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Abstract- Building Integrated Wind Power (BIWP), the installation of wind power generators on buildings to generate energy,
is being attempted in various ways. The advantage of BIWP is that it does not require a support fixture for positioning a wind
turbine at a desired height. Furthermore, it allows the energy generated by a turbine to be used directly within the building.
Utilizing computational fluid dynamics (CFD), this study examines the variations in wind velocity and turbulence intensity
occurring as a result of changes in the morphology of a building’s corners to increase the efficiency of wind power generators
that are installed between buildings. Results of this study show that buildings with round corners experienced an increase in
wind velocity of up to 13%, as compared to regular corners, while corner cuts increased wind velocity by 15%. The
morphology of the corners will have less effect on the location where wind velocity is highest where the distance between
buildings is greater. However, if the distance between the buildings is shorter and the corners are long enough, wind velocity
increases and turbulence intensity decreases.
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1. Introduction

Many countries have recently seen an increase in the
number of high-rise buildings in downtown areas. This is due
to increasing population and inflow of people into the inner
cities. High-rise buildings in downtown areas are becoming
popular because they offer advantages such as addressing the
issue of insufficient housing, creating new jobs, and playing
the role of landmarks within cities. However, in comparison
to regular buildings, high-rise buildings consume more
energy for ventilation, elevators, and lighting. In fact,
buildings account for approximately 40% of the world’s total
energy consumption and 21% of the total carbon emissions.
This consumption has been reduced by the introduction of

new and renewable energy sources for buildings in recent
years [1-5]. Wind energy has the advantage of being highly
efficient for such purposes, as the wind speed increases in
downtown areas due to the wind around buildings. One way
to use wind energy to power buildings is to use building-
integrated wind power (BIWP), which produces energy using
wind turbines installed on or close to buildings [6-10]. BIWP
is highly efficient because it does not require supports for
positioning the wind turbines at the installation height, and
the produced energy can be used in the building without
having to be sent long distances. When applying the BIWP
method, the effects of wind speed and the turbulence caused
by the surrounding buildings should be considered.
Surrounding buildings can interfere with the wind flow,
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decrease the wind speed, and increase the turbulence, thereby
reducing the efficiency of wind power generation. The
effects of decreases in wind speed should be taken into
particular consideration when developing wind power
turbines close to high-rise buildings in downtown areas,
because the wind speed varies depending on the layout and
shape of the building. To address this, the characteristics of
air flow through the passage between two buildings have
been researched. Ishizaki and Sung (1971) and Wiren (1975)
conducted experiments in wind tunnels to measure the
average wind speed at the center line of the passage between
two block buildings with the same height [11-12].
Stathopoulos and Storms (1986) conducted a wind tunnel
experiment to investigate the characteristics of air flow in
passages between buildings for various building heights and
wind angles [13]. To and Lam (1995) measured the average
wind speed and turbulence at pedestrian height in passages

between high-rise buildings in a wind tunnel experiment [14].

They found that the wind speed amplification coefficient in
the passage between buildings increased up to approximately
1.4. Most previous experiments were related to the air flow
between buildings at pedestrian height (i.e., 1.75 m to 2 m
from the ground), and did not analyze the characteristics of
air flow above pedestrian height in detail.

In this study, we investigated the air current
characteristics between two parallel buildings and analyzed
the variation in wind speed with respect to the shapes of the
building corners by increasing the wind speed. The aim of
this study was to improve the power generation efficiency of
wind turbines installed near buildings.

2. Validation Test and Analysis

We carried out computational fluid dynamics (CFD)
analysis to investigate the variation in wind speed and
turbulence for various building corners. We compared the
wind speed and turbulence intensity measured in the wind
tunnel experiment to the results obtained from the CFD
turbulence analysis.

2.1. Wind Tunnel Experiment
We used the Series 100 Cobra Probe (Turbulent Flow

Instrumentation) to measure wind speed. The size of the
experimental model was 40 m (B) * 40 m (D) * 120 m (H),

the distance between the buildings (w) was 60 m, and the

model scale was 1/400. The experimental conditions used for
the wind tunnel experiment are summarized in Table 1. The
experimental buildings were assumed to be high-rise
buildings in downtown areas, and we reproduced category B
(ov = 0.22) surface roughness to simulate a downtown area
with scattered mid-rise buildings. In Figure 1, the solid line
indicates the theoretical equation of the power law, and the
dotted line indicates the wind speed and turbulence intensity
as a function of height; this was measured in the wind tunnel.
Figure 2 shows the locations at which the wind velocities
were mesured in the wind tunnel. The measurement
locations between the buildings are indicated in red. We
measured 40 points in total, with a horizontal spacing of 25
mm and a vertical spacing of 37.5 mm, with the exception of

the floor. Figure3 shows the design of the model installed in
the wind tunnel.

Table 1. Test condition
Device Series 100 Cobra Probe
Exposure Category B (a=0.22)
Velocity S5m/s
Scale 1/400
Frequency 150Hz (60secs)
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Fig. 1. Distribution of the mean velocity and turbulence
intensity in the wind tunnel
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Fig. 3. Model placed in the wind tunnel

2.2. CFD Validation

We used ANSYS Fluent R16.1 to validate the wind speed
measurements, with the same wind speed and turbulence
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intensity distribution used for the inflow air flow distribution as
used in the wind tunnel experiment. We set the
renormalization group (RNG) to k-! in the turbulence model
used for the CFD analysis. The total domain size was 2.4 m *
2.1 m * 1.7 m. A mesh independence study was conducted
according to the shape of the mesh and the size of the mesh. The
shape of the mesh was Tetre, Hexathaslize of the mesh around
the cube was lem, 1.5cm. As a result, the Hexa mesh of 1.5cm
showed the similar tendency as the experimental value and the
highest correlation coefficient. So, the number of mesh points was
600,000 using Hexa mesh of 1.5cm around the cube.

Figure 4 shows the wind speed ratio and turbulence
intensity at each measurement point in the wind tunnel
experiment and the CFD. The wind speed ratio is the wind
speed (U) at each point divided by the wind speed (Uy)
measured at the highest floor (H). The wind speed ratio
distribution was similar to the wind tunnel experiment.
Figure 5 shows the correlation between the wind speed ratio
and turbulence intensity at each position measured in the
wind tunnel experiment and obtained from the CFD analysis.

At each measuring point in the wind tunnel experiment and
CFD analysis, the correlation coefficient was 0.988 and the
turbulence intensity was 0.647. The correlation between the
CFD and measuredind speed was very high, whereas the
correlation with the turbulence intensity was low. However,
the correlation with the turbulence intensity was 0.611 in the
lower measurement positions (no.1-20) and 0.930 in the
higher measurement positions (no.21-50). Thus, the
turbulence intensity was higher in the upper sections. Figure

6 shows the correlations between the turbulence intensities in

the lower and upper parts of the buildings obtained from the
tunnel experiment and the CFD analysis. It seems that in the
CFD analysis, the turbulence intensity in the lower part of

the incoming air flow is higher than in the upper part because
of the effects of vortices in the lower part of the building.
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Fig. 4. Data obtained from the wind-tunnel and
computational fluid dynamics analyses
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Fig. 5. Correlation between the wind-tunnel and
computational fluid dynamics analysis
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Fig. 6. Correlation of turbulence intensity in the lower and

upper parts of the buildings
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3. CFD Analysis
3.1. Model Specifications

We used CFD to analyze the aspects of the air flow
pertinent to installing a wind turbine between neighboring
buildings. We considered five distances (w) between
buildings, three types of building corners, and twwilding
comer lengths (b), and analyzed 25 cases in total. Figure 7
shows the building corner shapes tested, which were
classified into three types: normal, corner-cut, and rounded.

Figure 8 shows the dimensions of the analyzed
buildings. Tables 3 to 5 list the names and dimensions of the
three buildings. We used a square high-rise building with
length (B) and width (D) of 40 m and height (H) of 120 m as
our model for the CFD analysis. The smallest distance
between buildings was 20 m, and we increased it in 10 m
increments up to 60 m, analyzing five cases in total.

Furthermore, we tested corner-cut and rounded corners of
lengths2 and 6 m. We usealbuilding corner length (b) of 2

m in cases C1 and Rhich had cut and roundezbrners
respectively. Cases C2 and R2, which hawveand rounded
corners respectivelyhad a building corner length (b) of 6 nin

each case, the numbers !1 to !5 represent the distances

between the buildings, from 20 to 60 m.
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4 ™

D D
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Fig. 7. Edge types used in the model
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Figure 8. Dimensions used in the model

Table 3.Model size (Cash)

Case B(m) D(m) H(m) w(m)
CaseN1 20
CaseN2 30
CaseN3 40 40 120 40
CaseN4 50
CaseN5 60

Table 4. Model size (Case C)

Case B(m) | D(m) | H(m) b(m) w(m)
CaseCl1-1 20
CaseCl1-2 30
CaseCl1-3 | 40 40 120 2 40
CaseCl1-4 50
CaseCl1-5 60
CaseC2-1 20
CaseC2-2 30
CaseC2-3 40 40 120 6 40
CaseC2-4 50
CaseC2-5 60

Table 5. Model size (Case R)

Case B(m) | D(m) | H(m) r(m) w(m)
CaseR1-1 20
CaseR1-2 30
CaseR1-3 | 40 40 120 2 40
CaseR1-4 50
CaseR1-5 60
CaseR2-1 20
CaseR2-2 30
CaseR2-3 40 40 120 6 40
CaseR2-4 50
CaseR2-5 60
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3.2. Analysis Conditions

Table 6 shows the conditions tested in the CFD analysis,
for which we used ANSYS Fluent R16.1. We used RNG k-¢
for the turbulencemodel and standard wall function. The
SIMPLE algorithm was used for the Pressure-Velocity
coupling. Spatial discretization was taken as the Second
order in Pressure and Momentum and First order in
Turbulent Kinetic Energy and Turbulent Dissipation Rate.
Regardingthe domain size, the upstream region was set to
0.8 m (8B) and the downstream region was 1.5 m (15B),
based on a building width (B) of 0.1 m. The length and
height were modeled to be identical to those ofGhenbuk

National University Wind Tunnel Laboratory, at 2.1 and 1.7

m, respectively. The total domain size was 2.4 m * 2.1 m *
1.7 m, and the total number of analysis meshes was

approximately 600,000. Figure 9 shows the dimensions of

the analysis domain. The reference wind speed (! ;) was 5
m/s at the highest floor of the building, and we used a
category B (a =0.22) surface roughnessie inpt the
experimental value of theéncoming air flow into the CFD

analysis, which varied according to height. This was assigned
by a usedefined function, based on the input conditions

summarized in Table 6. Figure 10 shows a graphhef
incoming air flow distribution as a function of height.

Table 6. Computational fluid dynamics conditions

CFD Program ANSYS Fluent R16.1
Scale 1/400
Velocity(! | ) Sm/s (Reference height = 120m)
Exposure B (1 =0.22)
category
Domain size 2.4m *2.1m * 1.7m
Turbulence
kinetic P
Inflow energy (K)
condition
(User Defined Turbéléence | |
Function cddy = (1,1 Ottt
! ) dissipation g J' L a(! :
)
~_ - 28 . 21m
S~ 158 b
= ] 8B <
T T 7 2.4m
T7m_ - g

Fig. 9. Domain size
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3.3. Analysis Result

Figure 11 shows the modeling of the CFD analysis.

Fig. 11. Modeling of the CFD analysis

3.3.1.  Variation with respect to corner shape (N, C, R)
Figure 12 shows the wind speed ratio and turbulence
intensity as a function of the distance between the buildings
and the building corner shape. The wind speed ratio for each
position is the maximum average wind speed (U) at that
position divided by the wind speed (U;) measured at the
height of the building of interest. We then measured the
turbulence intensity at the position where the maximum
average wind speed occurred. The wind speed ratio was
higher than 1.0 at the point measured regardless of the corner
shape, which means that the wind speed was always higher
than the reference wind speed. The wind speed ratio
measured in the case of the basic model, which had a square
building corner, changed by approximately 1.15 when the

distance between buildings was increased from 20 m to 60 m.
This indicates that the wind speed increased by more than 15%

with respect to the reference wind speed. The turbulence
intensity decreased as the gap between the buildings
increased. The turbulence intensity in Case N5 was
approximately 24% lower than that of N1. The wind speed
ratio also varied with the distance between buildings when
the corners of the buildings were rounded or corner-cut. The
effect of the corner shape increased as the distance between
buildings increased. The wind speed ratio was approximately
13% higher when the corners were rounded than in the basic
model, and approximately 15% higher when the buildings
had cut corners. However, the wind speed ratio decreased as
the distance between the buildings increased. The turbulence
intensity increased by approximately 10% with respect to the
basic model when the corner shape was changed. Among the
corner shapes, the turbulence intensity was higher when we
used a rounded corner shape than when we used a cut corner.
Compared to the basic model, the turbulence intensity
between buildings with rounded corners increased by
approximately 10%, and it increased by up to 8% when we
used corner-cuts.
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Fig. 12. Velocity ratio and turbulence intensity

3.3.2.  Variation with respect to the corner length(b) of
each shape (C, R)

The wind speed ratio for corner-cut and round corners
with different lengths increasdsy up to 4% for dength of 6
m, and by up to 4% when the length was 2 iowever,
when the distance between the buildings was greater than 41
m, the wind speed ratio was 3% higher when the length of
the corner was 2 m than when it was 6 m. The effect of the
corner length also decreased as the distance between th
buildings in@eased. The 2 m corner-cut had an effect at
every distance between buildings, up to a distance of
between 40 and 50 m.

The turbulence intensity increasethen the length of the
corner was 2 m, regardless of the gap between the buildings, and
increased by up to 10% with respect to the basic model. In
the case of corners of length 6 m, the turbulence intensity
was approximately 7% more than in the basic model when
there was 3@n or more between buildingslowever, when the
distance between buildings was 20 rhe turbulence
intensity decreased by up to 8% compared to the basic
model, regardless of the corner shape.
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3.3.3.  Analysis of the vertical air flow between buildings

Figures 13 and 14 show the results of thealysisof the
vertical air flow between buildingsof each corner shape
tested. Thewind speed ratio and turbulence intensity with
respectto the corner shape and thdistance between
buildings, which we increased from 20 m (which had the
largest deviation) to 60 m (where the difference in the wind

decreased on the downstream side the building. There was a
marked increasen wind speed on the upper part of the
building as the corner length increased from 2 to 6 m. This is
considered to be the position wahich we camrminimize the
effects of turbulence. This is important because, when a wind
turbine is installed between buifdjs, the turbulence
between the buildings may cause the wind turbine motor to
rotate in an unstable maemThe larger the distance between

speed ratio was smal). The wind speed increased from thethe buildings, the less the position at which the wind speed
middle point upwardswhich we attributed to the change in increased varied In general, the turbulence intensity

corner shape. @npared to Case Nhet turbulence intensity
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Fig. 13. Vertical profile of the wind flow for different shaped corners (w = 20m)
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Fig. 14. Vertical profile of the wind flow for different shaped corners (w = 60m)
4. Conclusion However, when the distance between buildings was 60 m,

which was the largest distance measured, the wind spee(
We carried out a CFD analysis to determine how ratio decreased by up to 1.2% compared to the basic model
varying the corner shape and distance between buildifigsts for rounded corners, and by up to 1.5% in the case of corner-
the wind speed and turbulence intensity, with the aim of cut corners. As such, we concluded that the wind speed ratio
increasing the wind speed and, accordingly, the powerdecreased as the distance between the buildings increased,
generation efficiency of wind tuibes installed between regardless of the corner shape.
buildings. We obtained the following results from the CFD

analysis: 2) When the corner length was 6 m and the distance

between the buildings was 20 m, the turbulence intensity at
1) When the distance between the buildings was 20 m, the position of the maximum wind speed ratio decreased by
which was the smallest distance measured, the wind speed up to approximately 8% for corneut cornersand by up to
ratio increased by up to 13% in the case of roundestoor  approximately 4% for rounded corners, compared to the
and by up to 15% in the case of corner-cut corners. basic model. However, when the distance betweéhe
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buildings was increased to 30 m or more, the turbulence

intensity increased by approximately 7%, regardless of the

corner shape. When the corner length was 2 m, the
turbulence intensity increased by up to approximately 10%
compared to the basic model, regardless of the distance
between buildings.

3) The maximum wind speed between the buildings,
and the largest decrease in turbulence intensity, occurredat
the top of the building (0.8H).

4) The wind speed ratio increased and the turbulence
intensity decreased when the distance between the buildings

decreased and the corner was long enough, regardless of the
corner shape. As such, because wind turbulence between
buildings can decrease the efncy of wind turbines, we

believe thattheir efficiency can be increased by positioning

buildings close together and thus reducing the turbulence.
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