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ABSTRACT

Flow conditions in an urban environment are complex, featuring varying levels of turbulence intensity and shear. The influence of these flow
characteristics on the performance of a roof-mounted vertical axis wind turbine of the Savonius (drag) type is investigated at lab scale. Five
different inflow conditions are generated with an active grid in a wind tunnel, covering turbulence intensities from 0.9% to 11.5% and relative
vertical shear from 0% to 17%. The flow field is captured using particle image velocimetry, and the power output of the turbine is assessed
through measurements of the converted power. The set-up consists of two-surface mounted cubes aligned with each other in the main flow
direction, spaced apart by two cube heights. The turbine is placed on top of these model buildings at six different streamwise positions along
the centerline and at two different heights. It was observed that the turbulence intensity in the inflow has a significant impact on the flow field
and also on the power output of the turbine. The increasing turbulence intensity leads to smaller regions of recirculating flow. Thus, the tur-
bine experiences higher flow velocities, which is reflected in the measured power. The influence of shear is comparably small on both the flow
field and the turbine performance. The higher of the two turbine positions yields higher power output overall. Furthermore, it was shown
that the impact of the turbine on the flow field is significant for all inflow conditions and can vary substantially depending on the inflow.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0170059

I. INTRODUCTION

One of the United Nation’s sustainable development goals is to
provide access to sustainable and modern energy for everyone.1 Urban
wind energy can be classified as such a source of modern and renew-
able energy. However, it has received relatively little attention, com-
pared to wind farms installed in open areas, largely due to the complex
wind resources caused by the presence of the built environment.2 In
such an environment, the atmospheric boundary layer is altered by the
presence of the buildings,3 and we then refer to it as an urban canopy
layer from the ground up to about building height and an urban
boundary layer above.4 The urban canopy layer is dominated by
microscale effects5 with the flow being primarily dependent on the
geometry of the local surroundings.6 This leads to large regions of low
velocities, which is why most wind turbines in urban environments are
placed above that, in the roughness sublayer.3 The roughness sublayer
extends from the building roofs to roughly 2–5 building heights.3,7

Here, the flow is still mainly governed by individual roughness ele-
ments,6 such as buildings, but some homogenization has occurred.
This is the region examined in this study.

The velocity in the atmospheric boundary layer and in large parts
of the urban boundary layer is typically vertically sheared and often
assumed to follow a logarithmic profile, or a power law. However,
Wagner et al.8 showed that this is a notable simplification. They classi-
fied the atmospheric boundary layer into 173 different wind profiles
through 2340 independent field measurements from 40 to 160 m
above the ground. Large variations in the vertical shear were found
between approximately DUðzÞ=U1 ¼ 6% and 63%, where DU is the
velocity difference from bottom (40 m) to top (160 m) in the examined
region with reference velocity U1 ¼ 7 m/s at 80 m above the ground.
Only rarely the profiles follow a logarithmic profile or a power law.
The turbulence intensity, defined as the ratio between velocity fluctua-
tions and the mean velocity u0=U , in the atmospheric boundary layer
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can reach up to 40% with typical values situated around 5%–15%.9 In
the roughness sublayer, the turbulence is subject to local variations.
Roth10 reported turbulence intensities measured in the roughness sub-
layer between 20% and 40%. This creates a complex flow problem
with variably sheared flow and varying high turbulence intensities
interacting with individual roughness elements such as buildings. This
is schematically depicted in Fig. 1.

Placing a wind turbine in such an environment is non-trivial.
Having a good understanding of the flow field is important, as the
available power of a wind turbine scales with the velocity cubed,
Pa ¼ 1

2qU
3A, with the rotor swept area A and the air density q. Small

differences in velocity can, thus, have a large impact on the power out-
put of a turbine. This becomes more complicated when taking turbu-
lent fluctuations, wind shear, and directional shear into
consideration.11 More insight into the siting of a roof-mounted wind
turbine has been gained, through studies assessing the flow around
model buildings, e.g., by Mertens,12 Ledo et al.,13 and Abohela et al.14

However, these relied on modeling the turbulence in their simulations.
Experimental studies are needed to complement the simulations2 such
as by Al-Quraan et al.,15 Sarkic Glumac et al.,16 and Vita et al.17

Furthermore, it has been demonstrated that the interaction of a wind
turbine with the flow in such an environment is complex and not eas-
ily predictable.18 It extends beyond blockage effects documented for
wind turbines generally,19 as well as in complex terrain, such as hills.20

Thus, a wind turbine is included in the present study. To enable an
experiment incorporating both buildings and a wind turbine in con-
trolled flow conditions, the set-up is scaled down by several orders of
magnitude. This is common practice in lab-scale studies of wind tur-
bines.21–30 While not achieving necessarily dynamic similarity, these
studies are meaningful in identifying the underlying trends of a prob-
lem with good control of the examined parameters.

A simple drag-driven Savonius turbine with a vertical axis of rota-
tion is employed in the present study. Vertical axis wind turbines
(VAWTs) have received increased attention of late31–36 and are often
employed in environments where horizontal axis wind turbines
(HAWTs) experience difficulties.37 Their omnidirectionality makes
them a good fit for the urban environment.35,38,39 Pagnini et al.40

found increased robustness to gusts and high wind velocities compared
to HAWTs. VAWTs to mount on roofs can be purchased in sizes
approximately between 1 and 6 m from various industrial manufac-
turers, leading to typical turbines to build size ratios of 0.08–1.44 for
one to three storey-buildings.

Buildings are often modeled as surface mounted cubes in experi-
mental and numerical studies.3,14,18,41,42 This approach is also used in
the present study with two-surface mounted cubes placed in line with
each other in the flow direction with a distance of two cube heights (h)

in between. The flow on this configuration has been studied by
Martinuzzi and Havel43,44 and Jooss et al.18 for low turbulence intensi-
ties and uniform inflows. To account for the above described complex-
ity that is presented by an urban flow field, in the present study, the
turbulence intensity and vertical shear are varied in the inflow. The
influence of turbulence intensity on a single cube has been docu-
mented by Yakhot et al.45 and Hearst et al.46 Here, we will examine the
influence of five different inflow conditions on the flow field around
two cubes, as well as on the performance of a roof-mounted VAWT at
six streamwise positions and two heights, yielding a total of 60 cases.

II. EXPERIMENTAL PROCEDURE

The basic experimental set-up, depicted in Figs. 2(a) and 2(b),
consists of two h¼ 100mm cubes mounted to a circular acrylic plate
of d ¼ 14h and a thickness of 0:1h with a 15� sharp leading edge. The
cubes are placed in line with each other with respect to the flow with a
spacing of s ¼ 2h and a distance of 5h to the leading and trailing edge.
The center of the upstream cube is denoted as x¼ 0 with z¼ 0 at the
artificial floor the plate provides. The two cubes resemble one building
relatively unaffected by its surroundings (the upstream cube) and one
very much affected by a neighboring building (the downstream cube).
The spacing was carefully chosen based on a study by Martinuzzi and
Havel,43 which showed that this is representative for 1:46 s=h6 3:5.
A VAWT is placed at various positions on top of the two cubes. Six
streamwise positions, as illustrated in Fig. 2(c), and two different
heights, 0:08h and 0:16h between the cube and the bottom of the tur-
bine, are examined, resulting in a total of 12 positions. They are labeled
L and H for the low and high turbine positions and numbered 1–6
from most upstream to most downstream (1–3 on the upstream cube
and 4–6 on the downstream cube), e.g., L1 for the low turbine at the
most upstream position. The VAWT is a generic two-bucket Savonius
(drag) type turbine designed based on the work of Alexander and
Holownia47 and Akwa et al.48 Figure 2(d) shows the cross section of
the blades. It consists of two semi circles with a diameter dT of 0:4h
and a blade height hT of 0:3h with an overlap of 0:05h between the
blades to decrease the starting torque.49 The same turbine has been
used in Jooss et al.18 The size ratio between turbine and building repre-
sents a typical VAWT installation for one to three storey-houses and
buildings.18

To evaluate the turbine performance at the different positions,
the converted power, Pc, is measured as described in Jooss et al.18 For
this, the turbine is connected to a brushed DC motor (12G88
Athlonix) functioning as a generator. The rotational velocity of the tur-
bine XT is tracked with a reflective object sensor (OPB705WZ).
Bastankhah and Port�e-Agel50 showed that Pc provides a good approxi-
mation of the mechanical power of the turbine, Pm, as it only differs by
the friction losses, Pf, which can be approximated with knowledge of
the motor properties. The rotational velocity of the turbine is con-
trolled through a high frequency variable switch (RF540NPbF) con-
nected to an Arduino Uno. A similar method was used in recent
studies by Gambuzza and Ganapathisubramani30 and Jooss et al.18

The experiments were conducted in the large scale wind tunnel at
the Norwegian University of Science and Technology. This is a closed
loop tunnel with a test section of 2.71� 1.80� 11.15 m3 (width
� height� length). The flat plate is elevated 0.60 m from the wind tun-
nel floor with the cubes centered in the transverse direction, such that
the flow around the cubes is unaffected by the wind tunnel floor and
wall boundary layers. A schematic of the set-up is shown in Fig. 2(a).FIG. 1. Schematic of the flow that buildings encounter in the urban environment.
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The overall blockage of the model is below 3.8% and can, thus, be con-
sidered negligible.51 An active grid (Fig. 3) at the inlet of the test section
is used to tailor the inflow, generating different levels of inflow turbu-
lence intensity and vertical shear. The grid consists of a total of 90 indi-
vidually controlled stepper motors, 18 on each side for the horizontal
rods, and 27 on the top and bottom for the vertical rods. Each motor
controls one rod that extends from the edge of the test section to the

central vertical or horizontal support structure where it is connected
to a bearing. In addition, there are two more vertical support struc-
tures with bearings, one on each side of the center. The rods are
equipped with square-shaped wings with a 97.6mm diagonal. The
mesh length M of the grid is the distance between the rods, which is
100mm. Two principal actuation modes were used with the actua-
tion parameters reported in Table I. For case A and case B, all the

FIG. 2. Experimental set-up: (a) Wind tun-
nel schematic with active grid and cube
set-up. Note, the distance from the active
grid to the set-up is not to scale. (b) PIV
set-up with two synchronized lasers and
four cameras to capture the flow field. (c)
Savonius turbine at three positions on the
roof of a cube.18 (d) Blade cross section
of the Savonius turbine.18
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wings were actuated fully randomly. That is, the rotational velocity,
acceleration, and update frequency are randomly varied within a set
range.52 This creates a uniform velocity profile. It was shown that
the variation of the mean rotational velocity directly impacts the tur-
bulence intensity in the freestream with lower XG leading to higher
u01=U1.52–54 This is utilized here to create two different levels of
turbulence intensity for cases A and B. For case C, only the vertical
wings were actuated fully randomly. For A and C, the mean rota-
tional velocity XG was set to 7Hz and varied by 6xG ¼ 3:5Hz with
a top-hat distribution. Case B has a distribution of 2Hz 6 1Hz. To
create shear in the vertical direction, the horizontal wings for C and
D oscillate around h ¼ 0� with increasing 6h from bottom to top.55

To limit the turbulence production in the wind tunnel due to
@U=@z, only the center eight wings were used to create shear with
the top five wings remaining still at h ¼ 0�, and the bottom five
wings oscillating at the maximum angle hG;max. A larger hG;max yields
a higher velocity gradient;55 thus, it was varied between 45� for case
C and 60� for case D to create different levels of shear. To avoid the
imprint of the flapping frequency on the spectral distribution of
energy, the flapping frequency was varied randomly for both cases
with FG 6 fg ¼ 3:5Hz61.5Hz.

To examine the impact of these different inflow conditions on the
flow, the velocity fields around the cubes were measured. They were
acquired using planar particle image velocimetry (PIV) along the cen-
ter xz-plane of the set-up as schematically shown in Fig. 2(b). Two syn-
chronized dual-pulse Litron Nd-YAG laser (Nano L200–15 PIV), with

a wavelength of 532 nm and a maximum power of 200 mJ, were used
as light sources. The flow was seeded with 1lm DEHS particles cre-
ated by a LaVision Aerosol Generator PivPart45-M. A total of four
cameras were used simultaneously to capture the flow: two LaVision
Imager LX 16 mega-pixel cameras with Nikon 200mm lenses in the
center flanked by two LaVision Imager MX 25 cameras with Zeiss
100mm lenses up- and downstream. This gave a large total field of
view of 980� 240mm2 (width� height). Vector fields were calculated
from the particle images in Davis 8.4.0. A decreasing window size of
96� 96 on the initial pass, and 48� 48 on the final pass were used.
A 50% overlap on the final pass yielded a vector spacing of 1.5mm. To
obtain information on the energy spectra and integral length scales,
the PIV measurements were supplemented by single point hot-wire
measurements of the background flows. A Dantec 55P11 single hot-
wire probe was used together with a Dantec StreamLine Pro anemom-
eter operated at an overheat ratio of 1.8. The hot-wire data were
acquired at a sampling frequency of 75 kHz and low pass filtered at
30kHz, both well above the Kolmogorov frequency of�10 kHz.

III. FLOW CHARACTERIZATION
A. Inflow

The influence of five different inflow conditions on the perfor-
mance of a roof-mounted VAWT is examined in the present study.
Specifically, the influence of freestream turbulence intensity and shear
are investigated. Four of the inflow conditions are generated using the
above described active grid, with a clean configuration without a grid
serving as a low turbulence intensity reference case in addition. The
actuation parameters, together with the resulting flow parameters, are
listed in Table I. To evaluate the inflow conditions, PIV and hot wire
measurements were conducted above the plate, without the cubes or
turbine present. The different inflow cases were compared at the posi-
tion of the windward face of the upstream cube, at x=h ¼ �0:5, with
z=h ¼ 1 serving as the reference height. The velocity was fixed to
U1 ¼ 10:7 6 0.2 m/s, giving Reynolds numbers of Reh ¼ U1h=�
� 67 000 and RedT ¼ U1dT=� � 27 000, based on the cube height
and the turbine diameter, respectively, with the kinematic viscosity �.
The Reynolds numbers are of course low compared to those in the
urban environment. However, for flow around a single cube with
uniform inflow, the Reynolds number independence for the mean
quantities has been found for Reh > 30 000 in Refs. 56 and 57. For a
two-cube set-up, the Reynolds number independence was shown in
Martinuzzi and Havel43 between Reh¼ 12000 and 40000. This indi-
cates that the flow patterns observed at lab scale for the cubes are rep-
resentative. While the turbine performance is affected by the low

FIG. 3. Active grid in mode C. Note the decreasing blockage from bottom to top to
create vertical shear.

TABLE I. Active grid configurations and flow parameters of the five different inflows.

Horizontal wings Vertical wings Flow

Case XG6xG (Hz) FG6fg (Hz) 6hG;max (deg) XG6xG (Hz) U1 (m/s) u
0
1=U1 (%) DUðzÞ=U1 (%) Lu;1=h u

0
1=w

0
1 Color

REF � � � � � � � � � � � � 10.8 0.9 �0 0.6 0.97
A 76 3.5 � � � � � � 76 3.5 10.9 7.1 0 2.0 1.41
B 26 1 � � � � � � 26 1 10.9 11.5 0 2.5 1.44
C � � � 3.56 1.5 45 76 3.5 10.7 10.4 9 2.9 1.55
D � � � 3.56 1.5 60 � � � 10.5 10.2 17 3.0 1.89
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Reynolds number,48 the goal of this study is not to maximize the tur-
bine performance, but rather to compare the energy extraction at dif-
ferent positions; thus, the absolute values of power extraction are not
critical here. The streamwise turbulence intensity u01=U1 in the free
stream is varied from 0.9% for case REF to 7.1% for case A and 11.5%
for case B. This is in line with typically reported values in the atmo-
spheric boundary layer9 with peak values in the roughness sublayer
reaching up to fourfold of this. All three cases have a vertically uniform
velocity profile outside of the thin boundary layer. This is deliberately
varied for cases C and D, which have increasing shear DUðzÞ=U1 of
9% and 17%, that is, the velocity difference DU from just outside the
boundary layer to the top of examined region, where the shear is linear,
normalized by U1. This is comparable to the typical levels of shear
reported by Wagner et al.8 for their atmospheric measurements with
maximum levels reaching almost fourfold of this. u01=U1 was approx-
imately matched among cases B, C, and D to examine the influence of
the shear. The velocity profiles for all cases, normalized by U1, are dis-
played in Fig. 4(a). The turbulence intensity is approximately constant
outside the boundary layer for all cases. u0=U profiles are shown in
Fig. 4(b). The integral length scale is estimated from the integration to
the first zero crossing of the autocorrelation of the hot-wire measure-
ments and normalized by h. A high-pass filter at 0.4Hz is used to
counteract the effect of non-stationary low frequencies on the calcula-
tion of Lu;1. Decaying autocorrelation functions and clean zero-
crossings have been observed for all presented cases. Lu;1=h increases
with turbulence intensity from 0.6 for case REF up to 2.5 for case B.
This trend is in agreement with active grid studies by Hearst and
Lavoie52 and Mydlarski and Warhaft.53 The relatively slow flapping of
the horizontal wings in cases C and D increases Lu;1=h slightly fur-
ther. The isotropy ratios u01=w0

1 have been calculated from the back-
ground PIV measurements. Measurements in the empty tunnel
showed 16 u01=w0

1 6 1:1. The presence of the plate leads to an
increase in u01=w0

1 for the turbulent cases (see Table I). The isotropy
values for cases A and B still remain in line with previous active grid
studies.58,59 The flapping cases (C and D) show relatively high anisot-
ropy, due to the slow flapping motion. This is in agreement with simi-
lar shear flows.60 All values are listed in Table I. The energy spectra,
normalized by the Kolmogorov length scale g and �, are plotted

against the product of the wave number j and g in Fig. 5. A clear dis-
tinction between the low turbulence case REF and the four active grid
cases is apparent in the extent of the inertial sub-range. Case A shows
a slightly lower total energy compared to cases B–D, which collapse
reasonably well through all scales. There is no imprint of the actuation
protocol at distinct frequencies visible in the spectrum for any case,
suggesting that the turbulent structures at this point are relatively unaf-
fected by the way they were generated.

B. Flow field

To understand the conditions the turbine is exposed to, the flow
field around the cubes is analyzed for the different inflow cases. To
normalize all velocities in the following analysis, the velocity far
upstream of the cubes at x=h ¼ �3:5 cube height z=h ¼ 1 is used as a
reference velocity U0. The flow here is unaffected by the varying tur-
bine position. For REF, the total scatter of U0 between all positions,
including the case without a turbine, is less than 0.4% with no apparent
trend. The streamwise velocity at this position is slightly affected by
the presence of the cubes, which are present for all examined cases

FIG. 4. Background profiles of (a) the streamwise velocity normalized by U1 and (b) the streamwise turbulence intensity. Note, these profiles are averaged over five vectors in
the streamwise direction at the position of the leading edge of the first cube, x=h ¼ �0:5 and z=h ¼ 1.

FIG. 5. Spectral distribution of energy of the inflow cases.
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though. Note, that U0 is different from U1, which was used to charac-
terize the inflow without the cubes present. Figure 6 shows the U=U0

fields with streamlines superimposed. Generally, the flow is slowed
down by the presence of the upstream cube. At the windward bottom
edge, a horseshoe vortex forms,44 visible in the flow field as a small
area of recirculating flow. At the windward top edge of the upstream
cube, the flow separates for all inflow conditions. The streamlines are
deflected upwards and a region of velocity surplus forms above the
recirculation zone, leading to the development of a strong shear layer.
In between the two cubes, a large region of recirculating flow evolves.
Likewise, downstream of the second cube, the flow detaches and a
region of slightly weaker recirculating flow is visible. The observations
for REF are in agreement with Jooss et al.18

To evaluate the influence of turbulence intensity in the inflow,
cases REF, A, and B are compared. It is apparent that the size of the
recirculation zone on top of the upstream cube is significantly influ-
enced by the different levels of u01=U1. REF shows the largest region
of reverse flow, extending past the leeward edge of the first cube and
merging with the recirculating flow downstream of the cube. This is
reduced for case A, where the recirculation zone approximately ends at
the leeward edge, and even further for case B, where the two regions of
reverse flow appear distinctly separated. Evenmore relevant potentially
for the placement of a wind turbine is the extent of this recirculation
zone in the vertical direction above the roof. The same trend is
observed with decreasing size for increasing inflow turbulence inten-
sity. These results are in agreement with observations made on a single

FIG. 6. Streamwise velocity fields without
the turbine present.
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cube by Hearst et al.46 for 0.5% 6 u01=U1 6 8.9%. Similar to the pre-
sent study, the turbulence was generated upstream with an active grid.
Above the recirculation zone, the streamlines are deflected upwards
and the flow accelerates. A region of accelerated flow is present for all
cases, though its position and extent vary between the cases. Increasing
u01=U1 moves the start of this region upstream but limits its down-
stream extent. The recirculation zone in between the cubes is also
strongly affected, the size of which decreases with increasing inflow
turbulence intensity. As a result of this, the deflection of the stream-
lines is also reduced with increasing u01=U1. This leads to different
flow patterns on the downstream cube. While for REF, the flow reat-
taches mainly on top of the cube, for cases A and B, the reattachment
point is moved so far upstream, that the flow instead impinges partly
on the windward edge of the downstream cube. This leads to a re-
ocurrance, although substantially weakened, of flow separation at the
windward top edge of cube 2, most apparent for case B. This changes
the evolution of the flow on top of the downstream cube. For REF, it is
dominated by a recovering wake from the upstream cube, whereas for
case A, and even more so for case B, the flow is governed by the inter-
action between said wake and the newly separated flow on top of cube
2. The recirculation zone downstream of the second cube is not signifi-
cantly affected by the change in u01=U1 in the inflow.

For cases C and D, the vertical shear is visible upstream of the
cubes with higher velocities at the top and lower velocities at the
bottom. The velocity remains high in the top part of the field of
view, whereas the lower region is disturbed by the presence of the

cubes. The streamlines suggest that low momentum fluid from the
bottom is transported up and above the cubes due to their block-
age. Cases C and D are to be compared with the uniform velocity
case B, which has a similar inflow turbulence intensity. It has to be
noted though that the turbulence intensities for both cases C and
D, at u01=U1 ¼ 10:4% and u01=U1 ¼ 10:2%, respectively, fall
slightly below case B at u01=U1 ¼ 11:5%. The recirculation zone
on top of the upstream cube for C and D is significantly smaller
than for case A, but it is still visibly larger than for case B, which
suggests that even a 1.1% difference in turbulence intensity is sig-
nificant for this flow. Cases C and D appear qualitatively similar,
indicating that the different levels of shear examined here only
have limited influence on the evolving flow patterns in this config-
uration. Thus, in the following, case C will be considered as a rep-
resentative shear case in the proceeding analysis. Again, these
findings are in agreement with findings on a single cube,46 where
both the stagnation point upstream of the cube and the reattach-
ment length downstream were found to be independent of the
examined incoming velocity profiles.

Generally, the flow field is dominated by the flow separation on
the upstream leading edge of the first building. This suggests, that
parameters, such as streamwise length of the upstream building and
distance between the two buildings are of secondary importance to the
flow above the roof. The extent of the flow separation is influenced by
the upstream flow conditions, as outlined above, primarily by the level
of freestream turbulence. Thus, considering the inflow conditions, it is

FIG. 7. Differential velocity fields at position H1 for case REF (top) and case B (bottom).
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possible to assess the wind resources above building(s) based on the
distance from the upstream edge.

C. Influence of the turbine on the flow

It is important to note that while the characterization of the flow
field is a required prerequisite, it is not sufficient for evaluating the
potential placement of a roof-mounted wind turbine. To capture the
full scope of the problem, the turbine needs to be included in the anal-
ysis. Jooss et al.18 demonstrated that the turbine has a significant influ-
ence on the flow field, and thus, on the available power Pa for a low
turbulence intensity, uniform velocity inflow case, equivalent to case
REF in this study. This influence is evaluated here for varying inflow
conditions. Fundamentally, a wind turbine induces an upstream block-
age effect.19 This general behavior is observed for all cases at positions
1, 4, 5, and 6 for both low and high turbine, whereas at positions 2 and
3, a different behavior is detected. The two different effects are illus-
trated for cases REF and B at H1 in Fig. 7 and at L3 in Fig. 8. The fig-
ures display, from left to right, the flow field without the turbine, the
flow field with the turbine, and the difference between the two
DU=U0. A negative DU=U0 indicates a velocity deficit caused by the
turbine, whereas a positive DU=U0 represents a velocity surplus in the
presence of the turbine. At H1, for case REF, the turbine is placed
upstream of the region of significant flow acceleration, whereas for
case B, the flow accelerates approximately at x=h ¼ �0:35, where the
turbine is positioned. This results in a higher velocity for case B

compared to case REF without the turbine in place at H1, displayed by
the dashed profiles in Fig. 9. Nevertheless, the turbine causes a decrease
in the velocity immediately upstream of the turbine in both cases. The
turbine still experiences higher velocity for case B compared to case
REF. Figure 9 shows that the shape of the velocity profiles is also
altered by the presence of the turbine at H1. It becomes more homoge-
neous between the bottom and the top half, but shows a velocity deficit
in the center, where the blockage effect is the strongest. At position 2,
not explicitly displayed here, the flow is governed by the recirculation
zone (see Fig. 6). In high velocity regions, the turbine causes a decrease
in the velocity similarly to position 1, whereas in low velocity regions
close to the roof, the velocity is increased in the presence of the turbine.
This behavior has also been observed by Jooss et al.18

At position 3, the recirculation zone continues to grow for case
REF, while it decreases in size for cases A–C (see Fig. 6). Interestingly,
this leads to diverging trends for the influence of the turbine on the
flow field. While the velocity for case REF is increased throughout L3
and for most of H3 as well, the opposite is observed for cases B and C
(not displayed here). Thus, the spread between case REF and cases B
and C is reduced by the presence of the turbine here. Case A (not dis-
played here) falls somewhere in between, following the behavior of
case REF at the bottom, and cases B and C higher up. The flow dynam-
ics leading to this effect at L3 are shown for cases REF and B, with
extracts of the respective flow fields in Fig. 8, and the corresponding
velocity profiles in Fig. 9. For case REF at L3, the turbine is placed

FIG. 8. Differential velocity fields at position L3 for case REF (top) and case B (bottom).
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mainly in the recirculation zone. In the presence of the turbine, the
recirculating flow is partly suppressed and a velocity surplus results
along the rotor area. For case B, the recirculation zone is considerably
smaller, and thus, the turbine is placed largely outside of it at L3. The
size remains approximately unchanged with a slightly increased inten-
sity in the presence of the turbine. The main influence of the turbine
here is a velocity reduction in the top half, where high velocities are
present initially. This example underlines how complex the interaction
of the flow with the turbine can be. Not only is it dependent on the tur-
bine’s position,18 but also on the inflow conditions, which here leads to
contrasting implications caused by the turbine, even for the same
position.

IV. ENERGY EXTRACTION
A. Power measurements

To evaluate the performance of the wind turbine in the varying
inflow conditions at different positions on the roof, the power coeffi-
cient CP ¼ Pm

1
2AqU

3
0
is assessed. CP is based on the mechanical power Pm

of the turbine, which consists of the measured converted power Pc plus
an estimate of the friction losses Pf. To enable a direct comparison of
the power output between the different positions, U0 far upstream of
the cubes is used as a reference velocity for all positions. The focus of
this study was not to evaluate how well the wind turbine itself performs
but rather to compare different wind conditions (i.e., turbulence inten-
sities and velocity shear) and turbine positions, and thus using the
same velocity for all positions reflects a normalization whereby the
power is the dominant parameter. The tip speed ratio k ¼ XT rT

U0
, given

by the ratio between the tip speed of the turbine blade and the flow
velocity, is varied for every case to acquire full CP-curves. These are dis-
played position by position in Fig. 10. To avoid clutter, only case C is
displayed for the sheared inflow cases. The low turbine performs best
at L1 for all cases. At L2, a similar power output is recorded, reduced
by 9% on average. This reduction is more drastic for L3, where, on
average, the Cp values measured 62% lower compared to L1. On the
downstream cube, a gradual power increase is observed with increasing
streamwise position. The spread between all positions is considerably
smaller than on the upstream cube, with 10% between the highest
average CP at L6 and the lowest at L4. The trends between the positions
are similar for the high turbine. The best overall performance is
recorded at H1 and H2 with an average CPmax of 0.058. Savonius tur-
bines generally record lower CP values than HAWTs and lift driven

VAWTs.47,48 In addition, there is a Reynolds number dependence,48

explaining the relatively low CP values recorded in this study (see also
Jooss et al.18). The reduction to position 3 is smaller for the high tur-
bine compared to the low turbine, but still significant at 24% on aver-
age. For the downstream cube, only small differences between the
three positions are recorded, with an 8% difference in the average
CPmax between H6 (the most favorable of the three) and H4 (the least
favorable).

Comparing the different inflow cases, it is observed that inflow
turbulence intensity impacts the turbine performance significantly,
showing in the discrepancy between case REF and all other cases. Also
case B is different from case A at almost every position. The influence
of shear is less clear with case C collapsing with case B for most of the
positions, with slight advantages at position 3. Figure 11 illustrates the
relation of CPmax with u01=U1 andDUðzÞ=U1 explicitly for all exam-
ined positions. The influence of the turbulence intensity is apparent,
with higher u01=U1 leading to higher CPmax generally. The trend flat-
tens on average with increasing u01=U1. The influence is greater for
the low turbine position, with an average increase in 44% from case
REF to case B, compared to 28% for the high turbine. On the upstream
cube, this is caused by the reduced size of the recirculation zone for
high u01=U1 as illustrated in Fig. 6. A larger part of the turbine is
placed outside of the chaotic low momentum flow, and more of the
accelerated flow above is captured and utilized. In addition, the region
of accelerated flow is intensified in the presence of high u01=U1. On
the downstream cube, the differences stem from an accelerated recov-
ery of the wake of the upstream cube with increasing turbulence inten-
sity in the inflow. Mixing is enhanced, and thus, more of the higher
momentum fluid from the top is entrained, leading to higher velocities
on top of the downstream cube. This effect is further enhanced by the
fact that the flow is less deflected above the upstream cube, thus creat-
ing a smaller wake region initially. For shear, there is no clear trend,
with a 4% average increase for the low and a 1% average increase for
the high turbine from case B to case D. The streamlines in Fig. 6 show
the transport of low momentum fluid from the bottom to above the
cubes. In addition, the slight difference in u01=U1 causes a small
velocity deficit originating from the trailing edge of the cube. This
appears to balance out the higher momentum fluid higher up. Overall,
the shear takes a backseat compared to turbulence intensity in this
configuration, not only for the impact on the flow field, but also for the
impact on the power output of the turbine.

FIG. 9. Inflow profiles for cases REF and
B with the turbine (solid lines) and without
(dashed lines) at positions H1 and L3.
Note that this is displayed in the frame of
reference of the turbine, with zT¼ 0 at the
center of the turbine blades, and normal-
ized by the turbine blade height hT.
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To illustrate the trends for the individual inflow cases, Fig. 12 dis-
plays CPmax relative to the position of the turbine. For the low turbine,
the trends are similar between all cases. The reduction from position 1
to position 2 is more significant for case REF than for the other three
cases. On the second cube, case B shows close to no evolution. With
decreasing u01=U1, the change from L4 to L6 becomes increasingly

significant. Case C only shows small differences from case B, with
slightly higher CPmax at L3 and slightly lower CPmax at L4. The same is
observed for the high turbine with a perfect collapse of cases B and C,
except at H3, where case C has a minor advantage. While cases B and
C show a decreasing power output from H1 to H2, case A remains
approximately constant and case REF even shows an increase in

FIG. 10. CP-curves for the different inflow cases at all positions and heights.
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FIG. 11. Relation of CPmax to turbulence intensity and shear. Each line represents one turbine position.

FIG. 12. Evolution of CPmax through the different positions for the various inflow cases. The lines between the positions are shown to visualize the trends for the individual cases
throughout the turbine positions. Note that the trends are not necessarily linear between measurement positions.
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CPmax. This can be explained by the upstream shift of the acceleration
region for increasing u01=U1. This benefits the power output at H1
compared to H2 for the more turbulent cases. On the second cube,
similar to the low turbine, there is close to no change for cases B and
C, whereas case A and even more case REF increase their performance
from position 4 to position 6.

B. Analysis of individual positions

In this section, certain interesting positions are examined in more
detail. At L3, the CP-curves show differences between all four displayed
inflow cases (see Fig. 10). Case C yields the highest power output, fol-
lowed by cases B and A, and with a large gap, case REF. To understand
the dynamics behind this, the flow the turbine experiences here is pre-
sented in Fig. 13. The recirculation zone is significantly smaller for
case A compared to REF, which leads to the turbine experiencing
higher velocities. This is reflected in the velocity profiles immediately
upstream (�0:02h) of the turbine. Case A shows slightly higher veloci-
ties compared to case B, which suggests a stronger flow acceleration.
However, in the lower area, the recirculation zone is diminished fur-
ther for case B, which yields higher velocities in the lower rotor area.
This compensates for the slight deficit at the top and leads to a higher
average velocity for case B compared to case A, which results in a
higher power output as well. Comparing case C to case B shows a
more pronounced acceleration upstream of the upper part of the tur-
bine. This results in a steeper velocity gradient, yielding higher veloci-
ties along the entire rotor swept area.

At L4 (Fig. 14), the turbine is positioned in a recovering wake
from the upstream cube. The difference between case REF and case A
is apparent from the flow field. The wake is less recovered for REF,
resulting in lower momentum flow upstream of the turbine, and thus,
lower CP. This trend continues with increasing u01=U1. Increased
mixing with the higher momentum fluid from the top yields even
higher velocities for case B, resulting in an increased power output.
The flow field for case C shows high velocities above the turbine; how-
ever, upstream of the rotor swept area, the velocities are very similar to
case B. Slightly higher velocities at the top are balanced by slightly
lower velocities at the bottom, yielding close to identical CP-curves.
Figure 6 suggests that the slightly higher u01=U1 of case B compared
to case C leads to an increased curvature of the streamlines down-
stream of cube 1, bringing higher momentum flow down closer to the
roof. This appears to compensate for the difference in shear between
the two cases, underlining the dominant role of turbulence intensity
compared to shear in this configuration.

H3 (Fig. 15) presents an interesting scenario, as this is the one
position where case A yields a higher CPmax than case B. As described
in Sec. IIIB, u01=U1 does not only affect the recirculation zone on top
of the upstream cube, but also the region of accelerated flow above.
While the acceleration is enhanced by high u01=U1, it extends farthest
for the low turbulence case REF. This is visible in the flow fields and
velocity profiles at H3, where REF shows the most pronounced accel-
eration, followed by case A. For case REF, the low velocity region
extends farther up from the roof than for the other cases, leading to
significantly lower velocities in the lower half of the turbine swept area,

FIG. 13. Analysis velocity fields at position L3. From top left to right case REF, case A, case B, and case C, with the velocity profiles 0:02h upstream of the turbine at the bot-
tom. Note that this is displayed in the frame of reference of the turbine, with zT¼ 0 at the center of the turbine blades, and normalized by the turbine blade height hT.
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FIG. 15. Analysis at position H3. From top left to right case REF, case A, case B, and case C, with the velocity profiles 0:02h upstream of the turbine at the bottom. Note that
this is displayed in the frame of reference of the turbine, with zT¼ 0 at the center of the turbine blades, and normalized by the turbine blade height hT.

FIG. 14. Analysis velocity fields at position L4. From top left to right case REF, case A, case B, and case C, with the velocity profiles 0:02h upstream of the turbine at the bot-
tom. Note that this is displayed in the frame of reference of the turbine, with zT¼ 0 at the center of the turbine blades, and normalized by the turbine blade height hT.
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and thus, overall lower power output. Case A only shows slightly lower
velocities in the lowest part of the turbine compared to case B. This is
overcompensated by the increased acceleration in the upper half, yield-
ing a higher power output for case A compared to case B. Case C also
outperforms case B at H3. Similar to L3, the high velocity region above
the turbine caused by the shear for case C produces a stronger velocity
gradient, leading to higher velocities throughout most parts of the
turbine.

The results at L4 are representative for the general trends at most
positions. Cases B and C with the highest inflow u01=U1 yielded the
highest power output. CP was slightly reduced for case A and signifi-
cantly reduced for case REF. At L3, case C slightly outperforms case B,
again followed by case A and case REF. Similar, at position H3, the tur-
bine extracts slightly more power for the sheared inflow case C.
However, H3 is unique, as it is the only position, where case A yields a
higher power output than case B.

In general, a high turbine position is beneficial, most notably on a
building relatively unaffected by its surroundings (the upstream cube
in this study). This effect is diminished for a building in the wake of
another building (the downstream cube in this study). For realistically
high turbulence intensities, a placement close to the wind facing side of
the building promises the highest power output. A central position
generally yields an only slightly reduced power output and is thus a
highly suitable option for the placement of a roof-mounted wind tur-
bine, in particular when the prevailing wind direction is unclear or
strongly varying. This is especially relevant for a relatively unob-
structed building as the reduction toward the leeward side of the build-
ing in that case is significant. In combination with wind data from
local weather stations, this can be a starting point to decide on the
position of a roof-mounted wind turbine. This should be comple-
mented with wind velocity measurements at the desired position to
ensure reasonable power output.

V. CONCLUSIONS

The impact of varying flow conditions, a characteristic for the
urban environment, on the flow field and performance of a roof-
mounted vertical axis wind turbine has been investigated. A Savonius
(drag) type vertical axis wind turbine was mounted at six streamwise
positions at two heights on top of two cubes, representing model build-
ings, in a wind tunnel. The flow field was captured with particle image
velocimetry along the center plane, and the converted power of the tur-
bine was measured with a small generator and an optical sensor. The
turbulence intensity and shear in the inflow were varied with an active
grid, yielding a total of five inflow conditions with 0:9%6 u01=U1
6 11:5% and 0%6DUðzÞ=U1 6 17%.

It was found that increasing u01=U1 leads to a suppression of the
recirculation zone on top of the upstream cube. This is in agreement
with the findings on a single cube.46 Above the recirculating flow, a
region of accelerated flow arises. This region moves upstream for
increasing u01=U1. The recirculation zone in between the cubes is
also drastically reduced in size for higher levels of u01=U1. The smaller
recirculation zones lead to less deflection of the streamlines. Together
with enhanced mixing, this alters the reattachment of the flow on the
downstream cube. For low u01=U1, the flow primarily reattaches on
top of the downstream cube, whereas for high u01=U1, it impinges on
the windward face of the second cube and leads to slight re-separation
of the flow. The impact of shear on the flow phenomenology around
the two model buildings is less prominent. The high velocity region

high above the roof does not interact very much with the flow immedi-
ately above the roof. Low momentum fluid from the bottom is trans-
ported up above the cubes through the deflection of the streamlines
caused by the presence of the cubes.

The turbine itself affects the flow field significantly, in agreement
with Jooss et al.18 This interaction is complex and highly dependent on
the turbine position and the local flow. Furthermore, it was shown in
this study that even for the identical turbine position, the impact can
vary substantially dependent on the inflow conditions. This underlines
the importance of including the turbine in such an analysis.

The power measurements show that between the two examined
turbine heights, the high position yielded higher CP values independent
of the streamwise position. The difference between low and high posi-
tion is largest at position 3. Here, the high turbine is largely outside the
recirculation zone, whereas the low turbine primarily experiences low
velocities caused by the separated flow. Overall, positions 1 and 2 with
the high turbine yielded the highest average power output.

Most notably, it was demonstrated that the influence of u01=U1 is
dominant on this problem compared to DUðzÞ=U1, for the examined
levels of u01=U1 and DUðzÞ=U1 here. Similar power coefficients were
recorded for the various levels of DUðzÞ=U1, with no apparent trend.
Increasing levels of u01=U1, on the other hand, led to increasing power
output throughout most turbine positions. The influence was found to
be larger for turbine positions close to the roof, and also more signifi-
cant for the upstream cube generally. For increasing u01=U1, the trend
of increasing CP flattens out, indicating that this elevated potential is
limited.
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