flow around a pair of neighbouring cubes. The acceleration of the
to right is observed. This is due to the neighbouring cube located on streamwise velocity on the inside of the cube compared to the outside
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are marked with circles, black at the turbine locations, white for the additional taps. The contour maps are linearly interpolated from these measurements.

for spacings 1 < s/h < 2.5 was shown and they explicitly demonstrated
that this also leads to accelerated flow on top of the cube close to the
edge facing the neighbouring cube.

4. Power measurements
4.1. Reference freestream measurements

As a reference the power output of the turbine in undisturbed flow
without the cubes was measured. The power coefficient, Cp = 7 };]”'3 "
is presented in Fig. 7. The reference case is denoted with %7 The
maximum errors for Cp and 4 were found to be 3.5% and 1.5%,
respectively. In the following, all power curves are given with error
bars. At 4 = 0.35 the maximum power output is observed with Cp ., =
0.042. The power curve spans from A ~ 0.1 to A ~ 0.7. The shape of
the power curve resembles those found in literature (Alexander and
Holownia, 1978; Akwa et al., 2012; Aliferis et al., 2019). Savonius type
turbines have generally low power coefficients, up to Cp = 0.3, and the
power output scales strongly with Reynolds number (Akwa et al., 2012;
Aliferis et al., 2019). This explains the low observed Cp-values for this
miniature turbine.

>

To enable an assessment of the roof mounted turbine at different
locations, Cp is always calculated based on U,,. Figs. 8 and 9 show
the Cp-curves for the low (L) and high (H) turbine at three different
positions (1, 2 and 3), for the five different wind directions (0° < 6 <
180°). This gives the cases L1, L2, L3, H1, H2 and H3 for every wind
direction. Cp,,,. is used to compare the different cases to each other.

0.08 \ : ; ‘
0.06 ¢ |
< 0.04 | § LEE ]
S 0.04 "y,
I: l.-
0.02 } T = 8
s} -"'
0 ‘ ‘ ‘ ‘
0 0.2 0.4 0.6 0.8
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Fig. 7. Reference power curve in a configuration without the cubes present.

4.2. Low turbine

For wind from 6 = 0°, L1 gives the maximum Cp of 0.036,
with a 23% reduction to L2 at the centre of the cube and a 85%
reduction to L3 at the back. This is a significant spread caused by the
change of the turbine’s position relative to the large area of separated,
recirculating flow on top of the first cube. At position 1 the flow is still
relatively unaffected by the presence of the cube, indicated by a Cp
only slightly below the reference case, whereas farther downstream at
L2 and L3 the turbine moves continuously deeper into the growing area
of recirculating flow.
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Wind from ¢ = 45° leads to higher Cp up to 0.06 at L2, and a
reduced spread between the three positions of 13%. The power curves
for L1 and L2 collapse quite well. At L3 the turbine yields slightly lower
power output. The improved performance compared to § = 0° can be
explained by the absence of a pronounced area of separated flow. This
is apparent when looking at the velocity profiles on top of a single cube
at its centre for § = 0° and # = 45° measured by Castro and Robins
(1977) in Fig. 4 (b). The difference in experienced velocity especially
for the low turbine is significant.

A similar flow case occurs for § = 135°. L1 and L3 are flipped
by virtue of rotation, position 1 is now farther downstream on the
cube experiencing more separated flow and thus records lower Cp.
Generally, the C) is slightly lower for # = 135° than for 6 = 45° which
can be explained by the presence of the second cube which creates a
region of reduced velocities in its wake. The turbines are now partly
placed in this region. This also explains the slightly reduced power
output for L3 compared to position L2. Position 3 is located closer to
the upstream cube and is thus more affected by its wake.

Wind from 6 = 90° presents a similar case as § = 0°, but instead
of a second cube downstream there is one next to the examined cube.
For L2 at the centre of the cube, the turbine yields a Cp,,,, of 0.041
which is more than 30% higher than for # = 0°. While the upstream
blockage effect of the downstream cube certainly contributes to this
discrepancy, the larger impact comes from the neighbouring cube at
0 = 90°. This is evident when considering L1 and L3 as well. While
L1 essentially collapses with L2, L3, closest to the neighbouring cube,
gives the highest Cp at 0.057, 32% higher than the other two and also
significantly higher than any Cp for # = 0°. This indicates that the
neighbouring cube leads to a deflection and acceleration of the flow
that is most impactful closest to it. The asymmetry from inside (in
between the cubes) to outside is also visible in the surface pressure
in Fig. 6 (c). This is supported by measurements by Gao et al. (2021),
which show the local acceleration of the flow both in between the cubes
as well as directly above the roof on the side facing the neighbouring
cube.

Flow from 6 = 180° presents, on first glance, a case similar to § = 0°
and 0 = 90°. However, it is fundamentally different, as the cube is
positioned firmly in the wake of the upstream cube (see Fig. 5). Thus,
the dynamics are governed by a wake flow rather than separating flow.
Due to this, L3, the most upstream position in this configuration, has
the lowest power output. As the wake recovers further, Cp increases
continuously. 6 = 180° is by far the least favourable wind direction for
the low turbine with maximal Cp-values between 0.012 and 0.020.

4.3. High turbine

Similar to the low turbine, # = 180° is the worst wind direction
for the high turbine and it is notable that the Cp-curves do not differ
significantly compared to the low turbine with maximum values be-
tween 0.016 and 0.021. The spread is reduced between the positions
but overall the power output is low for 6 = 180° and the benefit of the
high turbine is small.

This is different for wind from # = 0°. At position 1 there is a
moderate Cp increase of 18% for the high turbine compared to the
low turbine, with a Cp,,, of 0.044. This increase is more drastic for
positions 2 and 3 with 43% and 82%, respectively. This also changes
the ideal position for this wind direction. While for the low turbine
position 1 at the front of the cube was ideal, for the high turbine it
is preferable to place the turbine in position 2 at the centre of the
cube. The spread between all three positions is also reduced to 39%.
The reason for this is the reduced impact of the recirculation region
on top of the cube. The higher turbine experiences more of the high
momentum flow on top of the separated flow (see Fig. 4 (b)), which
leads to higher power output overall and reduced dependency on the
position of the turbine on the roof.
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Table 1
List of wind turbine performance parameters with comparison to unobstructed reference
measurements.

high
Iy ¢ max "~ P 0.ma: X
0 Position | Cp,.. Cpax Aopt £ o
1 0.036 0.35 -13.9% 0.044 0.33 +5.8%
0° 2 0.028 0.27 -33.3% 0.049 0.46 +15.9%
3 0.005 0.16 -87.5% 0.030 0.36 -29.6%
1 0.059 0.37 +40.8% 0.048 0.42 +15.0%
45° 2 0.060 0.40 +43.0% 0.053 0.37 +26.7%
3 0.052 0.38 +24.6% 0.049 0.43 +17.1%
1 0.039 0.29 -7.3% 0.050 0.40 +19.4%
90° 2 0.041 0.35 -2.8% 0.061 0.47 +44.2%
3 0.057 0.41 +35.6% 0.063 0.47 +49.3%
1 0.044 0.40 +6.1% 0.048 0.39 +13.2%
135° 2 0.059 0.47 +41.1% 0.056 0.43 +32.8%
3 0.055 0.37 +30.7% 0.056 0.43 +34.1%
1 0.020 0.29 -52.9% 0.021 0.29 -50.7%
180° 2 0.017 0.30 -60.7% 0.019 0.31 -54.4%
3 0.012 0.28 -70.4% 0.016 0.25 -62.8%

For § = 45°, the spread between the three positions is reduced
to 9%. H1 and H3 collapse while H2 yields the highest Cp of 0.053.
This is 11% lower than Cp,,,, for L2 at 0 = 45°. Fig. 4 (b) shows that
while the velocity immediately above the centre of the roof exceeds
the freestream velocity, it approaches U, with increasing distance from
the roof. The lower turbine experiences more accelerated flow, which
explains the superior performance here.

At 6 = 135° similar trends as for the low turbine are observed. H1,
now most downstream on the cube leads to the lowest Cp, whereas H2
and H3 collapse with a Cp,,, of 0.056. This is slightly higher than for
0 = 45°. Presumably the high turbine is not as affected by the wake of
the other cube and experiences some accelerated flow.

The highest overall performance was measured for the high turbine
at = 90° with Cp = 0.063 at position 3. H2 produces slightly lower
values but essentially collapses with H3. For H1 the maximal Cp is
20% lower. The reason for the superiority of position 3 for 6 = 90°
was outlined above for the low turbine. The same applies here; the two
cubes side-by-side lead to an acceleration of the flow in-between them,
thus benefiting the position closest to the neighbouring cube. Compared
to the low turbine, position 2 here collapses not with the inferior
position 1 on the outside but essentially with the ideal position 3. This
suggests that the region of accelerated flow spreads with increasing
distance from the roof, which is supported by an overall reduced spread
of 20% for the high turbine compared to 32% for the low turbine at
0 =90°.

4.4. Evaluation

Table 1 lists all results and compares them to the reference mea-
surement Cp .. = 0.042 in the unobstructed flow. It is apparent that
the lower roof mounted wind turbine performs worse for § = 0° and
180°. Favourable wind directions are § = 45° and 135° where the
performance exceeds Cp,,,, at every position. This is in agreement
with results by Allard and Paraschivoiu (2022). For the high turbine the
gain at 6 = 45° and 135° are less significant but § = 90° leads to drastic
improvements up to 49.3% compared to the reference. § = 0° yields
comparable Cp,, to Cp,,, for the high turbine and significantly
higher values than the low turbine. For # = 180°, the high turbine
performs poorly with reduced Cp,,. compared to the unobstructed
reference.

In Table 2 reduced results are presented by assessing the three
positions and two turbine heights for all wind directions combined.
This is relevant for a uniform or unknown wind rose. Two different




Y. Jooss et al.

0.08
0.06
5 0.04

0.02

0.08
0.06
5 0.04

0.02

0.08
0.06
5 0.04

0.02

0.08
0.06
5 0.04

0.02

Journal of Wind Engineering & Industrial Aerodynamics 230 (2022) 105177

0 180°
0.08
(a) (e)
0.06
0° 180°
o]
R, )
o, @) 0.04
X ll | | n .
.z " == . 0.02 LT
JE -_- - 45’ \135 o0t " .'_._
0 -
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
A 90° A
45° 90° 135°
0.08 0.08
(b) (c) (d)
G Eigk 0.06 0.06 i ®
i fig 3 i B I
F ] § []
g L S 0.04 we by, 5 0.04 L .
I - X . i L] -
L X
b ] . LI . [ -
. - 0.02 . - 0.02} 4" - .
= @ . -
0 0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
A A A
Fig. 8. Cp-curves of the low turbine for different wind directions and positions. = L1, = L2, ~ L3.
0 180°
0.08
(a) (e)
0.06
0° 180°
> [ L] -
EE il g &
. L » € 0.04
= a
4
= = 0.02 =SS
45’ \135O .’ .~
0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
A 90° A
457 90° 135°
; 0.08 . 0.08 :
(b) (c) (d)
0.06 0.06
i LI }
i ShEg § ] 8§
! . S 0.04 L . 5 0.04 - e,
2 » X
= -
0.02} & 0.02 "
. -
0 0
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
A A A
Fig. 9. Cp-curves of the high turbine for different wind directions and positions. = H1, =~ H2, = H3.
Table 2
Averaged power coefficients for uniform wind rose.
Position ~ Height  (Cp,u), {Crmax)y) /0]55;1‘“ Cpdi ( /;]]55;1” CPdA> O Colour
low 0.043 0.014 45° | |
E high 0.045 0.044 0.016 0.015 90° | |
low 0.046 0.016 45° | |
2 high 0.051 0.048 0.019 0.018 90°
low 0.043 0.015 90°
8 high 0.048 0.046 0.019 0.017 90°

methods of evaluation are presented. The most direct approach is to
simply average Cp,,,, over all wind directions, 6, for a certain position

<CPmax>9'

ogy, the Cp-curve was integrated from 0.54

To not only take into account peak performance, a method consider-
ing a bigger part of the power curve is also included. For this methodol-

opt

to 1.54,,,. Changing the

opt*
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Fig. 10. Comparison of Cp-curves for the high and low turbine at position 2 for different wind directions.

integration limits within reasonable bounds did not alter the trends.
Note that 8 = 225°, 270° and 315° were reconstructed from 6 = 45°, 90°
and 135° by symmetry and included into the average for both methods
to have correct weighting of all wind directions.

Both methods yield the same conclusions. Results are listed in Ta-
ble 2, but for brevity only (Cp,,,. ), is discussed in the text. For the low
turbine, this analysis suggests position 2 in the centre of the cube is the
ideal position, followed by position 1 and position 3 which both have
approximately 7% lower (Cp,,, ),- The ideal spot for the high turbine
is also position 2, followed by position 3 and then position 1. The
spread is slightly higher than for the low turbine with 12% difference
between the best and worst position. Averaging both turbine heights
for each position ((Cp,,.),) consequently identifies position 2 as the
ideal position for the examined turbine heights. Position 1 produces the
lowest power output with position 3 in-between. The overall difference
between the three positions is less than 10% when considering all wind
directions and both turbine heights. Remarkably all three positions
yield a higher <<Cpmax>€> than Cp -

The optimal wind direction 6,,,, for every position and height, where
the highest Cp,,,, was achieved, was also evaluated and listed in Ta-
ble 2. For L1 and L2, the optimal wind direction is 45°. The diminished
flow separation leads to higher streamwise velocity and thus better
performance. For L3, the acceleration caused by the neighbouring cube
at & = 90° dominates, making this the ideal wind direction. For the
high turbine, the recirculation bubble on top of the building is less
problematic because accelerated fluid from above is entrained into the
rotor area. This, in combination with the acceleration effect from the
neighbouring building, makes 6§ = 90° the ideal wind direction for all
three positions for the high turbine.

Generally, position 2 can be identified as the ideal spot from this
analysis irrespective of turbine height (see Table 2). In an effort to
allow for a more direct comparison of the two turbine heights, Fig. 10
compares the low and high turbine at position 2 for the examined
wind directions. It is apparent that when the flow is orthogonal to the
cube face, i.e., § = 0° and 90°, the high turbine provides a significant
benefit in performance compared to the low turbine. This is due to the
flow separation at the upstream top edge of the cube for these cases,
resulting in a large area of recirculating flow on top of the cube. For
0 = 180°, this effect is diminished due to the wake of the upstream
cube dominating the flow field. Wind from ¢ = 45° and 135° results
in a different flow pattern due to the lack of flow separation along the

high turbine, = low turbine.

centre line of the cube. Thus, there is no benefit in a higher turbine
for these directions. On the contrary, the low turbine actually gives a
slightly higher power output for # = 45° and 135°. This shows that
even though the high turbine gives the higher overall power output,
it remains important to consider the prevailing wind direction if such
data is available.

5. Conclusions

The ideal position of a roof mounted Savonius (drag driven) vertical
axis wind turbine was evaluated based on direct measurements of the
converted power. The set-up consists of two neighbouring buildings
modelled by surface mounted cubes. Three locations at two heights
on one of the buildings were assessed for five representative wind
directions. In addition, surface pressure measurements were used to
obtain an understanding of flow patterns over the cubes. Assuming a
uniform wind rose, thus taking into consideration all wind directions,
the ideal position for a wind turbine is in the centre of a building for the
examined turbine heights. However, for the individual wind directions
the conclusions are nuanced. For wind from 6 = 0° and 6 = 180°, the
outside position farthest away from the other building is ideal for the
low turbine. Contrarily wind from 6 = 90° results in the inside position
being the ideal location for the low turbine. The positional dependence
of the converted power for = 45° and § = 135° is lowest and the power
output highest for the low turbine due to reduced flow separation on
top of the building. The high turbine is generally less dependent on its
position above a model building. The central location is within 10% of
Cp nax for every wind direction and is the ideal spot for 6 = 0°, § = 45°
and 6 = 135°. The highest power output is recorded for § = 90° at
the inside position for the high turbine. Wind from 6 = 180° yields
the lowest Cp for both turbine heights with similar results. The high
turbine performs significantly better than the low turbine for § = 0°
and 6 = 90°, whereas the low turbine has slight advantages for 6 = 45°
and 6 = 135°. The overall power output was found to exceed reference
measurements in the unobstructed flow for every position and turbine
height. In closing, a turbine placed in the centre of a building and as
high as reasonably possible above the building, to remove it from the
retarded flow region on the roof, is the most robust; however, if there
is one dominate wind direction, a specific location, as suggested by the
present results, may be superior.
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