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The effect of wind distribution on the architectural domain of the Bahrain Trade Centre was numerically analysed using
computational fluid dynamics (CFD). Using the numerical data, the power generation potential of the building-integrated wind
turbines was determined in response to the prevailing wind direction. The three-dimensional Reynolds-averaged Navier-Stokes
(RANS) equations along with the momentum and continuity equations were solved for obtaining the velocity and pressure field.
Simulating a reference wind speed of 6 m/s, the findings from the study quantified an estimate power generation of 6.4 kW
indicating a capacity factor of 2.9% for the benchmark model. At the windward side of the building, it was observed that the layers
of turbulence intensified in inverse proportion to the height of the building with an average value of 0.45 J/kg. The air velocity was
found to gradually increase in direct proportion to the elevation with the turbine located at higher altitude receiving maximum
exposure to incoming wind. This work highlighted the potential of using advanced computational fluid dynamics in order to factor

wind into the design of any architectural environment.

1. Introduction

The wind power industry has gone through a steady evolution
since the 1970s, when interest in generating electricity from
the wind was revived. With the global energy concerns about
the increasing greenhouse gas emissions, considerable invest-
ment has been made into using wind as a renewable source
of energy for the purpose of generating electricity. As the
world economy continues to be on the rise, the dependency
on usage of nonrenewable resources of energy increases in
direct proportion. Nevertheless, the nonrenewable potential
of these resources is certainly a leading international issue.
Fossil fuels are finite. Hence its price needs to be carefully
monitored in order to make full exploitation of the resource.
In simpler terms, an all-loss system is on hands with the
depleting fuel reserves, because of a drastic increase in cost
of utilising the fuel or because of extensive damage to the
environment as a result of high carbon emissions and green
house effects. The expansive prospective of utilizing renew-
able resources for producing a much higher percentage of

global energy is promising, in particular wind power. Not
only does the use of these resources help in reducing the
harmful carbon emissions into the atmosphere, but also its
“renewable” potential allows it to push aside the serious con-
sequences of depletion of fuel reserves.

Despite the renewable energy generation potential of
wind turbines, their integration into high rise building struc-
tures has not advanced significantly. Apart from the lack
of architectural appeal, the turbulence and wind shadowing
effects represent a risk for uptake of the technology in the
built environment [1]. Figure 1 displays examples of existing
wind turbines integrated to commercial high rise buildings.
In 2007, the Bahrain World Trade Centre introduced the
world’s first building-integrated wind turbines (Figure 1(c)).
This was the first instance that a commercial development
integrated large-scale wind turbines within its design to
harness the power of the wind. The three turbines, measuring
29 meters in rotor diameter, were supported by bridges
spanning between the complex’s two towers. Through its
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FIGURE I: (a) Wind turbines on the roof of twelve west buildings, (b) the Strata tower with three building-integrated wind turbines, (c) Bahrain

tower.
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FIGURE 2: Structural comparison between the vertical axis wind turbines and horizontal axis wind turbines [3].

positioning and the unique aerodynamic design of the towers,
the prevailing on-shore Gulf breeze is intended to be funneled
into the path of the turbines, helping to create power gen-
eration efficiency. The anticipated benefits determined that
once the system was operational, the wind turbines delivered
approximately 11-15% of the energy needs of the building, or
1,100 to 1,300 megawatt-hours per year [2].

There are currently two major types of operational wind
turbine technologies which can be used for building inte-
gration. These are classified as the horizontal axis wind tur-
bines (HAWT) and the vertical axis wind turbines (VAWT).
Horizontal axis wind turbines are the more common type of
wind turbines in demand. In these turbines, the focus rotor
shaft is pointed parallel to the direction of wind while the
blades move perpendicular to that direction, thus providing
high overall efficiency. On the other hand, the vertical axis
wind turbines orientate on vertical axis where the focus
rotor shaft is aligned vertically. A two-dimensional “not-
to-scale” design modeling based on the two wind turbine
technologies is shown in Figure 2. The schematic provides the
essential information on the individual situation of the major
components in the wind turbine structure [3].

Theoretically, the air velocity incrimination is directly
proportional to increasing elevation, as it is unaffected by

the urban environment and surrounding topography. Thus,
installing wind turbines on top of buildings allows for taking
advantage of this height efficiently. However, in many cases,
the building geometry and its aerodynamic features can
further assist in enhancing wind turbine performance by
inducing a higher volume of air than the macroclimate [4, 5].

Numerical analyses involving computational fluid dy-
namics (CFD) are often carried out for evaluating building
design and energy performances. In the past few years,
CFD has been playing an increasingly important role in
the design of buildings. The information provided by CFD
assists in investigating the impact of building technologies,
quantifying indoor environment quality, and integrating
renewable energy systems. In this paper, the CFD modeling
approach is used in order to determine the influence of
building morphology on the efficiency of building-integrated
wind turbines.

2. Previous Related Work

Work related to implementation of renewable energy as
power sources in buildings, in particular wind energy, is
rapidly increasing. Following is a concise assessment of
previous work related to this investigation.
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Chong et al. [6] conducted a study on the design of a wind
turbine generator for the purpose of energy consumption
in buildings. Two VAWTs in cross-wind orientation were
integrated with an enclosure and were installed above a
cooling tower in order to harness the discharged wind for
electricity generation. The tests were conducted with and
without the VAWTs on the performance of the system. From
the laboratory testing, it was observed that installing VAW Ts
at a correct position above the exhaust air system did not
indicate any significant negative impacts on the performance
of the cooling tower model. The performance of the cooling
tower model was improved by the increment of intake air
speed and the reduction off the motor power consumption.
The rotational speed of the VAW Ts was very high (>400 rpm)
while the tip speed ratios were in the range of 1.28-1.29,
making it preferable for electricity generation.

Sharpe and Proven [7] carried out detailed work on the
concept and early development of a building-integrated wind
turbine in Scotland. The Crossflex proposal used in this
investigation is based on the Darrieus turbines approach,
consisting of two or more flexible aerofoil blades attached
to both the top and the bottom of a vertical rotating shaft.
The blade design incorporated low solidity and low mass
materials for its construction. Although the development
of this technology is still in its early stage, the study has
outlined the remaining tasks of its work. The subsequent
stages will involve supplementary computer modeling using
CFD analysis to model airflow over the cowling to establish
the nature of augmentation and flow stability that may occur
and to optimise the design in respect of these.

Lu and Sun [8] presented an integrated method of both
macro- (weather data and domain topography) and microas-
pect (CFD) analysis in order to design wind turbines around
numerous high-rise buildings with predominant wind in
Hong Kong. Long-term wind data were compared at dense
urban island and small island stations. The mean wind speeds
for the urban locations were estimated at 2.93m/s at 25m
above ground level. The study’s findings determined that
the wind power density at 4 m above the building roof was
enhanced numerously by 1.3-5.4 times with 5-7 m/s inlet
velocity.

Mithraratne [9] investigated the performance of wind
turbines mounted on roof-tops, used for microgeneration in
municipal houses in New Zealand. The research focused on
energy consumption over a lifetime of the wind turbine with
respect to the energy generation and greenhouse gas (GHG)
emissions at various circumstances in the life cycle. The work
concluded that the feasibility level of roof-top wind turbines
is generally poor as compared to large-scale wind turbines for
microgeneration.

Lietal. [10] investigated the wind loads on the Pearl River
Tower building in China to determine the power generation
potential of wind turbines using wind tunnel testing. The
Pearl River Tower, located in Guangzhou, has 71 stories
and rises about 310 m from the ground, which features four
open holes (tunnels) equipped with four wind turbines at
mechanical floors on two height levels. The objective of this
study was to evaluate the wind speed amplifications in the
tunnels for wind power generation through the installation

of wind turbines and to gain a better understanding of the
wind effects on such a high-rise building with open holes. The
findings from the analyses indicated that the bell-mouthed
shape of the wind tunnels with contracted inner sections was
useful in increasing the wind velocities at the location of the
turbines. In addition, the work revealed that the presence of
surrounding buildings influences wind speed amplifications
and wind loads on the building structure.

In this paper, the effect of wind distribution on the archi-
tectural domain of the Bahrain Trade Centre is numeri-
cally analysed using CFD. Individual parameters including
air velocity distribution, pressure profiles, and turbulence
kinetic energy were computationally investigated to illustrate
the variations in relation to increasing altitude. The power
generation potential of the building-integrated wind turbines
was then determined using the study’s findings.

3. Computational Domain

The computational domain is comprised of the building
geometry, which was designed according to the actual speci-
fications of the high-rise tower and the specific wind turbines.
The two 50-storey sail shaped towers are reported to measure
to a height of 240 m and support three horizontal-axis wind
turbines incorporating a rotor diameter of 29 m [2].

The three-dimensional Reynolds-averaged Navier-Stokes
(RANS) equations along with the momentum and continuity
equations were solved using the commercial CFD code
for the velocity and pressure field simulations. The model
employs the control-volume technique and the Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) velocity-
pressure coupling algorithm with the second order upwind
discretisation. The standard k-e transport model which is
frequently used for incompressible flows was used to define
the turbulence kinetic energy and flow dissipation rate within
the model [11,12]. The use of the standard k-e transport model
on building configurations has been found in previous works
of [3, 13-15]. The turbulence kinetic energy, k, and its rate
of dissipation, e, are obtained from the following transport
equations formulated in
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where G, represents the generation of turbulence kinetic
energy due to the mean velocity gradients and G, represents
the generation of turbulence kinetic energy due to buoyancy.
Yy, represents the contribution of fluctuating dilatation in
compressible turbulence to the overall dissipation rate. C,,,
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FIGURE 3: (a) Actual building configuration, (b) meshed model.
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FIGURE 4: Representation of the flow domain.

C,,, and C;, are constants; 0, and o, are the turbulent Prandtl
numbers for k and e.

3.1. Mesh Generation. Mesh generation is one of the most
important processes in CFD simulation. The quality of the
mesh plays an important role in the accuracy of results
and the stability of the solution. For the investigated com-
putational domain, patch independent CFD tetrahedron
meshing technique was applied on the geometry wherein the
boundary conditions were applied on the edges and faces. The
patch independent mesh algorithm for tetrahedron elements
is based on the subsequent spatial subdivision algorithm
which ensures refinement of the mesh where essential but
retains larger elements where feasible, therefore allowing
faster computing times. The meshed model is comprised
of 2,013,428 nodes and 10,849,999 elements as displayed
in Figure 2. The minimum face angle was 5.67° while the
maximum edge length and element volume ratios were 9.9
and 44.6. Figures 3 and 4 display the schematic of the bench-
mark geometry along with the meshed model.

3.2. Grid Independency. In order to verify the accuracy of the
numerical models, a grid independency test was carried out
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TaBLE 1: Boundary conditions.

Parameter Type
Geometry Solid zone
Enclosure Fluid zone
Operating pressure Atmospheric
Viscous model k-epsilon

Near-wall treatment
Velocity formulation

Standard wall functions
Absolute

Solver type Pressure-based
Time Steady
Gravity -9.81m/s”

to determine the variation in results over increasing mesh
sizes. Basic concepts associated with mesh refinement deal
with the refinement and evaluation of elements where the
posterior error indicator is larger than the preset criterion,
while mesh enrichment considers running higher order
polynomials till the solution is expected to improve with a
fixed mesh [12]. Grid verification was carried out using mesh
refinements (h-method) in order to optimise the distribution
of mesh size h over a finite element.

The area-weighted average value of the static pressure on
the three wind turbines located on the building fagade was
taken as the error indicator, as the grid was refined from
1,519,000 to 10,849,999 elements with the average pressure
value being 4.36 Pa. The grid was evaluated and refined until
the posterior estimate error became insignificant between the
number of elements and the posterior error indicator. The
discretisation error was found to be the lowest at over ten
million elements for both indicated variables and the mesh
was thus selected to achieve a balance between accuracy and
computational time (Figure 5).

The y* values at the wall varied between 5 and 61. Figure 6
displays the wall y* values and variation in discretisation
error at increasing number of meshed elements.

3.3. Boundary Conditions. The applied boundary conditions
(Table 1) are comprised of a reference velocity (u,.¢) of 6 m/s at
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FIGURE 5: Low and high volume mesh for grid independence test.
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FIGURE 6: Variation in discretisation error at increasing number of
elements.

a height of 300m (z,.¢) approaching directly perpendicular
to the building fagade [16]. The geometry was modeled as a
solid zone while the enclosure was modeled as a fluid zone
for the analyses. The boundary conditions were kept identical
throughout the numerical investigation for all analysed mod-
els.

3.4. Weather and Wind Energy Potential in Bahrain. Bahrain
features relatively hot and arid climate throughout the year.
However, from December to March, prevailing winds from
the south east bring damp air over the islands. Figure 7
displays the weather statistics along with the wind days per
month and wind direction distribution in Bahrain [17]. The
predominant wind direction was observed to be from the
North West. Evidently, the building structure was oriented
in the direction of the dominant prevailing wind in order
to allow the turbines to operate at maximum efficiency.
Additional simulations were also carried out to investigate
the effect of other wind directions ranging from 0° to 180°

in order to understand the effect of wind orientation on the
power production capacity of wind turbines.

3.5. Wind Distribution and Turbine Specifications. In order to
estimate how much energy a specific turbine will be expected
to produce at a given location, the wind resource at that loca-
tion must be identified. A wind turbine works by extracting
kinetic energy out of the wind and converting it to mechanical
and then electrical energy. The power that is available in the
wind to be converted to electrical energy is defined in the
following:

Pwind = %pAU?,’ (3)
where P, 4 is the power available in the wind, p is the density
of air, A is the swept area of the turbine, and U is the wind
speed approaching the wind turbine.

Large-scale integration of wind turbines into buildings
requires extensive research and development for it to operate
at high efficiencies in order to balance the high cost of instal-
lation. The specification of the wind turbines used in this
study was mapped on the ones installed on the Bahrain Trade
Centre. The fixed horizontal axis wind turbine is comprised
of a conventional nacelle design containing an enclosure
with the gearbox, cooling system, and the associated control
system. The nominal electrical power rating of the turbine
was 225kW with the rotor diameter measuring 29 m. The
rotor speed at full load was 38 rpm. The cut-in wind speed
for the wind turbine operation was 4 m/s while the cut-out
speed was 20 m/s [1].

Since the potential power production is proportional to
the wind speed cubed, the annual mean wind power density
cannot be defined by strictly using the mean annual wind
speed. However, some knowledge of the wind distribution
must be known to estimate the power density. The power
density (Pgengry) can be used as a function of the power
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FIGURE 7: (a) Weather statistics based on observations taken between 2005 and 2014. (b) Wind days per month and (c) wind direction

distribution in Bahrain [17].

divided by the area and the expression is displayed in the
following:

1
Pdensity = EPU3 (4)

Using the computational domain, a representation of
velocity boundary layer profile and turbulence intensity (I)
at the windward side of the building is shown in Figure 8
wherein the wind speed is taken from the direction of the
sea. The thickness of boundary layer of the atmosphere varies
with wind speed, turbulence level, and the type of surface.
The power law is an empirical equation expressed in (5). For
neutral stability conditions, « is approximately 1/7, or 0.143,
regarded as a reasonable but conservative estimate [16]:

z o
u=ur6f<z—> , (5)
ref

where u is the speed at a particular point, u, is the reference
speed, z is the height at a particular point, and z, is the
reference height.

4. Results and Discussion

4.1. Evaluation of Pressure, Velocity, and Turbulence Profiles.
Using the building model, Figure9 displays the contour
levels for static pressure as the air comes in contact with the
building. A positive airside pressure was created as the air
stream came in direct contact with the building fagade. This
was due to the force being directly perpendicular to the area
of interaction. As a result, a negative pressure was created on
the opposite end at the immediate downstream of the build-
ing where the air velocity increased due to the streamlined
body of the structure. The maximum positive pressure was
estimated at 20 Pa while the maximum negative pressure was
observed to be —14 Pa. The analysis showed that a total pres-
sure differential of 34 Pa was created for the entire geometry.

Figures 10 and 11 illustrate the contour levels of velocity
and turbulence kinetic energy, upstream and downstream of
the building model. The findings displayed that the air veloc-
ity gradually increased to 71 m/s from a reference velocity of
6 m/s. In addition, it was observed that the air velocity on
approach increases by 17% when it comes in contact with
the wind turbine located at the highest altitude in relation to
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FIGURE 10: Streamlines and contour levels of velocity magnitude
formation upstream and downstream of the building.
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FIGURE 11: Contour levels of turbulence kinetic energy upstream and
downstream of the building.

kg™

the wind turbine located at the lowest level. At the windward
side of the building, it was observed that the layers of tur-
bulence intensified in inverse proportion to the height of the
building with an average value of 0.45]J/kg. The turbulence
kinetic energy was however found to increase (maximum
value of 1.35]/kg) at the leeward side of the building as the
wind came in contact and sheared away towards the sides of
the structure.

Figure 12 displays the contour levels of wind velocity on
the wind turbines when exposed to wind speeds for varying
directions ranging from 0° to 180°. Keeping the reference
wind speed constant at 6 m/s, the maximum extract velocity
was obtained at 180° at 6.2m/s. The least amount of wind
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FIGURE 12: Contour levels showing the wind velocity at high altitude (Wind Turbine 3) at different wind angles.
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FIGURE 13: Numerical relationship between extracted wind velocity
and wind direction.

extraction was determined at 90° when the flow was perpen-
dicular to the building facade. The graphical representation
depicting the relationship between extracted wind velocity
and wind direction is displayed in Figure 13.

4.2. Power Density and Wind Turbine Capacity Factor. Fol-
lowing the numerical investigation, an estimation of the wind

100,000 35
—~ 30
< 10,000 1 o
< 0l 25 2
;. =
Qg) 1,000 20 _;
g 8
< 100 { 15 g
8 a.
10 =
= 10 A
H 5
140 0
1 5 9 13 17
Wind speed (m/s)

== Wind power
— Tip speed ratio

FIGURE 14: Analytical relationship between wind power and tip
speed ratio at increasing wind speeds.

power characteristics was calculated theoretically. Using the
rotor diameter of 29 m for the wind turbine used in the
Bahrain Trade Centre, an analytical comparison between
power in the wind and the tip speed ratio is illustrated in
Figure 14.

Wind turbines are designed to operate at their optimum
tip speed ratio in order to extract as much power as possible
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TABLE 2: Estimated power density and capacity factor at varying wind directions.

Wind direction Turbine Velocity (m/s) Estimated power (W) Power density (W/ m?) Capacity factor (%)
Turbine 1 2.6 — — —

0° Turbine 2 3.3 — — —
Turbine 3 4.1 6,430 43.1 2.86%
Turbine 1 2.4 — — —

45° Turbine 2 2.8 — — —
Turbine 3 3.1 — — —
Turbine 1 2.3 — — —

90° Turbine 2 1.1 — — —
Turbine 3 0.8 — — —
Turbine 1 1.7 — — —

135° Turbine 2 2.1 — — —
Turbine 3 2.2 — — —
Turbine 1 4.5 10,793 58.1 4.80%

180° Turbine 2 5.6 22,783 99.3 10.13%
Turbine 3 6.2 29,323 121.9 13.03%

from the air stream. For a grid connected wind turbine with
three rotor blades, the optimum tip speed ratio is recom-
mended between 6 and 8 [18]. While a linear increase in
wind power was obtained with increasing wind speeds, the
recommended tip speed ratio values were found to be at 4 m/s
and 5 m/s, respectively. Using the wind speeds obtained from
the CFD models, the conservative figures of estimated power
generation capability of wind turbines for all analysed cases
are displayed in Table 2.

Three wind turbines were used on the buildings which
were categorised as Turbine 1 (low-altitude), Turbine 2 (mid-
altitude), and Turbine 3 (high-altitude). Using the benchmark
model, the study quantified an estimate power generation of
6.4 kW indicating a capacity factor of 2.9%. As expected, wind
directions ranging between 45° and 135° had a significant
impact on the power production capability of the turbines
as the windward velocity dropped below the cut-in speed of
4 m/s. The investigation determined that the wind direction
0f 180° yielded most favorable results with a maximum power
production capacity of 29.3kW indicating a high capacity
factor of 13%.

5. Conclusion

In this paper, the feasibility of implementing building-inte-
grated wind turbines was determined by investigating the
effect of structural morphology on the extraction of pre-
vailing inlet wind. The power generation capacity of wind
turbines was determined using the specifications of the
Bahrain Trade Centre which was taken as the benchmark
model. The three-dimensional Reynolds-averaged Navier-
Stokes (RANS) equations along with the momentum and
continuity equations were solved using the commercial CFD
code for velocity and pressure field simulations. Using a ref-
erence wind speed of 6 m/s, the findings revealed an increase
of 15.4% in velocity obtained at the top of the tower.
With reference to the turbulence intensity, the investigation

determined that the layers of turbulence intensified in inverse
proportion to the height of the building with an average
value of 0.45]/kg. The study quantified an estimate power
generation of 6.4 kW indicating a capacity factor of 2.9% for
the building model. In addition, the investigation determined
that the wind direction of 180° yielded most favorable results
with a maximum power production capacity of 29.3kW
indicating a high capacity factor of 13%. The work concluded
that the design parameters of the building enable the prevail-
ing wind to be accelerated when in contact with the wind
turbines; however there is a possibility to achieve an increase
in efficiency by altering the design of future buildings to a
more circular cross-sectional fagade.
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